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Abstract

In this work, a thermal reduction method was developed to obtain reduced graphene oxide (rGO) with 2 or 3 layers from
graphene oxide (GO). The GO X-ray diffraction (XRD) patterns presented diffraction peak at 26 =10°, which is related to
(002) reflection. After heat treatment under nitrogen (N,(g)) atmosphere, this peak was shifted to 26 =25°, presenting an
interlayer distance of 3.8 A, associated to GO reduction. BET analysis of modified GO samples identified an average pore
diameter of 45.38 A and surface area of 23.06 mz/g. In the case of rGO,, rGO, and rGO; samples, they presented surface
areas from 32.47 to 612.74 m?/g and an average pore diameter of 108.21-149.54 m?/g. Thermogravimetric analysis (TGA)
indicated a higher mass loss between 150 and 230 °C. Raman spectra showed ID/IG ratios of rGO samples were higher
than GO (1.36-GO; 1.45-rGO;, 1.87-rGO5) due to reducing GO and increasing sp? clusters. XPS analysis revealed that the
main carbon species in the samples were sp>-type bonds (14.99 at% for the GO and 47.85 at% for rGO5). The FTIR spectra

of rGO,, rGO, and rGO; samples presented peaks at 3454.22 cm™' (hydroxyl) and 1077.43 cm™ (C-0).
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1 Introduction

Carbon has a large number of allotropes and its properties
are related to the hybridization state of the carbon atoms
[1]. The chemical exfoliation of graphite has been consid-
ered as a strategy capable of producing graphene oxide
(GO) [2]. Initially, the oxidation of graphite is promoted
by introducing functional groups, such as hydroxyl and
epoxide groups, which decrease the interactions between
the layers. As a consequence, the spacing between them
increases. A greater space between the layers facilitates
the exfoliation of graphite oxide in simple sheets [3]. The
synthesis of graphene from the reduction of graphene
oxide allows the control of properties, such as electrical
and thermal conduction, surface area and dispersibility in
different solvents [4]. One method that has been used in
the thermal reduction of GO is carried out in the presence

of different gases and temperature conditions [5]. Among
all the methods developed so far, thermal reduction of
GO may be one of the most promising routes to obtain
reduced graphene oxide (rGO) and graphene in large
quantities [6]. Heating of GO in inert gas is called ther-
mal reduction because the main objective is to produce
a solid obtained from the carbon atoms transformed into
reduced and oxidized forms that are mainly by-products
of the gaseous phase of carbon oxide, such as CO and CO,
[7]. Owing to hydrophilic properties, associated with the
presence of functional groups containing oxygen on its
surface, GO and rGO can be, potentially, highly reactive
to changes occurring in the surface of functional groups,
during the reduction process [3]. The physical properties
of graphene can be very sensitive to the number of layers.
Therefore, in general, the number of layers and the crys-
tallite size are fundamental to the understanding of these
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properties [8]. In this work, GO was synthesized using the
modified Hummers’ method. The heat treatment for GO
reduction to rGO was performed under inert nitrogen gas
(N,(g)) atmosphere and partial pressure of 10 kPa, vary-
ing the time, heating rate and temperature of the process.
The aim was to produce reduced graphene oxide with less
than four layers and to control its surface area.

2 Experimental details
2.1 Preparation of GO

Graphene oxide was synthesized from graphite powder
(Nacional de Grafite, at 99.99% purity) by using the modi-
fied Hummers’ method. Graphite was added into a flask
containing sulfuric acid (H,SO,), potassium permanganate
(KMnO,) and phosphoric acid (H;PO;). The mixture was
kept under vigorous stirring, and then hydrogen peroxide
(H,0,) was added. Thereafter, the mixture was centrifuged,
washed with hydrochloric acid (HCI), subsequently washed
and exfoliated by using methoxyethane.

2.1.1 Preparation for GO heat treatment

The heat treatments for obtaining the reduced graphene
oxide samples are shown in Fig. 1. Three different routes
were employed. The samples were designated as rGO;,
rGO, and rGO;, as indicated in Fig. 1. The samples were
obtained using different temperature steps, times and
heating rates. The choice of these processing routes
was based on previous trials in our laboratory, aiming
at increasing the mass of rGO obtained at the end of the
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Fig. 1 Heat treatment procedures for obtaining the rGO samples
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thermal reduction process, eliminating micro-explosions
and avoiding expansion of the rGO surface area.

2.2 Characterization of GO and rGO

Thermogravimetric analyses (TGA) were carried out by
using TA Universal V4.5A instrument. Samples (3 mg) were
subject to heating at 20 °C/min, from room temperature
up to 800 °C under nitrogen gas atmosphere. Fourier trans-
form infrared spectroscopy (FTIR) spectra were recorded
by a Nexus 870 spectrometer (Thermo Nicolet). X-ray pho-
toelectron spectroscopy (XPS) was employed to analyze
the surface chemical states of the different samples. The
spectra were obtained by using a ThermoFisher Scientific
K-alpha + spectrometer operating with Al-ka (1486.6 eV)
radiation source. The pressure in the analysis chamber
was approximately 1077 Pa. The spot size was 400 um. The
spectra were fitted using a combination of Lorentzian-
Gaussian curves in the CASA software. The Shirley algo-
rithm was employed for background subtraction. Raman
spectra were recorded in the range of 500-2000 cm™'
using a Raman WITEC instrument (Confman Raman Alpha
300r-green laser microscope, 532 nm; 45 mW). X-ray dif-
fraction (XRD) experiments were carried out by using a
Bruker D8 Advantage instrument with a copper tube, at
40 kV and 30 mA. XRD showed the interplanar spacing of
the samples that can be determined by Bragg's Law and
the crystallite size of was obtained by using Scherrer’s
equation. Brunauer, Emmelt and Teller (BET) surface and
pore analyses were carried out by using adsorption ana-
lyzer equipment, model ASAP 2010 (Micromeritics).

3 Results and Discussion

TGA measurements were performed to assess the thermal
stability of GO and rGO samples. Figure 2a shows the TGA
curve for GO. It indicates that its mass loss takes place in
two stages. About 12% mass loss occurred below 120 °C
primarily due to the loss of water molecules adsorbed in
GO [9]. In the second stage, roughly 2.55% of mass loss
takes place at~280 °C due to thermal decomposition of
oxygen-containing functional groups of carboxyl, hydroxyl
and epoxy groups in the edge and basal planes. Similar
results were reported in the literature [10, 11]. The mass
loss becomes faster as temperature is raised. The residual
mass at the end of the experiment was approximately
50%.

Figure 2b-d are related to samples rGO,, rGO, and rGO;.
Comparing the TGA curve of GO in Fig. 2a with rGOs in
Fig. 2b-d, it is evident that GO decomposes in different
stages. The mass losses of 5% (rGO,, rGO,) and 8% (rGO;)
at 120 °C were attributed to decomposition of residual
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Fig.2 TGA curves for a GO and for different rGO samples, b rGO;, ¢ rGO,, and d rGO,

water and volatiles [12]. Figure 2b (rGO,) corresponds to
the heat treatment carried out at a higher temperature
and longer time, when compared with the other samples
(rGO, and rGO;3). Throughout the TGA analysis the mass
gradually decreased in the case of rGO, and rGO;, and
decreased markedly for rGO,, showing a higher mass loss
rate. This can be explained by the micro-explosions result-
ing from the highly exothermic reaction that occur at the
end of the heat treatment for rGO,, due to the treatment
conditions and residual impurities of GO synthesis [13].
In Fig. 3, BET results show the changes in the relative
pressure and absorbed quantity of N, for the different sam-
ples. From these analyses, GO presented an average pore
diameter of 45.38 A and surface area of 23.06 m?/g. Con-
trolling the variables of the thermal reduction achieved
surface area of 32.47 m%/g in rGO, and rGO; samples
with an average pore diameter of 108.21 A. While sample
rGO,—that presented surface area expansion—has sur-
face area 612.74 m?/g and average pore diameter 149.54 A.
Distinction between the explosive and non-explosive
character of the thermal reduction process depends on
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Fig.3 BET curves for a GO and rGOs

its experimental parameters. Therefore, the temperature,
heating rate and step employed in the thermal processing
of rGO;, resulted in an explosive process which could be

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1450 | https://doi.org/10.1007/s42452-020-03241-9

avoided when decreasing heating rate and temperatures
were employed such as in the production of rGO, and
rGO;. However, when the heating rate is still high (rGO,
sample), it results in surface area expansion. In the rGO;
sample, the heating rate and reduction of the treatment
time enabled process control and avoided the occurrence
of explosion (rGO,) and surface area expansion (rGO,).
Explosive reduction leads to higher surface areas, as frac-
ture causes early gas release that limits internal pressure
development [13]. These different surface areas and aver-
age pore diameters are closely related to the structure and
number of layers of the graphene oxide species, as also
observed in the literature [14].

Figure 4 presents the FTIR spectra of GO and rGOs.
The peak at 3452.22 cm™ is related to OH [15]. Peaks
at 2362.76 cm™' may be assigned to the axial atmos-
pheric CO, vibrations [16]. Other peaks were found at
1715.51 cm™' which can be assigned to carbonyl groups
((C=0 from carboxylic acids or ketones) [15]; 1619.62 cm™'
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Fig.4 FTIR spectra of GO and rGOs
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Fig. 5 XPS spectra in the C1s a and b O1s regions of GO
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(C=Q), which normally has low intensity because it is
related to conjugated alkenes [17]; 1381.33 cm™! (CH5),
angular deformation; 1077.43 cm™' (C-0), alcohol [12].

Characteristic XPS spectra for the GO and rGO sam-
ples in the C1s and O1s regions are presented in Figs. 5
and 6, respectively. The main chemical species and their
atomic concentrations are summarized in Tables 1 and 2.
Figure 5 shows four peaks in the C1s region: carbon sp?,
at 284.70 eV (14.99 at%), C-OH, at 286.60 eV (48.07 at%),
C-0-C, at 287.88 eV (26.88 at%) and m—n*, at 290.70 eV
(10.06 at%) [18-20]. The O 1 s region of the GO sample
presented three different components at 532.18 eV
(18.35 at%), 534.60 eV (76.62 at%), 535.70 eV (5.03 at%),
which are related to C=0, C-O-C and H,0 groups [5, 21],
respectively.

Figure 6 shows the XPS spectra in the C1s (a) and (b)
OTsregions of rGO;, rGO, and rGO;. When the heat treat-
ment was performed at 2 °C/min with three temperature
steps (route for obtaining rGO;) the C1s region presented
only two different components whereas three types of
carbon bonds were found in the C1s region of the pristine
graphene oxide (GO). Also, an increase in atomic percent-
age of the sp? carbon bonds was observed for the three
rGO samples. Table 1 shows the heat treatment was effec-
tive at increasing the quantity of carbon-carbon dou-
ble bonds. Initially, GO sample had 14.99 at% and, after
heat treatment, rGO,, rGO, and rGO; samples had 35.51
at%, 33.14 at% and 47.85 at% spz. Another factor was the
reduction of hydroxyl groups (Table 2-O1s regions) in the
rGOs, rGO, (23.91 at%) e rGO; (12.90 at%), when compared
to GO (48.07 at%). For the rGO, e rGO; samples, it was not
possible to eliminate adsorbed H,O from the surface,
showing that a high heating rate does not promote water
removal during the heat treatment.

Figure 7 shows the Raman spectra obtained for GO
and rGO samples. The positions of D, G and 2D bands
are indicated in the figure as well as the ID/IG ratios. Two
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Fig.6 XPS spectrain the Cl1s (a, ¢, e) and (b, d, f) O1s regions of rGO,, rGO, and rGO,
Table 1 ‘Fitting results for the Sample Component (at.%)
Clsregion of GO and rGOs
Csp? Csp? C-OH C-0-C C=0 n—m*
GO 14.99 - 48.07 26.88 - 10.06
rGO, 35.51 33.68 - 40.81 - -
rGO, 33.14 - 23.91 - 42.95 -
rGO; 47.85 - 12.90 39.25 - -
SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2020) 2:1450 | https://doi.org/10.1007/s42452-020-03241-9

Table 2 Fitting results for the O1s region of GO and rGOs

Sample Component (at.%)
0-C=0 C=0 C-OH C-0-C H,0
GO - 18.35 - 76.62 5.03
rGO, 35.93 - 58.56 - 5.50
rGO, 9.07 - 21.41 69.52 -
rGO; 36.112 - 57.72 - 6.15
D G
1 2D
7 ID/IG = 1.87

rGo,

/

ID/IG =1.32
1 rGO,
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Fig. 7 Raman spectra of GO and rGOs

bands are seen, one at 1579.42 cm™! related to sp2 car-
bon atoms (G band) and the second one at 1364.57 cm™'
(D band) which is attributed to defects related to sp3
carbons, located in the sp2 carbon crystal lattice. A
verybroad band at 2685.62 cm™' is also observed,
the 2D band, which is related to graphene structure
defects [22, 23]. After the heat treatments, D, G and 2D
bands are shifted in rGO, (1360.06 cm™', 1576.85 cm™',
2716.39 cm™'), rGO, (1359.21 cm™', 1580.81 cm™,
2673.23 cm™') and rGO; (1347.59 cm™', 1593.05 cm™’,
2725.13 cm™') samples. The higher intensity of D bands
with respect concerning G bands indicates an increase
in the amount of disordered phase in rGOs. The present
oxygen atoms cause increase in the interplanar dis-
tance and change the materials structures vibrations.
The ID/IG ratio is a measure of the disorder degree and
is inversely proportional to the average cluster size sp?
[24]. Figure 7 shows the ID/IG ratios of rGOs were higher
than that of GO (1.36), revealing an increasing trend for
rGO1 (1.45) and rGO3 (1.87). This suggests that new or
more graphitic domains are formed and the sp? cluster
number is increased [25, 26]. This information was also
observed from the XPS fitting results shown in Table 1 as
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Fig. 8 XRD patterns of GO and rGOs

Table 3 Crystal size and interatomic distance of GO and rGOs

Samples d middle (A) Crystallite size Crystal-
(nm) line
layers
GO 7.9 56.7 7.2
rGO, 37 107 29
rGO, 37 108 29
rGO, 3.8 9.2 24

the content of sp? bonds increased from 14.99% for GO
to 47.88% for rGO;.

Figure 8 shows XRD patterns for GO and rGOs. Using
Bragg's Law and Sherrer’s equation (k=0,9 A) the values of
interplanar spacing, crystallite size and number of crystal-
line layers were obtained, as displayed in Table 3. The peak
centered at 20 =12° corresponds to the (002) crystalline
plane. After heat treatment and thermal reduction, the
peak was shifted to 20 =24°. Since this peak corresponds
to the layer-to-layer distance (d) [27], shifting X-ray peaks
of rGOs to a higher angle results in decreasing d-spacing,
showing that the thermal reduction process decreases
the interplanar spacing. These results indicate a separa-
tion of the layers and oxygen removal during the thermal
reduction process, i.e.,, TGA and XRD results demonstrated
that the GO synthesis was successfully performed with
the reduction of samples rGO,, rGO, and rGO;. When
these results are compared to the literature, it is possible
to observe that different temperatures are used for the
thermal reduction treatment, i.e., from 500 to 1000 °C
[28-30], and heating rates between 10 and 80 °C/s. These
works show narrower interlayer spacing, i.e., 4 A28, 311.
However, in our work the reduction of graphene oxide
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was carried out at a maximum temperature of 200 °C,
which resulted in the change of the characteristic GO XRD
reduction peak, reducing crystallite size and maintaining
the number of layers between 2 and 3, regardless of the
parameters used in the thermal reduction route.

In Table 3, the distances between the electronic lay-
ers, the crystallite size and number of crystalline layers
are shown. For GO, the interplanar distance was 7.9 A and
for the samples subjected to heat treatment (rGO,, rGO,
and rGO;), these distances were between 3.7 and 3.8 A.
The decrease in crystallite size may also be observed from
56.7 nm for GO sample to 10.7 nm, 10.8 nm and 9.2 nm
for rGO,, rGO, and rGOj;, respectively. The number of crys-
talline layers of rGOs was also decreased with respect to
concerning GO. The results show that reduced graphene
oxide produced by thermal exfoliation at high tempera-
ture exhibits a few-layered structure. Hence, it has higher
specific surface area. Similar results were obtained by
other authors for thermally reduced graphene oxide sam-
ples [32, 33].

4 Conclusions

The heat treatment method developed in this work was
efficient at reducing 7 GO layers to 2 to 3 rGO layers, as
observed by XRD. The thermal reduction process made it
possible to change the crystallite size, distance between
layers, number of crystalline layers, surface area and chem-
ical composition. It was shown for the first time that the
rGO thermal reduction was carried out without explosion
and with a decrease in the total number of rGO layers, from
8 GO layers to 3 rGO layers at the end of the thermal reduc-
tion process. Raman and XPS spectra confirm the increase
in the number of carbon sp? bonds at different thermal
reduction routes. BET analysis confirms the possibility of
controlling the expansion of rGOs depending on the pro-
cess parameters such as heating rate, temperature step
and treatment time.
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