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In this study, films of graphene oxide and chemically or thermally reduced graphene oxide were produced by a simple vacuum
filtration method and submitted to a thorough characterization by X-ray diffraction (XRD), Raman and infrared spectroscopies,
field-emission scanning electron microscopy, transmission electron microscopy, atomic force microscopy, confocal microscopy,
and contact angle measurements. Graphene oxide (GO) was produced from graphite by the modified Hummers method and
thereafter reduced with NaBH, or by heating under argon in a tubular furnace. The films were produced from aqueous
solutions by vacuum filtration on a cellulose membrane. Graphite presents two characteristic XRD peaks corresponding to d =
0.34nm and d=0.17 nm. After oxidation, only a peak at d=0.84nm is found for powder GO, confirming the insertion of
oxygen groups with an increase in the interplanar distance of graphene nanoplatelets. However, for GO films, other unexpected
peaks are observed at d =0.63nm, d=0.52nm, and d=0.48 nm. After reduction, both chemical and thermal, the peak at
0.84 nm disappears, while those corresponding to interplanar distances of 0.63 nm, 0.52 nm, and 0.48 nm are still present. The
other characterizations confirm the production and chemical composition of GO and reduced GO films. The results indicate the
combination of crystalline regions with different interplanar distances, suggesting the ordering of graphene/graphene oxide

intercalated sheets.

1. Introduction

Graphene can be obtained by various methods, such as
mechanical exfoliation, chemical vapor deposition phase,
and also oxidation of graphite, which is abundant and has
low cost, one of the reasons for this being one of the most
used methods [1-6]. Graphene oxide (GO) consists of
two-dimensional (2D) sheets of covalently linked carbon
atoms, i.e., graphene sheets, presenting oxygenated func-
tional groups such as hydroxyl, carbonyl, and epoxy, in its
basal planes and edges [5, 7, 8]. The presence of these oxy-
genated groups between the graphene sheets generates sub-
stantial insulating domains, due to the presence of carbon
atoms with sp> hybridization which interrupts the passage
of electrons between the planar carbons (sp?) [9]. Neverthe-
less, these groups can be further eliminated by reduction

reactions, producing reduced graphene oxide (RGO) or
graphene, in the case of a single nanoplatelet [7, 10].

Graphene’s structure and performance advantages, such
as a high surface-to-volume ratio and high charge mobility,
can be translated into highly sensitive sensing applications.
Graphene and GO and RGO films have been recently
extensively studied because of their applications in electron-
ics [11, 12]. These films have become exciting new mate-
rials for the design of novel devices and sensing platforms
in fields spanning from electronics to chemistry and bio-
medical applications. A graphene film has been shown to
be a promising candidate for ITO replacement as conduc-
tive and transparent electrodes [13-15]. Conductive and
transparent RGO films, capable of being used as electrodes,
have already been produced, however, by methods different
from those proposed in this work [1, 12-16].
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X-ray diffraction (XRD) has been used to study the mor-
phology of nanostructured materials such as graphene, where
carbon atoms are linked to form atomic planes, also called
nanoplatelets or lamellae, present in the material. Graphite
has two characteristic peaks at 20 =26° (d =0.34nm) and 2
0=55" (d=0.17nm). After oxidation, forming graphene
oxide, these peaks are shifted to smaller angles, while other
peaks may appear in XRD analyses after the formation of
GO films [17, 18]. For instance, Brahmayya et al. in 2017
used a simple procedure to prepare a nanomaterial by graft-
ing sulfonated phenyl radicals on the reduced GO surface
under irradiation with ultrasound, and they obtained an
XRD spectrum that is not commonly found in the literature
for this type of graphitic material [19]. Hiramatsu et al. in
2013 also found unusual XRD peaks for graphene nanowalls
produced by plasma-enhanced chemical vapor deposition
[20]. An unusual XRD peak, at about 17°, was also observed
by Lu et al. in 2017 for graphene/GO films produced by a
simple vacuum filtration method [21].

In this work, graphene oxide (GO) and reduced gra-
phene oxide (RGO) films were produced through a simple
and low-cost filtration method, assessing the efficiency of
the methods of graphite oxidation, GO reduction, and film
production. GO was produced from graphite by the modi-
fied Hummers method and further chemically reduced with
NaBH, or thermally reduced in a tubular oven. The samples
were characterized by X-ray diffraction (XRD), Raman spec-
troscopy, Fourier transform infrared spectroscopy (FTIR),
field effect scanning electron microscopy (FEG/SEM), trans-
mission electron microscopy (TEM), atomic force micros-
copy (AFM), and confocal microscopy. The samples were
then compared with those found in the literature, checking
for the distinctive properties of the produced GO and
RGO films.

2. Materials and Methods

2.1. Graphite Oxidation. Graphene oxide (GO) was produced
using the Hummers method from natural graphite provided
by Graphite of Brasil. Process times and proportions of the
reagents were modified as suggested by Hirata et al. in 2004
[3, 22].

2.2. Preparation of GO Films. GO was dispersed in deionized
water via sonication (Sonics VCX 750), and the GO films were
prepared by vacuum filtration on a cellulose membrane
(0.45 pm). For the production of the films, 10 mL of each solu-
tion was filtered. In the production of GOF, a GO solution of
3 mg/mL was used, producing a film with about 3 mg of GO.

2.3. Production of Reduced Graphene Oxide (RGO) Films by
Chemical Reduction. About 50 mg of GO was dispersed in
50 mL of deionized water by sonication (Sonics VCX 750).
The solution was vacuum filtered (26 L/sem?) and heated
to 80°C under magnetic stirring, with the subsequent addi-
tion of 10 mL of a 4% NaBH, solution, previously prepared,
as the reducing agent. The mixture was maintained at 80°C
under magnetic stirring for 1 hour after the addition of the
reducing agent. The solution was subjected to normal

Journal of Nanomaterials

filtration (26 L/sem?) and washed with deionized water until
reaching a pH close to 7. The material retained on the filter
paper was dispersed in deionized water by sonication
(Sonics VCX 750). The dispersion was vacuum filtered
(55 L/sem?), giving origin to the RGO solution for the pro-
duction of the films. From this RGO solution, an amount
of 0.1 mg/mL was made, of which 10 mL was filtered on a
cellulose membrane (0.45um) forming the chemically
reduced GO film (CGOF).

2.4. Production of RGO Films by Thermal Reduction. GO
films were prepared as previously described and treated in an
AN1031/Eurotherm 2416 tubular oven under an argon atmo-
sphere (with a gas flow of one bubble per second). The GOF
were heated from 20°C to 800°C at 5°C/minute, and heating
was switched off immediately after the oven temperature
reached 800°C producing thermally reduced GO films (TGOF).

2.5. Characterization. In order to determine the interplanar
spacing of the atomic planes present in the material, the
X-ray diffraction (XRD) technique (Shimadzu XRD 6000)
was used, with a 20 angle ranging from 5 to 70° and a wave-
length of 1.5406 A, at 40kV and 30 mA. All samples were
measured on an amorphous silicon sample holder.

Raman spectroscopy analyses were performed in Lab-
RAM equipment (Horiba Jobin Yvon). The spectra were
obtained using a potency of approximately 0.5 mW, acquisi-
tion time of 60 seconds, from 100 to 3600 cm ™", 4 accumula-
tions, and a He-Ne laser (632.8 nm). Six different points of
each sample were analyzed.

FTIR analyses were performed in a Spectrum One B spec-
trometer (PerkinElmer) by specular reflectance with a fixed
angle, with 16 scans in the spectral region of 4000 to
450 cm™, and using a resolution of 4cm™.

Field effect scanning electron microscopy (FE-SEM,
JEOL JSM-6701F) was used to evaluate the morphology of
the GO and RGO films. Optical images were captured
through a DCM-FZ150 Panasonic camera in order to verify
the translucency of the samples, i.e., the possibility of looking
through the produced films, as well as to verify other charac-
teristics visible to the naked eye.

Transmission electron microscopy (TEM) and selected-
area electron diffraction (SAED) patterns were performed in
JEOL JEM-2100 equipment. For the analyses, the samples were
placed on a TEM grid and attached to the equipment holder.
The films were analyzed by plain view, ie., orienting the
specimen surface perpendicular to the electron beam.

Atomic force microscopy (AFM) Nanite B (NanoSur-
face) was used to image the surface topography. AFM
micrographs were obtained by scanning a 5 ym x 5 ym area
with 256 scanned points per line, at 1 scanned line per sec-
ond. Both x-axis and y-axis scans were identical. Scans were
carried out in noncontact mode.

The thickness of graphene oxide and reduced graphene
oxide films was estimated by 3D images taken on a Leica
DCM 3D confocal microscope.

Contact angles were measured in a KSV optical tensi-
ometer, model CAM 101. The following liquids were used:
deionized water for 31 images and chloroform for 5 images.
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FiGure 1: X-ray diffractograms of powder graphene oxide (GO),
graphene oxide film (GOF), chemically reduced graphene oxide
film (CGOF), and thermally reduced graphene oxide film (TGOF).

The images obtained were analyzed by the software “Atten-
sion Theta.” From the contact angle of the liquids with the
samples, the surface tension of the films was calculated.
Measurements of the contact angles were carried out with
water (y; =72.8mJ/m?, y,4=21.8mJ/m? and y,P=51.0
mJ/m?) [23] and with chloroform (y; = 27.5m]J/m?, yLd =
27.5mJ/m?, and y;P = 0mJ/m?) [24] in order to determine
the surface tension of the analyzed solid through equations.
The data was treated by the Owens-Wendt method.

3. Results and Discussion

3.1. X-Ray Diffraction (XRD). The X-ray diffractogram for
graphite provided two characteristic peaks of this material
at 20=26° (dy), =0.34nm) and 20 =55 (dyy, =0.17 nm),
corresponding to planes (002) and (004), respectively [6, 25].

After oxidation, these peaks are shifted to smaller angles.
In the X-ray diffractogram of the GO (Figure 1), only a 002
peak at 20 =10° (dy,, =0.84nm) is found, confirming the
efficiency of the oxidation reaction with an increase in the
interplanar distance of the graphene nanoplatelets due to
the insertion of oxygen groups [17, 19, 26, 27]. However,
after the formation of GO films, other peaks are observed
at 20 = 14° (dyy, =0.63nm), 20 = 17° (d;y, = 0.52 nm), and 2
0=19" (dy, =0.48 nm), which were not yet reported in the

literature for this type of material, as well as a low-intensity
peak at 20 = 26° (d,, = 0.34 nm), referring to graphite.

After chemical or thermal reduction, the GO films pre-
sented X-ray diffractograms without the presence of the peak
at 20=10° (Figure 1), while the peaks at 20=14°
(dyp, =0.63nm), 20=17" (dyy, =0.52nm), and 20=19°
(dyp =0.48 nm) continue to appear even after reduction.
This indicates a partial reduction of the GO, as it was verified
in the FTIR characterization.

The peak at 20 = 10° was already expected for the GO,
due to the increase in the interplanar distance between the
nanoplatelets after the insertion of the oxygenated groups,
as well as the peak at 20 =26° with low intensity, referring
to some remaining graphite platelets. It must be highlighted
that the XRD diagram for powder GO is different from that
presented for the GOF, with the appearance of new peaks
representing interplanar distances smaller than 0.84 nm. This
can be attributed to the vacuum filtration process, which
probably causes a partial restacking of the sheets of graphene
and graphene oxide in the material.

The relatively sharp peak at 26 = 14° has not yet been
observed for this type of material, although Brahmayya
et al. have found a peak for GO close to it at 20=12.8°
(d =0.69 nm). After the chemical reduction of exfoliated gra-
phene oxide with sodium borohydride and subsequent graft-
ing of sulfonic acid containing aromatic radicals, this peak
has been shifted to 20=26.5° (d=0.34nm), which they
attributed to a 7-7r restacking of the sulfonated RGO nano-
sheets [19]. A peak close to 19° was also observed by Arbuzov
et al. for GO reduced with hydrazine or by heating, but it was
not so sharp and defined like those obtained in this work [6].

Other works using vacuum filtration to produce GO films
[20, 26, 27] attributed the peak at 26" to the 71-77 restacking of
graphene sheets. Recently, Lu et al. [21] obtained graphe-
ne/GO films through a vacuum filtration method similar to
the one used in this work, reporting an XRD peak close to
17°, suggesting that the GO sheets were uniformly dispersed
between the sheets of graphene, i.e., a film of graphene inter-
calated with GO sheets [20].

To avoid the restacking of graphene sheets, several
researchers have been proposing the insertion of spacers
between them, such as liquid electrolytes, carbon nanotubes,
polymers, nanoparticles, water, graphene balls, and fullerene.
However, because of the weak interaction between these
spacers and the graphene sheets, these films will have low capac-
itance, which explains the difficulty of obtaining highly conduc-
tive graphene films by simple filtration methods [27-29].

3.2. Raman Spectroscopy. Raman spectra for the GO film
(GOF), chemically reduced GO film (CGOF), and thermally
reduced GO film (TGOF) are shown in Figure 2.

Table 1 shows relevant data of Raman characterization,
such as the wavenumbers of D and G peaks and I,/I; ratios.

The most prominent feature in the graphite spectrum
is an acute G peak at around 1583cm™ corresponding to
the vibrations in the graphite structure plane and a peak
at around 1370cm™ corresponding to the disorder band,
D [30]. In the spectra of the films obtained in this work,
we can see the presence of wide D and G bands, not so
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FIGURE 2: Raman spectra of graphene oxide film (GOF), chemically
reduced graphene oxide film (CGOF), and thermally reduced
graphene oxide film (TGOF).

TaBLE 1: Raman spectroscopy.

Sample D peak (cm™) G peak (cm™) Ip/1; ratio
GOF 1332 1592 0.83
CGOF 1327 1588 1.65
TGOF 1338 1588 1.55

well resolved as for graphite. In the case of the GO film,
this could be related to the insertion of functional
groups during the oxidation of graphite, which increases
the topological disorder of the material. Nevertheless,
this behavior remains for the reduced GO films (CGOF
and TGOF), indicating that this type of structure has
not changed.

Ip/1 ratios can be determined by the heights or areas of
the peaks. Some groups use the Lorentzian function to calcu-
late the ratio using the peak intensities, while others use the
Gaussian function to make the relation between peak areas.
According to Ferrari and Robertson, the difference is not
so important for the disordered graphite because the peak
widths are similar; however, it is important for amorphous
carbon. In the latter case, the widening of the peak D is
related to a distribution of agglomerates with different
orders and dimensions; thus, the information about the
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aromatic rings is less distorted in the maximum intensity
than in the width, which depends on the disorder [31]. In
this work, the values of the I,/I; ratios were calculated using
the area of the peaks.

GO films presented the lowest Ij)/I; ratio, while higher
ratios were found for the reduced GO films. It is also note-
worthy that CGOF and TGOF presented close I},/I; ratios.

The Ip/I; ratio is a measure of the degree of disorder
and is inversely proportional to the mean size of the sp> clus-
ters present in the material. Thus, in carbon materials, the
higher the I/I; ratio, the greater the structural disorder.
The GO reduction process can be expressed in Raman spec-
tra by changes in the relative intensity of the D and G bands.
As already mentioned, the Ip,/I; ratios are higher for the
reduced GO films (CGOF and TGOF), which suggests that
new (or more) graphite dom ains are formed and the num-
ber of sp” clusters is increased during the reduction. This
indicates an efficient reduction, corroborating with the
results obtained by the surface energy characterizations.
Similar results were obtained by Fim [32].

Besides the bands D and G, there are two Raman bands
with weaker intensity, called 2D and D+ G, located
between approximately 2700 and 3000 cm™. The 2D band
is present in Raman spectra for crystalline graphite mate-
rials and is sensitive to the 7 band in the graphitic elec-
tronic structure, while the D+ G combination mode is
induced by the disorder. The 2D and D+ G bands are
usually ignored in the GO and RGO studies due to the
low intensity of these bands in the Raman spectra for these
materials. This was also noted in the present work, as
observed in Figure 2 [33].

The 2D band is considered the second order of the D
band resulting from a two-cell vibrational process [20], and
it is used to determine the thickness of the graphene layer.
In contrast to the G band position method, the 2D band
method depends not only on the position of the band but also
on the shape of the band. The D peak for graphene is a single
sharp peak with a full width at half maximum (FWHM) of
about 30cm™', while in graphite it is a band consisting of
more peaks. Thus, for more than 5 layers of graphene, the
Raman spectrum becomes hardly distinguishable from that
of bulky graphite.

As the number of graphene layers increases, the inten-
sity of the 2D band tends to decrease while that of the G
band increases significantly. According to Kaniyoor and
Ramaprabhu in 2012, the 2D band in graphite maintains
a profile of two peaks with the presence of up to 5 or 6
layers of graphene. However, in samples with high disor-
der, the two-peak profile of graphite is not maintained.
Nevertheless, for a sample to be identified as a single gra-
phene layer along with the single peak nature of the 2D
band, its intensity must be greater than that of the G
band [34].

Thus, from the Raman spectra shown in Figure 3, we
can identify that due to the lower intensity of the 2D band
in relation to the G band peak and due to their shape,
which maintains a two-peak profile, the films have multi-
ple layers of graphene, i.e., more than of six stacked gra-
phene layers.
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Nevertheless, graphitic materials with the same crystal-
line structure of the films produced in this work have not
yet been reported in the literature. The XRD results indicate
that the GO and RGO films produced in this work have a
distinct crystalline structure with different interplanar dis-
tances, suggesting that the combination of graphene and
GO sheets (intercalated) forms new crystalline domains.

; 3.3. Fourier Transform Infrared Spectroscopy (FTIR). Figure 4
. shows the FTIR spectra for the GOF, CGOF, and TGOF
samples. The GOF spectrum presented in Figure 3 indicates

1800 1600

F1GURE 4: FTIR spectra for GOF, CGOF, and TGOF samples.

1400 1200 1000 800 600

the oxidation of graphite, due to the presence of characteris-
tic bands related to oxygenated groups [11, 35-41].

FTIR analyses performed on CGOF and TGOF indicate
the partial reduction of GO (CGOF and TGOF curves), as
some bands disappeared and others significantly decreased
their intensity, both results corroborating with what was
observed by the other characterizations previously presented.

The bands at 1730, 1600, and 1240 cm™ presented in the
GOF spectrum are related to the axial deformation of the
C=0 bond, to the axial deformation of the C=C aromatic

Wavenumber (cm™)
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bond, and to the asymmetric axial deformation of the COC
bond, respectively. These bands are also present in the spec-
tra of the CGOF and TGOF, but with a lower intensity.

The band relative to the stretching of the C-O bond in
the 1080cm™ region, present in the GOF spectrum, has
practically disappeared through the two types of reduction,
although it can be detected in the CGOF sample spectrum
at a minimum amount. The band in the 600cm™ region
present in the GOF spectrum, concerning the deformation
of the aliphatic C-H bond, also appears in the spectrum of
the TGOF film at a very small intensity.

3.4. Field Emission Gun Scanning Electron Microscopy
(FE-SEM). Field emission gun scanning electron microscopy
(FE-SEM) analysis was used to verify the morphology of the
films produced in this work. Figure 5 presents images of the
GOF sample. In the images, it is observed that the film is flat
with an almost one-dimensional fold and a scale of length

F1GUure 7: FE-SEM image of the transversal section of chemically
reduced graphene oxide films.

between 3 and 10 ym. These folds are probably derived from
the overlap of graphene nanoplatelets, where some edges of
these nanoplatelets curl or bend during the formation of
the GO film. Wang et al. [40] and Feng et al. [41] obtained
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FIGURE 8: FE-SEM images of the surface of thermally reduced graphene oxide films.

similar results for GO films. They used the same method used
in this work to produce GO, but the films were prepared by
dip coating.

Figure 6 shows the images obtained by FEG/SEM for a
chemically reduced GO film (CGOF), where the folds per-
taining to the stacking of the graphene nanoplatelets can
be seen, as well as the edges of some superimposed nanopla-
telets. It is also possible to observe the contour of graphene
nanoplatelets (Figure 6(c)). Wan et al. [37] produced
reduced GO films with aluminum and obtained similar
FEG images, although with a greater number of folds.
Nekabhi et al. [14] and Bora et al. [42] also reported similar
results using hydroiodic acid and hydrazine, respectively,
for the chemical reduction of the GO.

In addition, images of the CGOF sample were obtained in
the transversal position (Figure 7), where it is possible to
observe the spacing between the graphene nanoplatelets
and the exfoliated aspect of the film. Other researchers
obtained similar images for RGO films produced by other
methods [6, 14, 15].

The images obtained for the thermally reduced GO
film (TGOF), are presented in Figure 8 and were similar
to those obtained for the GO films, only with a larger
number of folds coming from the overlap of the graphene
nanoplatelets.

The contour of the graphene nanoplatelets is verified in
images with larger increases (Figure 6(c)). Hun [43] and
Wan et al. [37] obtained films with similar characteristics,
observing an almost one-dimensional fold coming from
the overlap of graphene nanoplatelets. Moreover, they
obtained films with an irregular surface, similar to those that
occurred for the thermally reduced GO films reported here,

which did not present a flat surface like GO films and chem-
ically reduced GO films. This wrinkled morphology can
enhance the use of these films in catalysis, as the substrates
can easily access the active sites on both side surfaces of
the 2D graphene nanosheets [19].

In the images of Figures 6(c) and 8(a), the edges of
some nanoplatelets stand out, indicating the reduction
of GO. In addition, the folding of graphene sheets was
also noted.

3.5. Transmission Electron Microscopy (TEM). TEM images
of graphene oxide films are shown in Figures 9(a)-9(c). It
is observed that GOF is basically transparent and that
the curled or folded edges usually result in different levels
of brightness in the image [44, 45]. In the SAED pattern
(Figure 10(d)), clear diffraction spots are observed, charac-
teristic of crystalline order and preferential crystalline
orientation. This image illustrates a symmetrical six-fold
pattern with the corresponding Miller-Bravais indices,
which refers to graphite/graphene [19, 45, 46]. The circle
and the more discrete bright spots indicate that the ana-
lyzed material does have a significant number of superim-
posed sheets [46, 47]. The characterization of isolated GO
nanoplatelets produced in our laboratory can be found
elsewhere [47].

3.6. Atomic Force Microscopy (AFM). AFM analysis has been
used for determining the thickness of the flakes of layered 2D
materials [33]. In the AFM image (Figure 10(a)), it is possible
to identify the contours of a graphene nanoplatelet,
highlighted within the blue square. Thus, the distribution of
the flake thickness was obtained by measuring the height of
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(d)

FiGure 9: TEM images of graphene oxide films (GOF): (a) a flat surface; (b) crumpled surface; (c) higher magnification image of a GOF
stepped surface; (d) SAED pattern.
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(a)

(b)

FIGURE 11: Contact angle measurements of a chemically reduced graphene oxide film with (a) deionized water and (b) chloroform.

the step in the yellow line in Figure 11(a). The step measure-
ment was done through the profile shown in Figure 11(b),
where the red line represents a height of approximately 16 nm.

There are different reasons, such as instrumental dis-
placement and morphological properties of graphene sheets
(folds and wrinkles), why, generally, steps with heights
smaller than 1 nm are considered a single-layer graphene in
AFM studies [48].

3.7. Confocal Microscopy. Confocal microscopy was used to
calculate the thickness of the films. Table 2 shows the thick-
nesses of the GO and RGO samples. Thermally reduced films
are quite rough and uneven, so they do not have the same
thickness throughout the film area.

The thickness of GO films depends very much on the
processing method. In the literature, there are reports of gra-
phene oxide films with very varied thicknesses. For example,
Nikolakopoulou et al. [10] produced GO films of about 60 mg
with a thickness of 4 ym by the deposition of 4mL of a gra-
phene oxide solution with a concentration of 15mg/mL on
a 1 x 1cm glass substrate. Meanwhile, Singh et al. in 2015
produced GO films with a thickness of 70 nm and 0.002 mg,
by depositing 20 uL of a solution of 0.1 mg/mL graphene
oxide on a 1x1cm quartz substrate [10, 49]. GO films
reduced with hydrazine were also produced by Yang and
Zou [50] using a method similar to that used in this work.
A solution of 0.25mg/mL was used for the production of
the films, with the thickness varying from 317 nm (5 mg of
reduced GO) to 1300 nm (25 mg of reduced GO).

3.8. Contact Angle Measurements. The measured contact
angles for the GO and RGO films produced in this work, with
water and chloroform, are described in Table 3.

The equilibrium state of a graphene surface exposed to
environmental conditions is of fundamental importance for
the understanding of their behavior in practical applications.
The level of wetting of the surface (its nature hydrophobic or
hydrophilic) affects the graphene’s properties, such as adhe-
sion, gap, and mobility of ions [33].

The GOF presented an average contact angle of about
39°, that is, a hydrophilic behavior. Few studies are found
in the literature reporting contact angle measurements for
graphene and/or graphene oxide films, but it was possible
to find angle values varying from 45.1 to 67.4° for GO films
in contact with water [38, 39]. Considering that the higher
the number of oxygen groups present, the greater the inter-
action of the GO film with water, and consequently, the
lower the contact angle between them, this indicates the
presence of a smaller number of functional groups, i.e., a

TaBLE 2: Thickness of GO films.

Sample Thickness (nm)
GOF 454
CGOF 130
TGOF 2131
TaBLE 3: Contact angles.
Sample Deionized water Chloroform
GOF 38.9+0.2 4.7+0.5
TGOF 84.7+3.5 ~0
CGOF 90.6 2.2 3.7+0.3

TaBLE 4: Surface tensions of GO and RGO films.

Sample s (mJ/m?) ¢ (mJ/m?) ys (mJ/m?)
GOF 31.1 27.3 59.2+0.1
TGOF 6.2 27.5 32.1+1.3
CGOF 2.6 27.5 30.1+0.6

graphite oxidation to a lesser degree than the GOF produced
in this work. Moreover, the presence of these oxygenated
groups increases the polarity of the film surface as well as
its surface energy.

A contact angle with water of about 85° was obtained for
the thermally reduced GO films (TGOF). It is much less
hydrophilic than the initial GO film, indicating the efficient
GO reduction. Wan et al. [37] obtained a contact angle with
water of 67.3° for thermally reduced GO films. In this work,
a higher average contact angle was obtained, which suggests
a more efficient thermal reduction. Nevertheless, the rougher
surface observed on the thermally reduced films in this
work, according to the Wenzel model, can enhance the
hydrophobicity of the samples [34, 35].

The chemically reduced GO film with sodium borohy-
dride, CGOF, formed a contact angle with the water of
approximately 90.6°, denoting a hydrophobic behavior.
This lower level of interaction with the water gives also
an indication of an efficient GO reduction. These results
are similar to those found by Wan et al. [37] for a reduced
GO film with molten aluminum (90.5") and by Shin et al.
[38] who obtained graphene films by epitaxial growth on a
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silicon substrate (92.5%) and by orderly pyrolytic cleavage
of graphite (91°).

The contact angles between the GO and RGO films and
chloroform were much smaller if compared to the contact
angles with water, due to the low polarity of chloroform.
For the TGOF, it was not possible to measure the contact
angle with respect to chloroform, because it was too small.

Figure 11 shows images obtained for the CGOF sample
by measuring its contact angle with water and chloroform.

3.9. Surface Tensions. From the contact angles with water
and chloroform, it was possible to calculate the surface
tensions of the produced films. The results of the surface
tensions are summarized in Table 4.

For the GO film (GOF), a surface tension of 59.2 mJ/m”
was obtained. Values very close to this were also found for
GO films b;r Wang et al. [40] (62.1 mJ/m?), Wan et al. [37]
(54.8 mJ/m?), and Konios et al. [39] (62m]J/m?). For the
RGO films, smaller surface tensions were found, from
32.1 mJ/m? for the TGOF to 30.1 mJ/m? for the CGOF. In
the literature, values of 46, 46.7, 39.2, and 23.4 mJ/m” have
been reported for RGO films [39, 40].

The existence of oxygen groups on the surface of the GO
films results in a higher amount of energy at the surface of the
material and consequently higher surface tension. In the
reduced GO films, there is a loss of the polarity of the surface
due to the elimination of a part of the oxygen groups present
in the material because of the reduction, which increases its
hydrophobicity; that is, it decreases its energy on the surface,
resulting in lower values of superficial tension. This indicates
that unreduced GO films have better adhesion than RGO
films [39, 40].

4. Conclusions

Self-standing films of graphene oxide and reduced graphene
oxide were produced from graphite by a low-cost vacuum
filtration method and thoroughly characterized. The results
show an efficient production of hydrophilic GO films and
hydrophobic RGO films, by both chemical reduction with
NaBH, and thermal reduction at 800°C under argon.

However, XRD analyses of films produced by vacuum
filtration revealed peaks not yet reported in the literature
(corresponding to interplanar distances of 0.63nm,
0.52 nm, and 0.48 nm), indicating that these films have a dis-
tinct crystalline structure. The films produced in this work
probably present the combination of crystalline regions with
different interplanar distances, which can be explained by the
presence of graphene/graphene oxide intercalated sheets. As
powder graphene oxide did not present these peaks, the for-
mation of this unexpected crystalline structure is attributed
to the vacuum filtration method.
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