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RESUMO

O Grafite natural é uma fonte barata e abundante para obter nanofolhas de grafeno. O método mais eficiente
para a producdo em grande escala é o método quimico, que se baseia na oxidacdo de grafite natural. Este
artigo relata a sintese e caracterizacdo de grafeno obtido pelo método Hummers com algumas modificagdes.
Os resultados indicam um elevado grau de oxidagdo do grafite, provando que o processo foi eficiente. As
anélises de microscopia eletrdnica de varredura de emissdo de campo (FEG), microscopia electrdnica de
transmissdo (TEM), espectroscopia Raman, andlise termogravimétrica (TGA) e difragdo de raios-X revela-
ram que o grafeno produzido apresentou caracteristicas similares ao grafeno comercial.
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ABSTRACT

Natural graphite is an inexpensive and abundant source to obtain graphene nanosheets. The most efficient
method for large-scale production is the chemical method, which is based on the oxidation of natural
graphite. This paper reports the synthesis and characterization of graphene obtained by the Hummers method
with some modifications. The results indicate a high degree of graphite oxidation, proving that the process
was efficient. Analyses of field emission scanning electron microscopy (FEG), transmission electron
microscopy (TEM), Raman spectroscopy, thermogravimetric analysis (TGA) and X-ray diffraction showed
that the graphene produced presented characteristics similar to the commercial graphene.

Keywords: Graphene, nanosheets graphene, Hummers method modified.

1. INTRODUCTION

In recent decades, nanotechnology and development of new materials had a major highlight in science. Phys-
ical and chemical phenomena do not completely known yet, caused by the generation of a much larger sur-
face area compared to the volume of the nanoparticles, could be verified at nanoscale [1]. This surface act as
an interface for the charge transfer, but is also responsible for the strong tendency of nanoparticles to form
agglomerates, caused by van der Waals interactions between particles [2,3]. Nevertheless, it is believed that
these new materials are the next step in the evolution of engineering materials [4].

In this context, carbon nanostructures has been gaining ground in materials science and revealing var-
ious applications due to the diversity of its structural forms and peculiar properties [5]. Among the rein-
forcements for the production of nanocomposites are nanoparticles of carbon black, carbon nanotubes, fuller-
enes, nanofibers and graphene. Graphene is a monolayer of sp? carbon atoms arranged in a two-dimensional
network structure (2D) with a hexagonal geometry [6]. Since its first isolation by Geim and Novoselov in
2004, graphene has been the subject of much research [6,7,8,9]. The properties of graphene have aroused
interest in the scientific community due to its excellent mechanical strength, with tensile strength 200 times
greater than that of steel, thermal conductivity, and electrical conductivity [10]. Regarding the electrical
properties, graphene presents ballistic conduction and the mean free path of the charge carriers can reach a
few micrometers, thereby leaving the mobility of carriers (electrons and holes) very high and becoming a
great candidate to replace silicon in the electronics industry [11].
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Currently, graphene is obtained by several different processes, but most of these production methods
results in small amounts of the material. Among these processes are the chemical routes, such as the Hum-
mer’s method, considered the most promising for the production of graphene on a large scale. In this process,
natural graphite (NG) is oxidized by a mixture of acids and oxidizing agents, promoting the oxidation of
graphite to graphite oxide (GO), containing oxygenated functional groups. Subsequently, the GO undergoes a
thermal expansion and is then converted to graphene by reducing agents [12,13].

In this paper, a modified Hummer’s method was adopted for the production of graphene nanoparticles,
in order to scale the process. This method was chosen due to two major factors: the possibility of obtaining
high amounts of graphene, and low-cost equipment and reagents. The objective was to produce nanosheets of
graphene from GO and characterize their morphology and thermal properties, comparing them with those of
a commercial graphene, for further application in multifunctional nanocomposites.

2. MATERIALS AND METHODS

For this work we used two types of graphene, the first (G1) was obtained by oxidation and reduction of
graphite, described in the next sessions, while the second (G2) commercially acquired.

2.1 Graphite Oxide (GO)

The graphite oxide (GO) was produced from natural graphite, using the method of Hummer [14]. This meth-
od has been slightly modified in relation to the process times and proportions of reagents. In a 500 ml ound
bottom flask it was added 1 g of natural graphite, 62.1 g of H,SO, and 0.75 g of NaNOs. The mixture was
kept in a water bath at approximately 6 °C under mechanical stirring at 180 rpm. After 15 min, 4,5 g of
KMnO, was slowly added to the mixture, always keeping the temperature below 20 °C. After 30 min the
system was allowed to reach the room temperature, and then left under stirring for 24 h. After this period, a
brown colored viscous liquid was obtained. To this mixture it was added 100 ml of a 5% (w/w) H,SO, solu-
tion, which causes an increase in temperature and changes the color to dark yellow. After 30 min, 280 ml of a
solution of H,0O, (3% w/w) was added to the mixture. In this step of the process, a slight effervescence oc-
curred when adding H,O, solution and the color changed to bright yellow. The mixture was kept under stir-
ring for 45 min. The obtained mixture was filtered with the aid of a vacuum system comprising a Blichner
funnel 12,5 mm diameter and filter paper with permeability of 26 L/s.m. The material obtained in the filter
paper was washed with 300 mL of a warm solution of HCI 10% w/w to remove metal ions remaining on the
collected material. After drying the material over a period of 24 h at 60 ° C, the material was suspended in 1L
of deionized water and vacuum filtered again. The washing process was repeated three times. The material
was then dried in an oven for 24 h at a temperature of 60 °C, yielding GO.

2.2 Expanded graphite oxide (OGE)

A preheated muffle furnace at a temperature of 350 °C was used to expand the GO. The GO was distributed
at the bottom of a 50 mL Erlenmeyer with an aluminum foil lid with small holes and taken to the furnace.
After approximately 15 seconds the material has undergone expansion to give expanded graphite oxide
(EGO).

2.3 Reduced graphite oxide (G1)

For the chemical reduction of EGO it was used a 4% (w/w) solution of sodium borohydride (NaBH,) as re-
ducing agent, as suggested by Si & Samulki [15]. Studies performed by Shen et al [16] showed that the
NaBH, has same efficiency as hydrazine (N,H,). In a 100 ml beaker, 75 mg of EGO were suspended in 75 g
of deionized water and kept for 1 h in an ultrasound bath (Unique, USC-1800). Then, 15 mL of a solution of
NaBH, (95.0%) 4% w/w was added to the suspension. The pH of the suspension was adjusted between 9-10
with sodium carbonate solution at 4% w/w. After pH adjustment, the suspension was maintained for 1 h at 80
°C under constant magnetic stirring. Then, the material was filtered with the aid of a vacuum system in a
Biichner funnel of 12,5 mm diameter and filter paper with permeability of 26 L/s.m?. The material that re-
mained on the filter paper was collected and washed with 250 mL of deionized water. After this process, the
material was dried in a vacuum oven for 24 h at 60 °C, yielding produced graphene (G1).

2.4 Characterization

Transmission electron microscopy was carried out in a Jeol JEM-2100 equipment. For the analyses, samples
of the nanoparticles were dispersed in chloroform and then dripped onto the equipment support grid. The
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analyses of field emission scanning electron microscopy (FEG) were performed in a Jeol JSM-67017F
equipment.

The Raman spectra were recorded in a WITEC UHTS300 spectrometer using a 597.990 nm laser.

Thermogravimetric analyses (TGA) were performed on an TGA Q50 V20.10 (TA Instruments, USA)
equipment. Samples (approximately 10 mg) were subjected to heating from ambient temperature (approxi-
mately 24 °C) to 550 °C at a heating rate of 10 °C / min, under an inert atmosphere with N, flow of 50
ml/min.

X-ray diffraction analyses were done in a Shimadzu XRD-6000 equipment operating at 40.0 kV and
30.0 mA, with a wavelength of 1.54060 A. The measurements were made at room temperature, with 26 vary-
ing from 10 ° to 60 °.

3. RESULTS AND DISCUSSION

3.1 Field emission scanning electron microscopy (FEG)

Figure 1 (a-b) show the images of natural graphite and GO, respectively. It is possible to verify that the
graphite structure is formed by several thick layers arranged in stacks. Moreover, the oxidation of graphite
caused changes in its morphology, with a wrinkled appearance with several folds. This wrinkled aspect can
be explained by the oxidation process to promote the admission of hydroxyl and epoxy functional groups,
altering the hybridization of sp® carbons (planar structure) to sp® (tetrahedral structure).

One can also observe that the GO is formed by a layered structure. This is due to the oxidation of the
material, since the greater the degree of oxidation, the higher are the spaces between the functionalized lay-
ers. Dikin et al (2007) gave results similar to that observed obtaining a layered structure with several folding
[17].

Figure 1: FEG images of (a) natural graphite and (b) GO.

Figure 2 (a) shows the morphology of EGO nanoparticles. It is observed that the EGO underwent
expansion and altered the morphology of the material, exposing a structure full of voids. Yasmim et al (2006)
found similar results, reporting that after its expansion, the graphite showed a structure with layers detached
from each other [18]. Looking at Figure 2 (b) it is possible to observe that the sample has still some folds and
crevices, as shown in Figure 1 (b). The chemical reduction of GO causes partial removal of functional groups
that are still present after expansion. However, this does not completely restore the graphitic structure of the
material, namely, chemical reduction of the GO does not recover crystal defects caused by oxidation, so it is
still possible to observe a wrinkled morphology of the material. In Figure 2 (b), it is possible to observe the
presence of well-dispersed layers, indicating that, after the chemical reduction, the material is not arranged in
the initial graphitic crystalline structure.
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Figure 2: FEG images of (a) EGO and (b) G1.

It is also observed, by the FEG micrographs, that the nanoparticles went from an ordered lamellar
arrangement (natural graphite) to an asymmetric structure, with different sizes and a rough and discontinuous
layered morphology (G1). This fact is related to the oxidation/expansion processes and, possibly, also to the
sonication procedure, as the passage of ultrasound waves through the material dispersed in a liquid medium
leads to the formation of bubbles, suffering collapse when their volume is increased, and releasing large
amounts of energy that can shatter the structure of material [19]. The rough morphology of G1 sheets was
also observed in other studies using ultrasound to the dispersion of graphite in the solvent, also indicating the
formation of structures with different shapes and sizes [20].

Figure 3 presents a G2 FEG image, showing a layered flat morphology of the sample surface,
similar to the G1 structure in Figure 2 (b).

Figure 3: FEG image of G2.

Nevertheless, as commented by Kim et al (2010) [21], methods from the graphite oxide to obtain
graphene have a relatively good yield, but in general, lead to the formation of irregular and defects structures,
when compared to bottom-up methods, which are based on the formation of graphene from gases with a high
carbon concentration.

3.2 Transmission electron microscopy (TEM)

Figure 4 (a and b) refers to the GO images taken by transmission electron microscopy. It was observed that
the material has a good level of translucency, indicating a high degree of oxidation. It can be also seen in
Figure 4 that the GO sheet presents some darker regions, which are related to the stacking of some GO lay-
ers, as observed by other researchers [22].
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TEM micrograph (Figure 5a) and electron diffraction pattern (Figure 5b) of EGO show that the level
of exfoliation by thermal expansion at 350 °C was high due to the translucency of platelets, indicating that
there are few layers of bundled sheets. Kim et al (2009b) [22] also observed similar results, as well as Gray-
fer et al (2011) [23], expanding graphite oxide at a temperature of 900 °C. This similarity indicates that the
exfoliation of graphite oxide can be accomplished even at much lower temperatures, such as 350 °C. The
electron diffraction pattern obtained from the sample, Figure 5 (b) shows a well-defined hexagonal array,
indicating that the analyzed material does not have a significant number of superimposed sheets.

Figure 5: (a) TEM img and (b) electron diffraction pattern of a EGO sample.

A similar morphology, consisted of bundled sheets, is also observed for G1 samples (Figure 6a).
Looking at the electron diffraction pattern for G1 (Figure 6b), it can be observed the presence of internal
points with lower light intensities than other external points, evidencing a polycrystalline material. In any
case, it can be said that the material has a hexagonal pattern and a structure containing a smaller number of
layers than the original natural graphite.

The TEM characterization of the commercial graphene sample, G2, is presented in Figure 6 (c and d).
Although TEM images are similar for the G1 produced in this work and the commercial graphene, Figures 6
(a) and 6 (c), some marked differences are noted in the electron diffraction patterns, Figures 6 (b) and 6 (d).
For the G2 sample, the internal points are more intense than the external points, characterizing the presence
of graphene monolayers [24] and, thus, indicating that the commercial graphene had a higher number of
exfoliated structures than graphene (G1) produced in this work.
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3.3 Raman spectroscopy

Raman spectroscopy is widely used in structural and electronic characterization of graphitic materials. The
Raman spectrum provides useful information on defects, carbon sp? vibrations and the stacking order.

Figure 7 shows the Raman spectra for graphite, GO, EGO, G1 and G2. Figure 7 (a), for the G2 sam-
ple, shows a peak at 1583 cm™ related to the G band of the graphitic structure (sp? carbon), also observed by
Fim (2012) [25]. It is also possible to observe a broad peak located at 2712 cm™ corresponding to the 2D
band.

Analyzing the spectrum of Figure 7 (b) for natural graphite, it is also noted a band at 1573 cm™ related
to the G band of graphitic structure, and a wide and high peak located at 2708 cm™ related to the 2D band, as
reported by Ferrari (2007) [26].

Figure 7 (c) shows the Raman spectrum of a GO sample. It can be seen the D band located at 1348
cm™ and a second peak located at 1587 cm™, related to the G band of graphitic structure (sp? carbon). Gupta
et al (2017) [27] also observed bands D and G in their study, characteristic of GO.

In Figure 7 (c) it is observed that these two peaks are not very intense and very wide, having very specific
characteristics of amorphous carbon, with broad D and G bands and no peaks in the second order zone.

The Raman spectrum of EGO can be seen in Figure 7 (d). It is possible to verify a partial restoration
of the carbon sp? network, located at 1600 cm™. In fact, it is noted the appearance of a peak in the second
order zone, indicating that the material has organized graphene sheets. Fim (2012) [25] also observed this
behavior in graphite oxide after heat treatment.

Figure 7 (e) shows the Raman spectrum of a G1 sample. It is observed three very obvious peaks. The
first located in 1360 cm™ corresponds to the D band, the second located in 1587 cm™ is associated with the G
band. It is noted an attempt to restore the sp-carbon network, also suggesting the appearance of arranged
graphene sheets.
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Figure 7: Raman Spectrum: (a) G2; (b) natural graphite; (c) GO; (d) EGO and (e) G1.

3.4 Thermogravimetric Analysis (TGA)

Figure 8 shows the mass loss curves for G2, G1, GO and EGO obtained by thermogravimetric analysis. Ana-
lyzing the curve for GO, there are observed two mass loss events. The first occurs at about 140 °C, about 13
% of mass loss, and the second occurs at 320 °C, corresponding to ca. 30% mass loss. Ali et al (2009) [28]
obtained similar results by thermogravimetry, and has detected by mass spectrometry analysis (TGA-MS)
that the loss of water and CO, occurs simultaneously in the first mass loss event, while the second mass loss
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event may be related to the disruption of the carbon network [29]. Chen et al (2010c) [30] also found very
similar results and attributed the first event to the removal of O,, CO, CO,, and H,O. The authors suggest that
the second event is due to the reactivity of oxygen present in the GO structure, which takes oxygen present in
the GO structure to react with the carbon surface to form CO and CO,.
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Figure 8: Mass loss versus temperature curves for samples G2, G1, OG and OGE.

The mass loss curve of EGO (pink curve), shows only one stage, a different behavior in comparison to
that found for GO curve. The mass loss starts at about 550 °C and can be attributed to loss of oxygenated
groups that may be present in the sample. Among 550 °C to 1000 °C this behavior may be associated with
structural rearrangement of carbon.

The weight loss curve for the G2 sample also shows only a degradation stage, indicating that there is
a lack of oxygen and hydroxyl groups in G2 [30], and suggesting a high degree of reduction and quality in
the manufacturing process.

The mass loss curve of G1 is similar to that of G2, with only one stage of degradation, also indicating
the absence of oxygen and hydroxyl groups, and, thus, suggesting a successful reduction process. It can be
also seen in the curve for the G1 sample, an initial mass loss at 95 °C, which is associated with the sample’s
moisture content. Furthermore, all analyzed samples presented a high amount of residue, over 50%, at 1000
°C. Stankovich and coworkers [31] showed that after the reduction, i.e., after removal of the oxygenated
groups, the thermal stability of the material increases, thus explaining the high content of residue, as ob-
served in this study. Nevertheless, the variation of the residue amount when comparing G1 and G2, ca 50%
and 85%, respectively can be related to some GO remaining in G1.

3.5 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) analyses were carried out to assess the effectiveness of the oxidation, expansion and
reduction of graphite. Figure 9 (a) illustrates the XRD pattern for the natural graphite, GO, EGO, G1 and G2.
The diffractogram for natural graphite shows the presence of a high intensity peak at 20 = 26,65°, which
corresponds to a basal spacing of 0.334 nm, followed by a peak at 54,92° both of them characteristics of
graphite [32,33].

Analyzing the XRD pattern of the GO sample, it can be seen that after oxidation the peaks related to
the natural graphite planes almost disappears; it is only possible to observe a very low intensity halo.
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Figure 9: XRD diffraction patterns of natural graphite, GO, EGO, RGO (G1) and G2 samples.

Figure 9 (b) shows in more detail the low intensity region of Figure 9 (a). The XRD patterns of GO
and EGO confirms the intercalation and further exfoliation of most of the graphite layers.

In the diffractogram of the G1 sample, it is observed only a low intensity halo, even less intense than
those observed for GO and EGO. This suggests that the chemical reduction of expanded graphite oxide, alt-
hough changes its hybridization from sp® to sp? and eliminates functional groups that have been introduced in
the oxidizing material, does not restore the graphite lamellar structure.

The diffractogram related to the G2 sample shows a higher intensity peak at 26.5°, indicating the for-
mation of graphene nanoplatelets with the same basal spacing as natural graphite.

4. CONCLUSION

Graphene nanoplatelets have been successfully prepared by graphite oxidation followed by thermal expan-
sion of the graphite oxide and further reduction with sodium borohydride.

Regarding the thermal expansion of graphite oxide, it was proved that the exfoliation takes place at a
350 °C, a much lower temperature than most of the procedures reported in the literature. Moreover, the re-
duction of the expanded graphite oxide by sodium borohydride proved to be very effective.
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