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Role of Temperature and Exposure Time for Controlled and Accelerated Synthesis
of Graphene Oxide Using Tour Method
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Abstract: Synthesis of graphene oxide (GO) with the Tour method has been studied.
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Accepted: April 1, 2022 60 °C. The GOs were characterized by UV-Visible spectroscopy, Fourier Transform

InfraRed (FT-IR) spectroscopy, X-ray Diffraction (XRD), Scanning Electron
Microscopy-Energy Dispersive X-Ray (SEM-EDX), and Transmission Electron
Microscopy (TEM). The results show that the GO oxidized at 40 °C for 7 h (GO-7-40)
has been successfully formed indicating that GO-7-40 is the most efficient GO. The GO-
7-40 is characterized by a peak at 20 = 10.89° in the XRD diffractogram, resulting
calculation of the average distance between graphene layer (d) of 0.81 nm. The average
number of graphene layers (n) is 4, the oxidation level (C/O) is 1.50 according to EDX
data, Anax at 226 nm attributes to n>m* transitions of C=C bond in UV-Vis spectrum,
and the functional groups such as O-H, C=C, C-OH, and C-OC are observed in FT-IR
spectrum.
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m INTRODUCTION for catalysis, which can improve the photocatalytic

Graphene oxide (GO) is a single-layer graphene properties of m.at.eri.als [4]. GraPhene oxide is usual.ly
nanosheet bonded with functional groups containing also used as antlbIOtIC'S [5], chemical sensors [6], and in
oxygen and is part of carbon material derivatives [1]. t[he removal of organic dyes [7] as well as heavy metal
Graphene oxide displays some outstanding properties, ions [8]. ' ' .
such as high thermal conductivity, specific surface area Grapher'le' oxide can be synthesized by the Chemlfal
and electrical conductivity [2]. The high electrical ' Por deposition (CVD). as one of the ef.fectwe
conductivity of graphene is due to zero-overlap semimetal techniques for the preparation of low-defect density and

with electrons and holes as charge carriers. Each carbon enhanced large area monolayer or film-layer graphene

. films. However, the CVD technique consumes time, uses
atom has six electrons, and the four outermost electrons !

are available for chemical bonding, but in the 2-D plane, large a@ounts ;{ high p u;llty ga;escz;lg deTandsl high
each atom is connected to three other carbon atoms, and < < &) ‘1nput. astha en I_almce Ztl I.Zes ;W;r
one electron is freely available for electronic conduction processing  temperature. However, producing high-

in the 3-D space [3]. It has received much attention for quality graphene with enhanced surface area with fewer

use as an adsorption material and in catalytic applications, defects remains challenging [9]. The other choice, GO

owing to its suitable adsorbents and photonic properties can be produced from the oxidation and exfoliation of
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graphite, generally in an aqueous solution, yielding
hydrophilic carbon-based sheets that are decorated with
various oxygenated functional groups [10]. Synthesis of
graphene with high quality from graphite can be done
with the chemical exfoliation method [11]. This technique
combines the oxidation of graphite followed by the
reduction process to produce graphene nanosheets. The
oxidation of graphite is spread over a long period.
Benjamin Collins Brodie [12] has reported that the
addition of potassium chlorate (KCIOs) to the graphitic
compound in nitric acid (HNO;) provides an increase in
the weight of the sample due to the incorporation of
hydrogen (H) and oxygen (O). Another method of
graphite oxidation has been reported by Staudenmaier
[13] with still emphasizing the use of sulfuric acid (H,SO.)
and a high amount of potassium chlorate (KClO,).
Meanwhile, Hummers and Offeman [14] have proposed
the use of potassium permanganate (KMnO,) and sulfuric
acid as reagents. The H,SO, acts as an intercalation agent
stabilizing the oxidant and solvent to transport the
oxidant into the graphite interlayers [15]. This approach
differs from Brodie method [12], particularly regarding to
the reagents and the time of the reaction. Also, the
Hummers method requires a step to remove the excess
permanganate ions and stop the oxidation reaction using
hydrogen peroxide [16]. In the Hummers method,
KMnO; is used to replace KClO; to avoid spontaneous
explosion during the oxidation process, while NaNO;
replaced fuming HNO; to eliminate fog acid produced.
This process takes just in few hours to produce high-
quality GO. The Hummers method still has flaws,
whereby it produces toxic gas such as NO, and N,O4
because of the use of NaNOs [17].

Marcano et al. [10] have completed the study on the
differences among the Hummers method, modified
Hummers method, and improved Hummers method
without NaNQOs. In 2010, Tour et al. [18] reported an
improvement in the Hummers method by excluding
NaNO; to prevent the generation of toxic gases, using ice
instead of liquid water to prevent the high-temperature
rise, thus promoting better and easier control of the
process, and also increasing the yield and degree of
oxidation, together with promoting the retention of
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carbon rings in the basal plane by introducing
phosphoric acid (H;PO,) to the reaction media. The
Tour method is based on the dispersing of graphite in a
mixture of concentrated sulfuric and phosphoric acids
in a volume ratio of 9:1 and further oxidation of graphite
by potassium permanganate [19]. The Tour method
eliminates the production of toxic gases and produces a
more oxidized graphite oxide with a more regular
carbon framework and larger sheet size [20]. Another
advantage of the Tour method is to produce a higher
yield of heavily oxidized hydrophilic GO [21-22].

[23-25],
modifications of the Tour methods can be carried out

According to researchers various

using different amounts of graphite, oxidant
concentrations, oxidation time, and temperature used.
Temperature affects the formation of single-layer GO
[26]. Many reports that provide a detailed procedure for
the synthesis of GO were analyzed based on this
perspective. For example, Olorunkosebi et al. [27]
allowed this step to prolong with various oxidation times
11, 12, 13, and 14 h at 50 °C. Sali et al. [16] studied
temperature of 30 °C but used oxidation time of 72 h.
Habte and Ayele [28] maintained the temperature of the
system at 50 °C for 12 h, while Benzait et al. [24]
synthesized GO at temperature below 10 °C for 24 h.
Ranjan et al. [29] concluded that good quality GO
samples can be synthesized through Tour method at
65 °C with the oxidation time of 24 h This strategy did
not have any Mn and spurious carbonaceous residues
without the need for any sophisticated filtration
protocol. Meanwhile, Kang et al. [30] adopted the
Hummers method and investigated it with three time-
variables (2, 4 and 8 h) and three temperature-variables
(45, 70 and 95 °C) resulting in GO at 45 °C for 8 h.
There have been many studies on GO synthesis
with various oxidation times and/or temperatures. The
oxidation time used is quite long (above 8 h) and the
temperature used is quite high. Therefore, this study
suggests a new insight for studying temperature and
oxidation time using the Tour method. Reducing
oxidation time and temperature can improve the green
chemistry aspect. This research is expected to get an
effective and efficient method for producing more GO.
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m EXPERIMENTAL SECTION
Materials

Hydrochloric acid (37% HCI), sulfuric acid (98%
HzSO4), H3PO4),
potassium permanganate (KMnO,), hydrogen peroxide

(30% H,0,), silver nitrate (AgNQO;), barium chloride
(BaClL,), and ethanol were purchased from Merck. The

graphite, phosphoric acid (85%

deionized water was obtained from One-med, while bi-
distilled water and phosphate-buffered saline (PBS) was
utilized for the washing process.

Instrumentation

(XRD)
performed on a Bruker D2 Phaser diffractometer using
the Cu Ka as the irradiation (k = 0.15405 nm) at a 20 scan
range of 5-90° to detect the crystal size. The functional

X-ray diffraction measurement  was

group of GO was characterized by Fourier transform
infrared (FTIR) spectrophotometer (Shimadzu Prestige
21, FTIR impact 410) with a range of 400-4000 cm™ using
KBr pellets. The surface morphology of GO was examined
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by Scanning Electron Microscope (SEM, JEOL JSM-
6510). Graphene nanosheet structure was determined by
transmission electron microscopy (TEM, JEOL JEM-
1400). The electronic transition condition of GO was
measured by UV-Vis Spectrophotometer 1800 from
Shimadzu Scientific.

Procedure

Our method was adapted from Benzait et al. [24]
and Ranjan et al. [29] methods with certain crucial
modifications (Fig. 1). Initially, graphite powder and
KMnO, (1:6 %w/w) were mixed in a mortar and pestle
for 5 min and kept at a temperature below 5 °C. A
separate solution of H,SO4 and H3PO, (9:1 %v/v) was
prepared and also kept at a temperature below 5 °C. The
acid solution was then added to the mixture of graphite
powder and KMnO, with continuous stirring (using a
magnetic stirrer). The solution obtained was heated at
65 °C and was left with variation times of 1, 7 and 24 h
with continuous stirring denoted as GO-1-65, GO-7-65,
and GO-24-65. After the stirring process, the solution was

KMnO, : graphite = 6:1 (w/w)
H;SO,. H;PO.= 9:1(viv)

y

graphite

Tour Method

KMnO,, H,S04, HyPO,

Y

Stirring with variation time
oxidation and temperature

Graphene oxide

graphite

graphene oxide

Fig 1. The illustration of Tour method
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allowed to cool to room temperature. This was then added
to a beaker containing 200 mL of deionized water and ice.
Then, 4 mL of H,O, was added while stirring the mixture
with a glass rod. The purpose of H,O, was to stop the
oxidation reaction and to reduce the residual KMnO;, to
soluble manganese sulfate (MnSO,) in an acidic medium,
as described in Eq. (1) [28]:

2KMnO, +5H,0, +3H,50, — 2MnSO, +K,S0, M

+ 8HZO(steam) + SO2

When H,O, was added, bubbling occurred, and a
bright yellow color was observed, indicating a high level
of oxidation. The mixture was washed with HCI (2 times)
and ethanol (2 times) with intermediate centrifugation (at
5,000 rpm for 5 min). The precipitate was washed with
PBS until pH 7. The neutral solution was checked by
AgNO:s to detect the presence of SO,* ion and BaCl, to
detect the presence of Cl” ion. The solution was rewashed
using bi-distilled water until the solution was free of both
ions. The precipitate formed was dried at 70 °C for 24 h.
The step was repeated with variation temperatures at 40,
50 and 60 °C for 7 h, denoted as GO-7-40, GO-7-50, and
GO-7-60.

m  RESULTS AND DISCUSSION

Diffractograms of graphite and all GO samples are
shown in Fig. 2. The XRD pattern of graphite shows a
peak at 26 = 26.21° (hkl 002) according to the pattern of
JCPDS diffraction No0.75-2078.
Graphite has a sharp peak with high intensity, which

standard graphite
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indicates that graphite has good crystallinity. It is in line
with the structure of graphite, which is composed of
carbon atoms bonded together and fully conjugated sp*
to form honeycomb-like crystals [31]. However, after the
graphite is oxidized, the crystal undergoes a structural
change or defect due to oxygen functional groups from
the permanganate oxidizing agent. As the consequence,
there is a change in the conjugation of some carbons
from sp” to sp’, causing the crystallinity to decrease and
the peak to be broader (amorphic of the material
appears). The broadening effect of the peak is probably
due to the formation of complex epoxidation of
throughout the
graphene layer, which distorts the lattice in the stacking

oxygenated unsaturated groups

order of the graphite [32]. The infiltration of oxygen
functional groups between the graphene sheets in the
graphite structure also resulted in an increase in the
distance between the sheets from 0.34 to ~0.9 nm.
Therefore, the 20 angle seen in the XRD spectra also
shifted from ~26° to ~9°. The peaks are associated with
d = 0.8-0.9 nm due to the presence of chemical groups
onto the graphene basal plane, so the d of GO depends
on the degree of oxidation of graphite and the number
of water molecules intercalation between the oxidized
graphene layers [33].

Increasing the oxidation time, the XRD pattern of
GO-1-65, GO-7-65, and GO-24-65 shows the intensity
of the peak at 20 0f 9.78, 9.59, and 9.39°, respectively, but
the interlayer spacing (d) does not significantly change

I | 002
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Fig 2. Diffractogram of (a) graphite, (b) GO-1-65, (c) GO-7-65, (d) GO-24-65, (e) GO-7-40, (f) GO-7-50, (g) GO-7-

60
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about 0.9 nm. Meanwhile, GO-7-40, GO-7-50, and GO-
7-60 show peaks centered at 10.89, 9.64, and 11.39°,
respectively, with d of 0.8-0.9 nm. The results show that
the role of temperature can have more effect on the peak
in the diffractogram than the oxidation time. Those are
consistent with the range values of 9-12° reported in the
literature [34-38]. The oxidation time of 7 h was chosen
to evaluate the effect of temperature based on the results
of UV-Vis analysis which will be described in the
following explanation (Fig. 3).

The distance between graphene layers or interlayer
spacing (d) from peak (002) reflection was calculated
using Bragg equation. Meanwhile, the average height of
stacking layers (H) was calculated using Scherrer equation
with a constant equal to 0.9. The average diameter of
stacking layers (D) was determined by using the Scherrer
equation with a Warren constant of 1.84 [39]. The
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graphite and GO have a nanostructure dimension size
(DxH, see Table 1). The oxidation time of GO-24-65 can
just exfoliate graphite until 5-6 layers, although the
others GO from oxidation time GO-1-65 (7 layers) and
GO-7-65 (6 layers), but from the oxidation temperature
of GO-7-60 more can exfoliate graphite until 3 layers
whereas GO-7-40 and GO-7-50 can exfoliate graphite
just 4 layers, indicating that the oxidation temperature
effect has more effect than the oxidation time. The ideal
GO has 1 layer. In the other word, the production of GO
with a few layers is more expected [40]. Therefore, GO-
7-60 has the best graphite exfoliation.

The UV-Vis spectra for graphite and all GO
samples in the range of 190-900 nm were investigated in
water solution. As we can observe in Fig. 3, the region
400-900 nm is not affected by absorptions. The
maximum absorbance for GO-7-65 and GO-24-65 is 243

Table 1. Calculation of H (the average height of samples GO stacking nanolayers), D (average diameter in stacking

layers), n (the average number of graphene layers), and d (the average distance between graphene layers) of graphite

and GO samples
S 1 Peak (002) Peak (100)
ample
p 20 (deg) FWHM (deg) H(nm) d(nm) n 206(deg) FWHM (deg) D (nm)
graphite 26.21 0.74 11 0.34 32 42.32 0.46 38
GO-1-65 9.78 1.38 6 0.90 7 42.64 1.09 17
GO-7-65 9.59 1.46 6 0.94 6 42.77 1.11 15
GO-24-65 9.39 1.71 4 0.94 5-6 42.95 1.25 14
GO-7-40 10.89 2.39 3 0.81 4 42.34 0.96 18
GO-7-50 9.64 2.04 4 0.92 41.47 6.67 13
GO-7-60 11.39 3.27 3 0.78 3 42.127 1.21 14
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Fig 3. UV-Vis spectra of (a) graphite, (b) GO-1-65, (c) GO-7-65, (d) GO-24-65, (e) GO-7-40, (f) GO-7-50, (g) GO-7-
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and 226 nm, respectively. However, the peak of GO-1-65
at ~210-240 nm has not emerged yet (Fig. 3(b-d)),
probably because the oxidation of 1h does not completely
occur or only it was formed graphite oxide. The main
difference between graphite oxide and graphene oxide is,
thus, the number of layers. While graphite oxide is a
multilayer system in graphene oxide (Fig. 4). Hence, the
oxidation time of 7 was chosen for the variation of
temperature. The maximum absorbance for GO-7-40,
GO-7-50, and GO-7-60 (Fig. 3(e-g)) takes place at Amax of
226, 228 and 210 nm, respectively. This band is attributed
to m>7* transitions of C=C bond in conjugated systems
[41-42]. The lower the absorption peak, the more
decreased delocalized electrons are, and it is considered
that higher energy is required for the electronic transition.
It indicates that the sample is more oxidized with more
functional groups on the basal planes [42]. This blue shift
in UV-Vis absorption is due to the hybridization of sp’
carbon atoms and a decrease in the number of electrons
[18].

graphite

exfoliation
oxidation

Indones. J. Chem., 2022, 22 (5), 1205 - 1217

The FTIR analysis (Fig. 5) was carried out to obtain
about  the
incorporated into the graphitic planes due to the

information oxygen functionalities
oxidation. The IR absorbances are observed in the
regions of 1210-1320, 1540-1675 and 1020-1075 cm™
corresponding to the vibrations of C-O from ether and
ester, sp>-hybridized C=C in-plane vibrations, C-O
stretching of alcohol (C-OH), and carboxylic acid (C-
OC) functional groups, respectively [43-45]. The
vibration of the C-OH functional group indicated
graphite has successfully oxidized [46]. The spectra still
contain C=C vibration because these materials consist of
almost sp’-conjugated carbon, although they have few
defects of sp’-conjugated carbon. All spectra also show a
broader IR absorbance in the range 3000-3720 cm ™. The
characteristic of O-H stretching modes supports the
presence of hydroxyl and carboxyl groups [47]. When the
oxidation time of graphite increased from 1 to 24 h, the
positions of FTIR bands remains unchanged, indicating
that the types of functional groups are independent of the

T=40,50,60°Cat7hand T=65°Cat7 and 24 h

T=65°C at 1h

graphite oxide

Fig 4. The mechanism of temperature and time oxidation oxide of graphene oxide synthesis
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Fig 5. FT-IR spectra of (a) graphite, (b) GO-1-65, (c) GO-7-65, (d) GO-24-65, (¢) GO-7-40, (f) GO-7-50, (g) GO-7-60

oxidation time [32]. Similar FTIR pattern is observed for
the variation of temperature (40-60 °C). These types of
functional groups cause the distance of the graphene layer
in graphite structure to increase, confirming the previous
XRD data. The presence of various oxygen-containing
groups reveals that the graphite has been oxidized. The
presence of the polar groups, especially the surface
hydroxyl groups, leads to the formation of hydrogen
bonds between the graphitic layer and water molecules.
This further explains the hydrophilic nature of GO. The
detail of absorption peak of O-H, C=C, C-OH, and C-OC
functional groups formed analyzed by FTIR can be seen
in Table 2.

The morphological aspects of graphite and all GO
samples are investigated by using a scanning electron
microscope (SEM), as shown in Fig. 6. Here, graphite (Fig.
6(a)) is displayed and exhibits large grains. Unlikely, GO-
1-65, GO-7-65, GO-24-65, GO-7-40, GO-7-50, and GO-
7-60 morphology consist of tightly packed layers, as

shown in Fig. 6b-g. The distinct morphology is related
to the exfoliation process in the first step of synthesis and
the re-packing of the material in the solid phase due to
the oxygen domains on the graphene basal plane [26].
The micrograph of all GO materials has a porous
sponge-like structure with the graphene sheet not well
connected. It is an indication that graphite has been
exfoliated during the oxidation process. It may be due to
the distorted graphene sheets when oxygen and other
functional groups are attached to graphene sheets to
form GO [48-50]. Fig. 6(b-g) also describe the GOs as
thin sheets with a few layered GOs that match the
literature [51].

The elemental analysis is evaluated from energy
dispersive X-ray (EDX) spectra. The spectrum shows
peaks corresponding to C, O, S, Na, K, and Ca. Potassium,
sodium, and sulfur were present due to H,SO; and
KMnO, being used as the oxidizing agent, and PBS was
used during the washing process. The carbon-oxygen

Table 2. Absorption peaks of graphite and all GO samples

Sample Functional groups (cm™)
O-H C=C C-OH C-0C

Graphite 3422

GO-1-65 3421 1624 1369 1035
GO-7-65 3414 1609 1369 1044
GO-24-65 3421 1609 1356 1052
GO-7-40 3436 1603 1376 1031
GO-7-50 3422 1627 1368 1043
GO-7-60 3407 1613 1368 1031
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Fig 6. SEM images of (a) graphite, (b) GO-1-65, (c) GO-7-65, (d) GO-24-65, (e) GO-7-40, (f) GO-7-50, (g) GO-7-60

Table 3. The element contained in graphite and GO samples based on EDX

. % mass

Material

C (0] K Na Cl S C/O
Graphite 100 )
GO-1-65 51.72 42.07 4.75 0.17 1.29 1.23
GO-7-65 55.95 39.54 3.08 0.34 1.09 1.41
GO-24-65 52.39 44.86 2.29 3.41 0.32 0.14 1.13
GO-7-40 57.87 38.54 2.72 2.72 0.31 0.57 1.50
GO-7-50 57.32 39.81 0.57 0.34 0.52 1.14 1.44
GO-7-60 57.53 38.87 2.51 0.36 0.73 1.48

ratio (C/O) from GO using the Hummers method is 1.8—
2.5 [48-49]. Meanwhile, in the modified Hummers or
Tour method, the ratio is 0.7-1.3 [18]. In this work (Table
3), the C/O ratio of GO-7-65 and GO-24-65 are 1.41 and
1.13, respectively, and the C/O ratio of GO-7-40, GO-7-
50, and GO-7-60 are 1.50, 1.44, and 1.48, respectively
implying high oxidized graphene [50]. The increased

temperature and oxidation time give more oxidized
graphene, but there is an outlier datum (GO-1-65). The
outlier datum is matched with UV-Vis data which does
not appear to peak at 210-240 nm. Instead, from our
data, fewer oxidized samples of GO-7-40 and GO-7-60
are found, and this affects the GO properties, e.g., a
higher angle at 10.89 and 11.39° in comparison with the

Uswatul Chasanah et al.
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Table 4. Comparison of GO yielding from Hummers
method and Tour method

Method Graphite Material Yield Ref.
Hummers 3g 6 KMnO, 39¢g [18]
method H,SO,

0.5 NaNOs
Tour method 3g 6 KMnO4 53¢

9:1 (HzSO4IH3PO4)

average value that is around 9° in XRD diffractogram [26],
or the FTIR spectrum.

In contrast with all materials GO, the C/O ratio of
graphite is oo indicating that graphite does not have
impurity since graphite only has carbon element. The
results also prove that the exfoliation from graphite to GO
is successfully carried out because of the inhibition of the
oxygenated groups. The results match with FTIR data.

The TEM micrograph of graphite (Fig. 7(a)) shows
major dark areas. All GO samples (Fig. 7(b-g)) show the
wrinkled and folded nature of GO sheets [54]. The dark
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area indicates the thick stacking nanostructure of several
graphene layers. The higher transparency area is resulted
from stacking nanostructure exfoliation because of the
presence of a few amount of oxygen functional groups
[55]. Since all GO materials have a light area, so
exfoliation of graphite has been successfully conducted.

Table 4 shows that the Tour method has a higher
yield GO than the Hummers method. The results match
to the literature [21-22] and conclude that the Tour
method is more effective and efficient method to
produce GO than the Hummers method.

m CONCLUSION

Facile low temperature and reducing the time of
GO synthesis have been studied. In XRD data, the
oxidation time does not significantly affect the d spacing
value compared to oxidation temperature treatment. Both
increasing oxidation time and temperature caused the
average number of graphene (n) to decrease. The samples
of GO-1-65, GO-7-65, GO-24-65, GO-7-40, GO-7-50, and

—

Fig 7. TEM images of (a) graphite, (b) GO-1-65, (c) GO-7-65, (d) GO-24-65, (e) GO-7-40, (f) GO-7-50 (g) GO-7-60
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and GO-7-60 show the intensity of the peak at 20 = 9.78,
9.59, 9.39, 10.89, 9.64, and 11.39°, respectively, with d of
0.8-0.9 nm. The sample of GO-7-60 can exfoliate graphite
until 3 layers compared to others such as GO-24-65 which
can just exfoliate graphite until 5-6 layers. Then, GO-1-65
(7 layers) and GO-7-65 exfoliate 6 layers, but from the
oxidation temperature of GO-7-40 and GO-7-50 can just
exfoliate graphite 4 layers. The peaks of UV-Vis spectra
indicate all of the samples GO formed except GO-1-65
because the peak does not appear. The peaks of GO-7-65,
GO-24-65, GO-7-40, GO-7-50, and GO-7-60 occur at Amax
of 243, 226, 226, 228, and 210 nm, respectively. These
peaks correspond to m>m* transitions for the C=C
aromatic from sp® bonding. According to UV-Vis spectra,
the higher the oxidation time and temperature, the lower
the wavelength formed. The FTIR analysis among all the
samples contains the functional groups indicating the
formation of GO. The SEM images show GO-1-65, GO-
7-65, GO-24-65, GO-7-40, GO-7-50, and GO-7-60
morphology consist of tightly packed layers. The EDX
the
temperature lead the C/O ratio decrease. Based on all of

resulted in increasing oxidation time, and
the research results, GO-7-60 shows the best material
characteristic among all synthesized GOs because it can
exfoliate graphite until 3 layers, close to the ideal
graphene, i.e., 1 layer. In addition, synthesis of GO-7-40
has been achieved under lower oxidation temperature,
which is in line with the green chemistry principles. From
that results, these GO from Tour method can be applied
in the removal of organic dye, antibiotics, chemical

sensors, and heavy metal ions.
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