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Abstract

In this study, reduced graphene oxide (rGO) was synthesized from graphene oxide
(GO) via an ascorbic acid-assisted reduction process. GO was synthesized from
graphite powder using a modified Hummers technique. The surface morphology,
structure, functional groups, and elemental compositions of the produced
materials were studied using various methods, such as scanning electron
microscopy/energy dispersive X-ray spectroscopy (SEM/EDX), X-ray diffraction
(XRD), atomic force microscopy (AFM), Fourier transform infrared (FTIR), and
UV-Vis. The removal of oxygen-containing functional groups in rGO through
reduction resulted in poor sample quality. In addition, FTIR investigations
revealed that GO contained more oxygen-containing functional groups than rGO.
Typical peaks at 26.7081° and 26.65° for rGO and GO, respectively, were
characterized using XRD. Additionally, a UV-Vis study confirmed the successful
reduction by observing a redshift in the absorption peak from 363 nm to 371 nm,
indicating partial restoration of the m-conjugation system. Overall, the results
demonstrated that graphene oxide was successfully oxidized from graphite and
that rGO was efficiently reduced from GO, yielding a material with improved
properties for the target application.
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1. Introduction

Graphene is the most transparent, toughest, thinnest, lightest, and most electrically
conductive material in the world [1]. It is a high-density two-dimensional sheet of
carbon atoms with a honeycomb-like shape. It has unique properties that make it an
interesting material for many industrial applications [2, 3]. Graphite is a crystalline form
of carbon. It is a layered structure; the carbon atoms are arranged in hexagonal sheets,
where each carbon atom is covalently bonded to three other carbon atoms [4]. Each
carbon atom has one non-bonded electron that can move freely along the layers,
enabling graphite to conduct electricity. The electrons are subsequently bound by van
der Waals forces, which facilitates the separation of the layers. [5]. Modern
technologies take into account the versatility of graphite, opening the way for a wide
range of reinforcements, including cement. Various reinforcements have significantly
contributed to the formation of multi-porous cement, resulting in a highly integrated
microstructure [6]. The hybridization of all graphene nano-sheets is sp2, because it
contains double bonds at some bonding sites. This makes graphene nano-sheets good
conductors due to their zero-energy gap [5]. For this reason, graphene has higher
conductivity than all other nano-materials and non-nano-materials, even better than
metals, because the carbon on which graphene is based is the lightest and strongest
material, and is called super carbon. In addition, graphene has excellent physical,
chemical, optical, mechanical, and thermal properties. These properties have made it a
widely used material in nano-composite-based industries [7].

Graphene oxide is made up of carbon, oxygen, and hydrogen in various quantities.
It can be produced by reacting graphite with strong oxidants and acids. The discovery of
graphene oxide is attributed to the German scientist Schafhautt, who observed the
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formation of blue graphene when sulfuric acid and nitric acid reacted. Chemist
Benjamin Brody was the first to prepare graphene oxide by treating graphene with an
oxidizing mixture of nitric acid fumes and potassium chlorate.

Graphene oxide is a single-layer of polycyclic hydrocarbon network with an
oxygen and epoxy functional groups. The epoxy and hydroxyl groups are located on the
surface of the layer, while the carbonyl and carboxyl groups are located on the edges of
the layer [8]. As a result of these groups, graphene oxide sheets are characterized by
being hydrophilic. Graphene oxide is easily prepared. However, regardless of the ease
of preparation, the oxygen-containing groups are responsible for many of its advantages
over graphene, including its high solubility. The presence of these groups on the surface
allows it to interact with other compounds physically or chemically and form nano-
composites [9]. It is particularly surprising that graphene oxide (GO) can be chemically
reduced to graphene-like sheets by removal of oxygen-containing functional groups
with retention of conjugated carbon structure. The product obtained, so called Reduced
Graphene Oxide (rGO), is generally believed to be a type of chemically-derived
graphene. This material is also referred to in the literature as chemically modified
graphene, functionalized graphene, chemically converted graphene, or minimized
graphene [10]. Although the intrinsic properties of pristine graphene and rGO differ
considerably, the fundamental aim of any reduction method is to synthesize graphene-
like materials that replicate the mechanical and physical attributes of graphene produced
by direct mechanical exfoliation of individual graphite layers.

In this study, the synthesis of GO and rGO was presented, as well as examinations
of their morphologies, crystal phases, optical features, quality GO and rGO were
examined employing scanning electron microscopy/ Energy Dispersive X-Ray
Spectroscopy (SEM/EDX), atomic force microscopy (AFM), Fourier transform infrared
(FTIR), and X-ray diffraction (XRD). The improved Hummer method was utilized to
synthesize GO, which was then reduced to rGO using ascorbic acid as a minimizing
agent.

2. Experimental Part
2.1. Materials

Graphite rod powder (99.995%), sodium nitrate (NaNOs, 99.5%), potassium
permanganate (KMnO4) and hydrogen peroxide (H»>0O2) were supplied from Sigma
Aldrich, Malaysia. Sulphuric acid (H2SO4, 98%) and hydrochloric acid (HCI, 37.5%)
were supplied from Chemo Lab, Malaysia. For reducing Graphene oxide, ascorbic acid
(C6¢HgOs, 99.8%) (from Merck) was used. Methanol (CH30H, 99.8%) was purchased
from Fluka.

2.2. Graphene Oxide Synthesis: A Modified Hummer's Process

Graphene oxide was prepared from natural graphite powder employing the
Hummer method. In this procedure, 96 ml of concentrated H2SO4 was first cooled in an
ice bath while being stirred magnetically. Subsequently, 2 g of graphite powder and 1 g
of NaNO; were added to the acid and stirred for one hour. Following this, 4 g of
KMnO4 was slowly incorporated into the mixture [11]. Since adding KMnO4 at room
temperature poses a risk of explosion, the reaction mixture was maintained below 10 °C
using a cold-water bath. KMnO4 was introduced slowly and in small portions to prevent
a sudden temperature rise that could occur if it were added all at once. The mixture
containing the additional KMnO4 was agitated for 36 hours before being heated for 4
hours at 35 °C. Following that, 500 mL of deionized water was added to the solution,
with agitation for an hour.
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Finally, 30 wt.% H20> (5 mL) was added to the diluted solution at room
temperature to remove the residual permanganate, and the mixture was allowed to cool
for 30 minutes [12]. Then, the product was diluted using approximately 5%
hydrochloric acid and water of (HCI (11.25) + H>O (88.75)), and the distillate was
filtered. The graphene oxide precipitate was washed with deionized water several times
until a stable pH value of 6 was reached. The separation process was performed using a
filtration system. The precipitate was dried in a drying oven at 60 °C for 24 h to remove
moisture completely. The final step was washing with ethanol to remove residual
impurities. The precipitate was finely ground to obtain a powder. Fig.1 depicts the
change of graphite to graphene oxide, whereas Fig. 2 depicts the manufacture of
graphene oxide using the improved Hummer process. The chemical reactions describing
the probable response of graphite in the presence of sulfuric acid and potassium
permanganate are as follows: [11,13]:

(a) Formation of Graphite Intercalation Compound (GIC):
C (graphite) + HSO4+ NaNO3— C"HSO4- H2SO4- NO>+ NaOH
(b) Oxidation by KMnOsa:
C"HSOs + KMnOs— Graphene Oxide (GO)+Mn** + K"+ SO4* + H,0

H.0:
Graphite

Gra-phene Oxide
Figure 1: Graphite to Graphene oxide change.

Figure 2: Photos showing graphene oxide synthesis using modified Hummer method.
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2.3. Reduction of Graphene Oxide to Reduced Graphene Oxide
9 g of GO powder was mixed with 900 mL of deionized water. Next, 0.9 mL of
CsHgOs was added as a minimizing agent for the elimination of oxygen-containing
functional groups (e.g., epoxy, hydroxyl, carbonyl, and carboxyl groups) from GO. The
mixture was stirred and heated for 90 minutes at 90 °C. The minimized product was
obtained using filtration and centrifugation. Finally, the black product was rinsed
multiple times with filtered water until the PH reached 6, centrifuged, and dried in an
oven at 80°C for 4 hours.
The rGO preparation flow chart and the schematic representation of reduced
graphene oxide synthesis are shown in Fig. 3, 4, respectively. The decrease of graphene
oxide can be represented as follows [13]:

GO (Graphene Oxide)+CsHgOs—1rGO (Reduced Graphene Oxide)+CsHsOs+H20

KRIHOJ lllllllllllllllllllllll
sereen . NaNO, " e, 30 05 B0, ¢TI . Reduction |
i : : : : o ! Reduced Graph :
i Graphitepowder i— ! Oxidized Graphite :——— : GrapheneOxide {4 (;l:ide(:(l;]()))me :
: ! H,50, & ! H,S0; : (GO) i Ascorbic acid § .

..........................

....................................................

(C<HsO¢)

Figure 3: rGO preparation flow chart.

minimized Graphene Oxide (rGO)

Figure 4: Photos showing the synthesis of reduced graphene oxide.

2.4. Characterization Techniques

A UV-visible spectrometer (PerkinElmer, USA) was used to calculate the
absorption spectra of GO and rGO at a wavelength range of 200-900 nm. FTIR
(PerkinElmer, USA) was utilized to examine the presence/absence of functional groups
on GO and rGO in all samples, within the wavelength range of 4000-400 cm™'. Visual
classification entails observing the changes in GO before and after a decrease [14].

EDX (Bruker Nano GmbH, Germany) was employed for the elemental analysis or
chemical characterization of a sample [15]. XRD (Shimadzu XRD-6000) examined the
crystallinity phase that exist in the samples from 5° to 60° with Cu-Ka radiation
(A=1.5418 A) to characterize the interlayer spacing. Lastly, for morphological
examination, SEM (SEM, Jeol JSM 6460LV) and Atomic Force Microscope (AFM-
Angstrom-SPM-AA3000) were used with interaction mode to detect the ultrafine
structure (nanostructure) of the thin films with high accuracy exactly of 0.26 nm lateral
and 0.1nm vertical) [16].
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3. Results and Discussion
3.1. UV-Vis Characterization

To evaluate the oxidation states of GO and rGO, UV-Vis spectroscopy was
employed [15,16]. GO and rGO had different characteristics in their spectra, as shown
in Fig. 5. For GO, a large absorption peak at 363 nm, attributed to the 2- C-C atomic
bonds, corresponding to the 4-3* transitions [12]. Additionally, a shoulder peak near
400 nm was observed, which is associated with n-n* transitions involving the carboxyl
(C=0) groups [17] and extensive unoxidized graphite regions. Upon reduction with
ascorbic acid, the maximum absorption peak for rGO shifted from 363 to 371 nm,
reflecting the substantial removal of oxygen-containing functional groups.
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Figure 5: UV-Vis spectra of GO and rGO.

The energy band gap of graphene oxide and reduced graphene oxide was
determined using the Tauc plot of (ahv)? vs. hv (Fig. 6). From the plots, the optical band
gap of GO was 2 eV, while that of rGO was 1.95 eV. Previous investigations have
shown a similar trend for GO, with a larger optical band gap than that of rGO: 2.2 eV
for GO and ~1.00 to 1.69 eV for rGO, depending on the degree of reduction using
ascorbic acid as the minimizing agent [18]. It is clear that the graphene oxide produced
by chemical exfoliation has a higher band gap than the reduced graphene oxide.
Therefore, the resulting reduced graphene oxide is used in several applications,
including as a humidity sensor.

e )
rGO
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Figure 6: (ahv)’ vs. hv for GO and rGO to determine the optical band gap.
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3.2 FTIR

Fig. 7 shows the FTIR characterization of GO and rGO. FTIR was performed to
identify the functional groups of the studied samples by analyzing the vibrational
(transmittance/absorption) spectra. This method of analysis is based on the vibrational
excitation of molecular bonding induced by infrared radiation at wavelengths between
4000 and 400 cm™ [19].

As an oxidized form of graphite, GO is known to contain a higher concentration
of oxygenated functional groups following its synthesis, whereas rGO is expected to
retain only a limited number of such groups after reduction. The FTIR spectra, shown in
Fig. 7, reveal several characteristic functional groups, including O-H, C—OH, COOH,
and C-0O. In GO, a broad peak is observed between 3500 cm™ and 2700 cm™
corresponding to the O-H stretching vibrations of carboxylic acids [20-23]. The
absorption peak at 3423 cm™ is attributed to the O—H stretching of adsorbed water
molecules and alcohol groups [20]. Besides, increased intensities at 2925 cm™ and 2854
cm! imply the asymmetric and symmetric stretching vibrations of CH units,
respectively [21]. The discrete peak around 1716 cm™! is assigned to the C=O stretching
of carboxyl functional groups [24], the 1242 cm™! peak can be attributed to the C-OH
stretching variations over alcohol group [22], and the 1037 cm™ peak is related to C-O
stretching on C —O- O- C linkages [23].

The rGO spectrum shows significant differences in several peaks compared to the

GO peaks, indicating the effectiveness of oxygen functionalization:
OH region (approximately 3423.93 cm™'): This band has a large amplitude, indicating
the removal of a significant portion of the hydroxyl groups and, thereby, the successful
reduction process. C=C and C-O-C regions: The disappearance or shift of the high-
temperature peaks at approximately 1716.63 cm™, 1242.96 cm™, and 1037.7565 cm’!
indicates the effective removal of carbon and epoxy groups and the restoration of the
carbon structure. Appearance of C-H groups: The appearance or clarity of the C-H bond
strength peaks is evident at approximately 2925.11 cm™ and 2854.15 cm’!. This may
indicate the presence of carbon-hydrogen residues or the rearrangement of some groups
at the edge of the rGO layer. This reduction in peak intensity confirms the successful
removal of oxygen-containing functional groups from graphene oxide by ascorbic acid
treatment, indicating effective conversion to reduced graphene oxide.

3423.93 2854.15 1716.63!  1242.96 !
(O+H) (¢C-H) (c=0) ! (C-0-O)!
' 2925.11° | 1583.23
(C-H) . (0-H)

rGO

Transmittance %

I v T r T e T v T T T v T T
4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 7: FTIR spectra for GO and rGO.
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3.3 EDX and SEM analysis

The surface morphology of GO and rGo was studied using SEM. The SEM
images of plane GO and rGO are displayed in Fig. 8 and 9, respectively. EDX of GO in
a SEM reveals carbon and oxygen peaks (Fig. 8), along with peaks indicating impurities
and reaction residues. Similarly, EDX of rGO shows carbon and oxygen peaks (Fig. 9)
but with a reduced oxygen peak intensity compared to GO, reflecting the removal of
hydroxyl and carboxyl groups. Minor impurity peaks are also present.
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Figure 8: SEM-EDX of Graphene oxide (GO).
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Figure 9: SEM—-EDX of minimized Graphene oxide (rGO).

energy (KeV)

3.4. XRD

To find out the crystalline phases and measure the interlayer spacing of GO and
rGO, XRD analysis was carried out. Fig. 10 shows the XRD patterns of the two
materials. A highly noticeable peak was observed at 20 = 26.65°, which was attributed
to a well-ordered layered structure with a d-spacing of 3.34 A° along the (002) plane
[25]. The elimination of the oxygen-based functional groups was also substantial post-
reduction, as indicated by the development of a prominent peak at 26= 26.70 in rGO,
which was associated with an interplanar spacing of 3.33 A° along the (002) direction.
These results indicate that the p-conjugated structure in graphene was largely recovered
in the reduced graphene oxide [26]. The decrease in the interlayer distance occurred

because of the disappearance of the oxygenated groups that led to the re-stacking of
rGO sheets.
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The mean size of crystallites (D) was calculated using the Debye-Scherrer
formula in Eq. (1) [27]:

kA
Bhii €OS COS Opy

D 1)

where k=0.95-0.98 (shape factor), A = 0.154 nm (X-ray wavelength), Bna=half-width of
the diffraction band (FWHM), Ona is the Bragg-diffraction angle (peak position in
radians). The crystallite (D) size for graphene oxide was (14.208 nm) and (20.789 nm)
for reduced graphene oxide.
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Figure 10: XRD spectra of GO and rGO.

3.5. AFM

AFM revealed the thickness and surface roughness of GO and rGO. AFM images
(Fig. 11 and 12) indicated the average thicknesses of 25.84 nm for GO and 21.37 nm for
rGO. The graphene oxide surface, characterized by oxygen-containing functional
groups, exhibits higher hydrophilicity and dispersibility. As seen in Table 1, rGO
demonstrated lower surface roughness than GO; the root mean square (RMS) roughness
was 1.73 nm for rGO and 40.37 nm for GO [28]. GO roughness varied with preparation
method and the presence of other materials.

Pseudo-color view of the surface
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Figure 11: AFM of Graphene oxide.
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Pseudo-color view of the surface
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Figure 12: AFM of reduced Graphene oxide.
Table 1: AFM test parameters for GO and rGO.
Roughness Mean (nm) | Root mean square (nm) Avg. Diameter (nm)
GO 17.96 40.37 25.847
GO 0.897 1.731 21.372

4. Conclusions

GO was synthesized via an improved Hummer's method using KMnO4 and
H>SOs4, and subsequently reduced to rGO with ascorbic acid. XRD, SEM, and FTIR
analyses confirmed the successful synthesis of both materials. SEM images showed
morphological differences between GO and rGO. Furthermore, FTIR tests showed that
there was a considerable decrease in the number of oxygenated functional groups in
rGO than those present in GO. XRD characterization also revealed their distinctive
diffraction peaks; GO exhibited a peak of 26.65°; rGO exhibited a peak of 26.7081°. An
energy-dispersive X-ray (EDX) further confirmed the presence of less oxygen in rGO,
confirming the elimination of the hydroxyl and carboxyl groups, but small traces were
still detected. The energy band gaps, determined from the Tauc plots, were 2 eV for GO
and 1.95 eV for rGO, in line with the degradation of oxygen functionalities. Such
exceptional physicochemical characteristics of these two forms of GO and rGO indicate
that they may be applicable in a vast variety of technological activities.
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