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This work explores the synthesis of graphene oxide (GO) nanoflakes from recycled graphite using a modified
Hummers method. The effectiveness of this approach was evaluated through comprehensive characterization
techniques. Scanning electron microscopy (SEM) revealed the formation of uniform GO with stacked, flat sheets.
X-ray diffraction (XRD) confirmed the presence of oxygen-containing functional groups on the GO surface by
identifying a characteristic peak. Fourier transform infrared (FT-IR) spectroscopy successfully identified key
functional groups (carboxyl, aromatic C C, alkoxy, and hydroxyl) responsible for the unique properties of GO.
Raman spectroscopy analysis confirmed the presence of graphene with a less distorted structure through
characteristic D and G bands. However, the ID/IG ratio was not a reliable measure of interdefect distance
due to the high defect density in GO. Brunauer-Emmett-Teller (BET) and BJH analysis classified the OG as
a mesoporous material with a significant surface area. Thermogravimetric analysis (TGA) verified the thermal
stability of GO, revealing two distinct mass losses: one due to adsorbed water elimination and another due to
the decomposition of oxygenated functional groups.
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1. INTRODUCTION
Nanoscale materials are incorporated into working fluids,
resulting in stable suspensions known as “nanofluids”.1

Nanofluids find application in various fields where they
enhance the efficiency of systems and processes by
improving thermal properties and heat transfer capabilities.
Extensive research has delved into the manufacturing
methods, fundamental attributes, heat transfer perfor-
mance, transport behavior, and practical utilization of
nanofluids to enhance overall efficiency.

Studies examining the fundamental characteristics of
nanofluids have predominantly focused on parameters such
as thermal conductivity, density, viscosity, specific heat,
and suspension stability.2�3 Investigations into the heat
transfer performance of nanofluids have primarily cen-
tered on aspects like heat transfer efficiency, pressure drop,
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and energy consumption within single tubes4�5 or heat
exchangers with varying geometries.6

Currently, nanofluids find application in diverse sys-
tems, including vehicle cooling systems, heat recovery
processes, refrigeration and air conditioning systems, and
solar collectors.7�8

Due to their exceptional foundational properties,
nanofluids serve as enhancers for system performance and
equipment efficiency. However, it’s crucial to take into
account the long-term stability of nanofluid suspensions
and their cost-effectiveness. These factors are contingent
upon the techniques used for manufacturing nanofluids.
Broadly speaking, the synthesis of nanofluids can be cate-
gorized into one-step synthesis methods and two-step syn-
thesis methods.
One-step synthesis methods involve the direct fabri-

cation of nanoparticles within the base liquid, result-
ing in the formation of nanofluids. These one-step
synthesis techniques typically include the sputtering
method,9�10 arc discharge method,11–13 laser ablation
method,14�15 water-assisted synthesis method,16 and
chemical reaction-generated method.17 One-step synthesis
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processes generally possess inherent mechanisms for reg-
ulating particle size: larger particles tend to settle at the
container’s bottom, while ultra-fine particles remain sus-
pended in the liquid. Achieving nanofluids with excep-
tional suspension properties often involves eliminating
the precipitated particles or using a centrifuge to con-
trol the size of suspended particles. Consequently, a min-
imal amount of dispersant or surfactant is required to
enhance the suspension characteristics of nanofluids pro-
duced through one-step synthesis methods. Nonetheless, a
drawback of these methods lies in the fact that the prepa-
ration and process conditions can influence the size, shape,
and concentration of nanoparticles, leading to a wide range
of particle sizes and challenges in concentration control.
In two-step synthesis approaches, nanoparticles are ini-

tially generated and then dispersed within a base liquid
to create nanofluids. The dispersion processes commonly
employed in two-step synthesis encompass mechanical
agitation techniques, such as magnetic stirring, homog-
enization, and mixing,8�18 ultrasonic dispersion methods
utilizing equipment like ultrasonic baths, ultrasonic pro-
cessors, and ultrasonic disruptors,19�20 as well as grinding
processes.21 Additionally, enhancing nanofluid suspen-
sion performance and ensuring long-term stability can be
achieved by introducing stabilizers, like dispersants or
surfactants,19�21 or by adjusting the pH value.22�23

Generally, two-step synthesis methods offer a sim-
pler alternative to one-step synthesis techniques. This is
because nanoparticles can either be produced in-house or
procured and subsequently added to a base liquid to gen-
erate nanofluids. Two-step synthesis methods offer several
advantages over one-step methods, including the ease and
speed of preparing large quantities of nanofluids, better
control over nanoparticle concentration, and a narrower
particle size distribution. However, there is a propensity
for nanoparticle agglomeration during the addition pro-
cess, which can lead to suboptimal suspension quality.
Therefore, two-step synthesis often necessitates the use
of dispersion equipment or the incorporation of stabiliz-
ers (surfactants or dispersants) to counteract nanoparticle
agglomeration, ensure dispersion, and maintain long-term
suspension stability.
In this study, we used Hummer’s method for the fabrica-

tion of graphene oxide GO. To validate the viability of this
approach, we performed a comprehensive characterization
of GO using appropriate instrumentation and testing pro-
tocols. This included an assessment of their morphology,
structure, particle size and other fundamental properties.

2. EXPERIMENT AND METHODS
2.1. Chemicals and Materials
Graphite from drilling mold. NaNO3, H2SO4, KMnO4,
H2O2, HCl chemicals were purchased from Sigma Aldrich.
distilled water.

2.2. Synthesis of Graphene Oxide (GO)
Graphene oxide was synthesized using the Hummers
method by oxidizing graphite.24

First, 2 g of graphite flakes and 2.5 g of NaNO3 were
mixed in 108 mL of concentrated sulfuric acid (H2SO4) in
a 1000 mL volumetric flask. The flask was kept in an ice
bath (0–5 �C) and stirred continuously for 2 hours. Then,
15 g of potassium permanganate was added to the suspen-
sion very slowly, carefully controlling the rate of addition
to keep the reaction temperature below 15 �C. The ice bath
was then removed, and the mixture was stirred at 35 �C
until it became a pasty brownish color. The mixture was
then stirred for an additional 2 days. Next, 100 mL of
water was slowly added to the mixture, rapidly increas-
ing the reaction temperature to 98 �C with effervescence
and changing the color to brown. An additional 200 mL
of water was then added, and the solution was stirred con-
tinuously. Finally, 15 mL of hydrogen peroxide (H2O2)
was added to terminate the reaction, as evidenced by the
appearance of a yellow color.
To purify the graphene oxide, the mixture was washed

by rinsing and centrifugation with 5% hydrochloric acid
(HCl) and then deionized (DI) water several times. After
filtration and drying under vacuum at room temperature,
the graphene oxide (GO) was obtained as a powder.

2.3. Characterization
The morphology of the samples was investigated using
scanning electron microscopy (SEM).
The chemical composition of the materials was deter-

mined by Fourier transform infrared spectroscopy (FT-IR).
X-ray diffraction (XRD) analysis was employed to verify
the crystallinity of the samples. Raman spectroscopy pro-
vided insights into the vibrational properties of the GO
sheets. Brunauer–Emmett–Teller (BET) and BJH methods
were used to determine the specific surface area of the
material. Finally, thermogravimetric analysis (TGA) was
conducted to assess the thermal stability and measure the
mass loss behavior of the sample.

3. RESULTS AND DISCUSSION
Scanning electron microscopy (SEM) images of our
graphene oxide samples are shown in Figure 1. The images
reveal the unique structure of our graphene oxide, which
is highly uniform at the nanoscale. Wide, flawless sheets
of graphene oxide are stacked on top of each other. At
higher magnification, folds and islands are observed in the
graphene oxide sheets.
The morphology of a GO sheet refers to its shape,

size, and structure. GO sheets are typically flat and two-
dimensional, with a lateral size of 1–10 micrometers and
a thickness of 1–2 nanometers. However, the morphol-
ogy of GO sheets can vary depending on the synthesis
method and the conditions used. The presence of func-
tional groups on the surface of GO sheets can also affect
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Fig. 1. SEM of GO sheet.

their morphology. GO sheets with a high concentration of
oxygen-containing functional groups are more hydrophilic.
X-ray diffraction (XRD) was performed to characterize the
crystallographic structure of graphene oxide (GO) sheets.
The XRD pattern (Fig. 2) shows a characteristic peak at
2� = 10�34�, corresponding to a d-spacing of 8.546 Å.
This is consistent with the interlayer spacing of GO sheets
reported in the literature, which is due to the presence of
oxygen-rich functional groups on both sides of the sheets
and water molecules trapped between the sheets.

The X-ray diffraction (XRD) structure of graphene
oxide (GO) is characterized by a single peak at a 2� angle
of around 10�. This peak corresponds to the interlayer
spacing between the GO sheets, which is typically around
8.5 Å. The large interlayer spacing is due to the pres-
ence of oxygen-rich functional groups on the surface of
the GO sheets, as well as water molecules trapped between
the sheets. Fourier-transform infrared (FTIR) spectroscopy
was used to characterize the functional groups of the
graphene oxide (GO) sheets, as shown in Figure 3.

Fourier transform infrared (FT-IR) analysis of graphene
oxide (GO) provides valuable information about the

Fig. 2. The XRD of GO sheet.

structure and properties of the material. The absorption
bands in the FT-IR spectrum correspond to specific vibra-
tions of chemical bonds present in the material. The most
important absorption bands in the FT-IR spectrum of GO
are as follows 1700 cm1: carboxyl C O absorption band,
which is an indicator of the presence of carboxyl groups
(COOH). Carboxyl groups are responsible for the neg-
ative charge of GO, at 1584 cm1 aromatic C C bond
absorption band, which is an indicator of the presence
of aromatic groups. 1038 cm1: alkoxy C–O bond absorp-
tion band, which is an indicator of the presence of alkoxy
groups (C–O–R). Alkoxy groups are also produced dur-
ing the oxidation of graphene, at 3099 cm1: hydroxyl
–OH bond absorption band, which is an indicator of the
presence of hydroxyl groups (–OH). Hydroxyl groups are
produced during the oxidation of graphene. The presence
of these absorption bands confirms the presence of the
above-mentioned functional groups in GO. These func-
tional groups give GO its unique properties, such as its
negative charge, electrical conductivity, and water absorp-
tion capacity.25�26 Raman spectroscopy of graphite and
graphene oxide (GO) (Figs. 4 and 5) typically reveals two
characteristic peaks: the D band at around 1350 cm−1; and
the G band at around 1574 cm−1. The presence of both the
D and G bands confirms the presence of graphene with a
less distorted and more transparent structure. Additionally,
an increase in the intensity of the D band relative to the
G band indicates a significant decrease in the size of the
sp2 domains in the graphene plane due to the oxidation
process and the formation of highly transparent graphene
nanofilaments.
The ID/IG ratio, which has been established as a mea-

sure of the interdefect distance in graphene, is not reliable
when applied to GO and rGO.27�28 Ferrari and Robert-
son described an amorphization process in which the
ID/IG ratio of carbon (sp2) increases with the spread of
defects, following the square of the crystallite size.29 Thus,
they define a transition between carbons with a crystallite
size less than ∼2 nm, which should follow the Ferrari-
Robertson relationship, and those with larger crystallites,
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Fig. 3. The FT-IR patters of GO sheet.

which follow the Tuinstra-Koenig relationship. The dis-
continuity in the relationship to structure is attributed
to the bending of aromaticity at extremely high defect
densities.
Kurniasari et al. have shown that if the defect inten-

sity ratio (ID/IG) increases, this implies an increase in the
number of defects.30

The decrease in the ratio of the intensities of the D and
G bands (ID/IG ratio) (Table I) and the shift of their posi-
tion towards lower frequencies indicate a less extensive
graphitic domain, attributed to an increase in the level of
disorder of the sp2 bonds, and an increase in the number
of sp3 bonds in the structure.31

The BET specific surface area of the OG was
determined using the nitrogen (N2) adsorptiondesorption
isotherm shown in Figure 6. The isotherm of the OG,
according to the classification of the International Union
of Pure and Applied Chemistry (IUPAC), is of type IV.
An increase in the adsorbed volume in the P/P0 range of
0.7–1 is attributed to capillary condensation accompanied
by a hysteresis loop. The shape confirms that the material
is a mesoporous material. The results of the specific sur-
face area, pore volume, and pore diameter obtained by the
BET and BJH methods are given in Table I.
The specific surface area of graphene, a crucial prop-

erty for many applications, can vary significantly depend-
ing on the preparation method. Generally, it falls within
a range of 200 to 2500 square meters per gram (m2/g).32

Table I. Parameter results obtained by the BET and BJH methods.

Specific surface area (m2/g)
Pore volume Average pore

SBET SLangmuir SBJH (cm3/g) diameter (nm)

624.96 1482.47 1581.62 1.901 48.05

Incomplete exfoliation and aggregation during synthesis
are key factors influencing this value. Our results demon-
strate that the SBET surface area of the studied graphene
oxide (OG) is 624.9633 m2/g, while the SLangmuir sur-
face area is 1482.47 m2/g. interestingly, the BJH method
yielded a higher surface area for the OG, at 1581.62 m2/g.
This difference can be attributed to the BJH method’s sen-
sitivity towards larger pores compared to BET and Lang-
muir techniques. The BJH method based on the adsorption
and desorption isotherm, also allowed us to determine the
pore volume of the OG as 1.901 cm3/g and the average
pore diameter as 48.05 angstroms (Å). Assessing the ther-
mal behavior of graphene oxide (GO) is crucial for deter-
mining its thermal stability. Thermogravimetric analysis
(TGA) is a widely used technique to investigate the ther-
mal stability of materials.

Fig. 4. Raman spectrum of graphite.
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Fig. 5. Raman spectrum of GO.

Fig. 6. OG sheet nitrogen adsorption/desorption isotherm.

Fig. 7. TGA thermograms of GO.

Figure 7 presents the TGA thermograms of GO, illus-
trating the evolution of mass loss as a function of tem-
perature. A first mass loss of 9% is observed at 98 �C.
This loss is attributed to the elimination of adsorbed water

on the surface and within the structure of GO. A sec-
ond weight loss of 29% occurs at 208 �C. This signifi-
cant mass loss is due to the decomposition of oxygenated
functional groups present on the surface of GO. These
functional groups, introduced during the graphite oxidation
process, are typically hydroxyl groups (–OH), carboxylic
groups (–COOH), and epoxy groups (–O–). Their decom-
position releases gases such as CO2 and H2O, explaining
the observed mass loss.

4. CONCLUSION
This study successfully synthesized graphene oxide (GO)
nanoflakes from recycled graphite using a modified Hum-
mers method. Various characterization techniques con-
firmed the successful preparation of GO with the desired
properties. SEM images revealed a uniform structure of
GO with wide, flat sheets stacked on top of each other. The
XRD pattern confirmed the presence of oxygen-containing
functional groups on the GO sheets, indicated by a charac-
teristic peak at 2� = 10�34�. FT-IR analysis identified the
presence of functional groups like carboxyl (C O), aro-
matic C C, alkoxy (C–O), and hydroxyl (–OH) groups,
responsible for the unique properties of GO. Raman spec-
tra showed characteristic D and G bands, confirming the
presence of graphene with a less distorted structure. How-
ever, the ID/IG ratio was not a reliable measure of inter-
defect distance due to the high defect density in GO. The
N2 adsorption–desorption isotherm classified the OG as a
mesoporous material. The BET surface area of the OG was
624.9633 m2/g, while the BJH method yielded a higher
value of 1581.62 m2/g due to its sensitivity towards larger
pores. TGA confirmed the thermal stability of GO. Two
distinct mass losses were observed: the first at 98 �C due
to adsorbed water elimination and the second at 208 �C
due to the decomposition of oxygenated functional groups.
These results demonstrate the feasibility of synthesizing
GO nanoflakes from recycled graphite using a modified
Hummers method. The obtained GO possesses desirable
properties like high surface area and functional groups,
making it a promising candidate for various applications.
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