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Abstract

Graphene oxide (GO) has garnered significant interest
due to its exceptional and tunable properties, which
make it a promising candidate for a wide range of en-
gineering applications, including composite material
fabrication and water treatment. In this study, GO
was synthesized from graphite flakes using a modified
Hummers method involving a reduced amount of sul-
furic acid. The resulting material was characterized
using scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS). These techniques
enabled a clear differentiation between the morphol-
ogy of the synthesized GO and that of the original
graphite. The GO exhibited a substantially altered
structure, with increased thickness likely due to the
incorporation of oxygen-containing functional groups
on its basal plane.

Resumen

El 6xido de grafeno ha despertado un creciente in-
terés debido a sus propiedades Unicas y potencial-
mente ajustables, las cuales abarcan aplicaciones que
van desde la fabricacién de materiales compuestos
hasta el tratamiento de aguas. Por esta razon, se de-
sarrollé un proceso de sintesis de 6xido de grafeno
basado en el método de Hummers con una reducciéon
en la cantidad de 4cido sulfurico empleada. El mate-
rial obtenido fue caracterizado mediante diferentes
técnicas, incluyendo microscopia electrénica de bar-
rido (MEB), espectroscopia infrarroja transformada
de Fourier (IR-TF) y espectrometria fotoelectrénica
por rayos X (XPS). Estas técnicas experimentales
permitieron distinguir las diferencias morfolégicas
entre el 6xido de grafeno sintetizado y el grafito uti-
lizado como precursor. Adicionalmente, se determind
la composicién quimica del polvo obtenido, asi como
la relacién entre carbono y oxigeno, con el fin de
evaluar su viabilidad para aplicaciones especificas.
Se observd que la morfologia del éxido de grafeno
difiere significativamente de la del grafito de partida.
En particular, el espesor de las laminas de 6xido de
grafeno se increment debido a la incorporacion de
grupos funcionales oxigenados en el plano basal.
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FTIR analysis confirmed the presence of characteris-
tic functional groups such as hydroxyl, carbonyl, and
carboxyl. XPS analysis revealed that the elemental
composition of the synthesized GO consisted of ap-
proximately 69.7% carbon and 29.9% oxygen, with a
trace amount of sulfur attributed to the reagents used
in the synthesis. The observed changes in morphology
and composition suggest the successful synthesis of
GO with potential for functionalization and applica-
tion in diverse engineering contexts.

Keywords: Graphene oxide, synthesis, functional
groups, FTIR, SEM, XPS

El espectro FTIR del é6xido de grafeno confirmé
la presencia de diversos grupos funcionales, como
el hidroxilo (-OH), carbonilo (C-O) y carboxilo (-
COOH). Por su parte, la espectroscopia XPS revel6
que la composicion quimica del 6xido de grafeno
obtenido fue de 69,7 % de carbono y 29,9 % de
oxigeno, con una traza minima de azufre atribuida a
los reactivos empleados durante el proceso de sintesis.

Palabras clave: éxido de grafeno, sintesis, grupos
funcionales, IR-TF, MEB, XPS



Navas-Pinto et al. / Characterization of graphene ozide synthesized through a modified Hummers

method

33

1. Introduction

Graphene oxide (GO) counsists of a single-atom-thick
hexagonal carbon basal plane decorated with randomly
distributed oxygen-containing functional groups [1,2],
as illustrated in Figure 1. Previous studies have re-
ported that the thickness of GO typically ranges be-
tween 0.7 and 1.6 nm [3,4] while its lateral dimensions
can vary significantly from a few nanometers to several
micrometers [1], [5].

Figure 1. Schematic representation of the graphene oxide
(GO) structure

Numerous studies have been conducted to assess
the feasibility of graphene oxide (GO) in a broad range
of applications, owing to its high surface area [6], fa-
vorable mechanical properties [7, 8], the presence of
diverseoxygen-containing functional groups [9-11], and
even its potential antibacterial activity [12-14]. As a
result, GO has been explored for use inflexible elec-
tronic sensors [15, 16], supercapacitors [17-19], energy
storage and conversion systems [20, 21], biomedical
devices [22, 23], composite materials [24, 25], water
treatment technologies [26], and microbial activity con-
trol [27].

For instance, Liang et al. [16] developed reduced
graphene oxide (rGO) humidity sensors and reported
rapid response and recovery times, attributed to the in-
hibition of water molecule aggregation due to the struc-
tural characteristics of rGO. Similarly, Kerli et al. [17]
synthesized silver-doped rGO polyaniline (PANT) com-
posites and evaluated their specific capacitance, ob-
serving a maximum improvement of 17% compared
to conventional materials. Eftekhari et al. [21] inves-
tigated the fabrication of GO-based membranes for
electrochemical energy storage, highlighting the supe-
rior diffusion of water molecules through GO, which
enhanced membrane performance in acidic electrolyte
environments. GO has also been incorporated into
polymer matrices at low concentrations, resulting in
improved mechanical properties compared to neat poly-
mer samples [24]. In biomedical applications, GO has
demonstrated potential for promoting periodontal tis-
sue regeneration and reducing inflammation when

integrated into collagen scaffolds [23]. Additionally,
GO-based membranes have been tested for water fil-
tration, where the incorporation of GO into chitosan
enhanced both water permeability and dye rejection
properties [26]. Regarding antimicrobial activity, Yu et
al. [27] evaluated the effectiveness of different GO solu-
tions in controlling the proliferation of Streptococcus
mutans and found that GO particle size had a direct
influence on antimicrobial efficacy.

The synthesis of graphene oxide (GO) involves a
strong oxidation process in which graphite flakes are
treated with various oxidizing agents as raw materi-
als [11], [28]. This procedure results in the formation
of graphite oxide, from which GO is subsequently ob-
tained through an exfoliation or sonication step that
separates individual layers to yield a single-layered
material [21], [29]. The mechanical properties of GO
are highly dependent on its synthesis conditions, which
influence its structure, degree of oxidation, chemical
composition, and carbon-to-oxygen (C/O) ratio. Sev-
eral studies have reported the mechanical performance
of monolayer GO; for instance, its tensile strength has
been measured at approximately 77 + 20 MPa, and
its elastic modulus falls within the range of 150 to 250
GPa [2], [30]. In comparison, pristine graphene exhibits
significantly higher mechanical properties, with a ten-
sile strength ranging from 50 to 60 GPa and an elastic
modulus close to 1 TPa [31]. Despite its relatively lower
mechanical strength, GO exhibits superior chemical
reactivity due to the presence of functional groups
on its basal plane, which makes it highly amenable
to bonding with other materials. This reactivity fa-
cilitates the development of advanced composite and
hybrid materials [32,33].

Graphene oxide (GO) has been synthesized using
various methods, each differing primarily in the type
and concentration of oxidizing agents employed [34-38],
as illustrated in Figure 2.

Brodie Hofmann Tour
method method method
HNO; and KCIO; HNO3, H,S0, and KCIO3 H3PO,, H,S0,and KMnO,
Staudenmaier Hummers
method method

HNO, H;S0, and KCIO NaNOs, H,S04 and KMnO,4

Figure 2. Timeline of GO synthesis methods and their
corresponding oxidizing agents

In 1859, Brodie [34] conducted the first documented
attempt to oxidize graphite. For this purpose, a so-
lution was prepared using a 3:1 ratio of potassium
chlorate (K ClO3) and nitric acid (HNOs3), which was
then mechanically stirred with a measured quantity of
graphite. Once a homogeneous mixture was achieved,
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the solution was heated to 60 °C and continuously
stirred for 72 hours or until the evolution of yellow
fumes had ceased. Following the reaction, multiple
washing steps were carried out by adding deionized wa-
ter and decanting the mixture to eliminate any residual
unreacted reagents. The resulting substance, initially
referred to as graphitic acid, was found to be partially
soluble in deionized water, but insoluble in both pure
water and acidic solutions.

Staundemaier [35] reported an alternative method
for synthesizing graphene oxide (GO) by incorporat-
ing sulfuric acid (H2S04) into the original solution
developed by Brodie. In this procedure, a mixture of
H5S50, and nitric acid (HNOs3) in a 1:3 volume ratio
was stirred until the emission of fumes was observed.
The fuming mixture was then added to graphite flakes,
which were maintained in an ice bath and stirred for 30
minutes. Subsequently, potassium chlorate (KCIOs3)
was slowly added to prevent a rapid increase in tem-
perature. The solution was then transferred to ambient
conditions and stirred continuously for an additional
96 hours. Finally, several decantation and washing
steps were carried out using hydrochloric acid (HCI)
and demineralized water to remove any supernatant.

Similarly, Hofmann and Konig [36] carried out an
oxidation process on graphite flakes, introducing tem-
perature variation as a key parameter during the syn-
thesis. Initially, a solution consisting of sulfuric acid
(H2S504) and nitric acid (HNOs) in a 1:3 volume ratio
was prepared and placed in an ice bath to suppress
gas evolution. Graphite flakes were then added gradu-
ally, with continuous stirring maintained throughout
the cooling stage. Subsequently, potassium chlorate
(KClO3) was slowly introduced over a period of ap-
proximately 30 minutes. The resulting mixture was
then subjected to magnetic stirring for 96 hours at
room temperature. Finally, a hydrochloric acid (HCI)
solution at 5% by volume was added to eliminate resid-
ual sulfate ions, followed by multiple washing steps
withdeionized water.

In 1958, Hummers and Offeman [37] introduced a
direct method for synthesizing graphene oxide (GO)
using sulfuric acid (H2S504), sodium nitrate (NaNOs),
and potassium permanganate (K MnQ,) as oxidizing
agents. In this procedure, a beaker was placed in an ice
bath prior to the addition of 100 g of graphite flakes,
50 g of NaNOs, and 2.3 liters of concentrated HoSOj,.
The mixture was vigorously stirred until a homoge-
neous dispersion was achieved. Subsequently, 300 g of
KMnO,4 was gradually added while maintaining the
temperature below 20 °C The reaction mixture was
then transferred to an oil bath at 35 °C and stirred
for 30 minutes. This step was followed by the addition
of 4.6 liters of demineralized water, which induced
vigorous effervescence and elevated the temperature
to approximately 98 °C. Next, 14 liters of a solution
composed of warm water and 3% hydrogen peroxide

(H205) were added to neutralize any remaining oxidiz-
ing agents. The final steps involved repeated washing
with deionized water, followed by centrifugation and
vacuum drying of the resulting slurry at 40 °C.

In 2010, Marcano et al. [38] developed a modi-
fied synthesis route for graphene oxide (GO) based on
the Hummers method. In this approach, the amount
of potassium permanganate (K MnQ,) was increased,
and the reaction was carried out using a 9:1 volumetric
mixture of sulfuric acid (H2504) and phosphoric acid
(H3POy). This modification effectively suppressed the
generation of hazardous fumes and yielded GO with
an increased oxygen content.

In addition to conventional methods, several novel
approaches have been explored to synthesize graphene
oxide (GO) powder. For instance, Chen et al. [39] pro-
posed a modified version of the Hummers method in
which sodium nitrate (NaNO3) was excluded from
the reaction mixture to prevent the formation of po-
tentially toxic nitrogen-based gases. This alternative
protocol effectively oxidized graphite, yielding results
comparable to those obtained with the original Hum-
mers method.

Given the extensive research dedicated to synthe-
sizing graphene oxide (GO) from graphite and its po-
tential applications in future engineering technologies,
this study focuses on the characterization and mor-
phological analysis of GO powder synthesized via a
modified Hummers method. Comprehensive charac-
terization of the resulting material was carried out
using scanning electron microscopy (SEM), Fourier-
transform infrared spectroscopy (FTIR), and X-ray
photoelectron spectroscopy (XPS).

2. Materials and Methods

2.1. Materials

Graphite powder (325 mesh, 99.9995% metals ba-
sis) was obtained from Thermo Scientific Chemicals.
Potassium permanganate (K MnQO,), sodium nitrate
(NaNOs), and concentrated sulfuric acid (H2504)
were supplied by Fisher Chemical”™ . All reagents
were used as received without further purification.

2.2. GO Synthesis

Graphene oxide (GO) was synthesized using a modified
Hummers method, in which the amount of sulfuric acid
(H2504) was reduced to minimize the residual sulfur
content in the final product. The procedure began by
adding 5 g of graphite powder, 2.5 g of sodium nitrate
(NaNOs), and 105 mL of concentrated H2SO4 to a
beaker. The quantity of sulfuric acid was decreased by
approximately 10% compared to the original Hummers
method [37] to assess the extent to which this modi-
fication reduces the presence of residual sulfurin the
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synthesized GO [40]. The resulting mixture was mag-
netically stirred for 45 minutes until a homogeneous
solution was obtained. It was then placed in an ice bath
and stirred for an additional hour. Subsequently, 15 g
of potassium permanganate (K MnQOy), was gradually
added with continuous stirring, carefully maintaining
the temperature to prevent a rapid rise. The solution
was then transferred to a cold-water bath at approxi-
mately 15 °C and stirred for another 30 minutes, with
ice added as necessary to keep the temperature be-
low 20 °C. The reaction mixture was next placed in
a warm water bath (approximately 35 °C), and 230

Graphite

mL of deionized water was added slowly in small in-
crements. After the complete addition, the solution
was transferred to an oil bath at 98 °C and stirred
for 20 minutes. This was followed by the addition of
400 mL of distilled water, which caused a visible color
change from dark brown to light brown, with stirring
continued for an additional 20 minutes. Subsequently,
50 mL of hydrogen peroxide (H202) was introduced
to terminate the reaction. Finally, the suspension was
stirred at room temperature for 12 hours to complete
the oxidation process, see figure 3.

DI H,0

e
| ) |\
w
(d)

Figure 3. Schematic representation of the GO synthesis process. a) Initial stage involving the addition of the primary
reagents. b) Ice bath stage, during which potassium permanganate is gradually introduced. ¢) Addition of deionized
water to the reaction mixture.d) Final stage involving the addition of hydrogen peroxide to complete the oxidation

process

Once the synthesis was complete, a multi-step pu-
rification process was carried out to remove unreacted
chemicals and ensure the appropriate purity of the syn-
thesized graphene oxide (GO). Each initial purification
stage involved the addition of 500 mL of deionized wa-
ter, followed by stirring for 60 minutes. The suspension
was then allowed to precipitate, and the supernatant
was carefully decanted. This stage was repeated four
times, during which a progressive darkening of the
solution was observed. Subsequently, 200 mL of a 30%
(v/v) hydrochloric acid (HCI) solution was added and
stirred for 60 minutes. After precipitation, the super-
natant was again removed. This was followed by the
addition of 200 mL of ethanol (CoHsOH), which was
stirred for an additional hour before decanting. Two
final washing steps were conducted using 400 mL of
deionized water in each cycle to complete the purifica-
tion. The resulting solution was then poured into Petri
dishes to form thin films approximately 1-2 mm thick
and dried in a vacuum oven at 30 °C until dry mem-
branes were obtained. These membranes were manually
ground and sieved using a 100-mesh screen to ensure
a uniform particle size distribution. The yield of each
synthesis batch ranged from 6.8 to 7.2 g of GO pow-
der, with minor variations attributed to unintentional
losses during supernatant removal.

2.3. GO characterization

To confirm the successful synthesis of graphene oxide
(GO) powder, a series of characterization techniques
were employed. Fourier-transform infrared (FT-IR)
spectroscopy was used to assess the presence of char-
acteristic functional groups [41,42]. For this purpose,
both the starting graphite powder and the synthesized
GO powder were analyzed using a Bio-RAD FTS-40
infrared spectrometer [43]. Each sample was mixed
with potassium bromide (KBr) in a 1:10 weight ratio.
In addition, scanning electron microscopy (SEM) was
used to compare the morphology of the two materials.
SEM images were acquired using a JEOL JSM-6010
LV microscope operating at an acceleration voltage of
10 kV. Image processing software was utilized to mea-
sure particle dimensions, and the average particle size
was determined using statistical analysis tools. X-ray
photoelectron spectroscopy (XPS) was conducted to
evaluate the degree of oxidation in the GO samples
via the carbon-to-oxygen (C/O) ratio. Measurements
were performed using a Kratos AXIS Supra system
equipped with an Al K-a monochromator (1486,66
eV), operating at an acceleration voltage of 15 kV
and an emission current of 15 mA. Survey scans were
recorded in the range of 0-1200 eV with a step size of
1eV and a pass energy of 160 eV. The acquired spectra
were analyzed using CASA XPS software. The density
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of the GO powder was measured using a Micromerit-
ics AccuPyc 1340 helium gas pycnometer. Prior to
analysis, the instrument was calibrated by placing a
stainless-steel sphere of known volume (V) in the sam-
ple chamber. The GO powder was then weighed (mg)
and placed in the chamber, which was subsequently
filled with helium until reaching a pressure of 110 MPa
(Py). Simultaneously, a second steel sphere with known
volume (Vg) was placed in the reference chamber, and
its pressure (P;) was recorded. The sample volume
was calculated using Equation (1), and the process
was repeated five times to ensure accuracy. Reported
values represent the average of these measurements.

VS:VC—VR(E—1> (1)

P,

Finally, the density of the GO powder was calcu-
lated using Equation (2).

pPGo = Vs

3. Results and Discussion

3.1. FT-IR Spectral Analysis

The FT-IR spectra of both the raw graphite powder
and the synthesized graphene oxide (GO) are pre-
sented in Figure 4. The spectrum of graphite (light
gray) exhibits an almost constant absorbance between
0.71 and 1, with no prominent peaks, indicating the
chemically inert nature of graphite [44,45]. In contrast,
the FT-IR spectrum of GO displays several charac-
teristic absorption bands, confirming the presence of
various oxygen-containing functional groups on the
basal plane of the material [9], [46]. A broad absorp-
tion band centered around 3300 cm ™! corresponds to
the C' — OH stretching vibration, indicating the pres-
ence of hydroxyl groups [46,47]. The band near 2300
em™1 corresponds to C'Hy stretching vibrations [48].
A well-defined peak observed at approximately 1700
em~! is attributed to C=0 stretching, indicative of
carbonyl groups [44,47]. Similarly, the peak around
1600 cm ™! is associated with C=C stretching vibra-
tions [47], [49]. The absorption band at 1050 em ™1 is
related to C-O and C-C stretching modes [45], while
the band near 700 cm ™! corresponds to O-H out-of-
plane bending [48,49].

«—— OH

2075

‘malized abosrba

E
2025

N

Graphite

0
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm!)

Figure 4. FTIR spectra of graphite and GO powder

3.2. SEM Analysis

Figure ba displays the SEM micrograph of the as-
received graphite powder at 500 x magnification, while
Figure 5b presents the micrograph of the ground
graphene oxide (GO) obtained under the same condi-
tions. The graphite particles exhibit uniformly sized
structures with smooth surfaces. In contrast, the GO
sample shows a broader distribution of particle sizes,
ranging approximately from 60 to 200 pym. Further-
more, GO particles exhibit more irregular and rougher
surface morphologies compared to the pristine graphite.
The increased thickness observed in the GO particles
is likely attributed to the incorporation of oxygen-
containing functional groups on the basal plane [5],
[50,51].

7

,(5% o &0
e /J}Q

SEI 10kV WD17mm x500

x500  50um

SEI 10kV WD16mm

Figure 5. SEM micrographs a) graphite powder 500x, b)
synthesized GO 500x
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Numerous studies have evaluated the influence of
reinforcement particle size on the mechanical prop-
erties of composite materials [52,53]. To determine
the average particle size of the synthesized graphene
oxide (GO), a scanning electron microscopy (SEM)
image captured at 60 x magnification was analyzed,
as shown in Figure 6. The dimensions of all visible
particles were measured, and a histogram illustrating
the particle size distribution is presented in Figure 7.
Based on the measurements, the average particle size
was calculated to be 86.144 + 11.47 um.

Figure 6. SEM micrograph of GO at 60x magnification,
used for particle size analysis

61 [_]Particle size

0
40 60 80 100 120 140
Particle size (um)

Figure 7. Histogram showing the particle size distribution
of GO

3.3. XPS Analysis

Figures 8a and 8b present the X-ray photoelectron
spectroscopy (XPS) spectra of pristine graphite and
the synthesized graphene oxide (GO), respectively. In
the case of graphite, a prominent peak appears at ap-
proximately 283 eV, corresponding to the Cls peak.
The elemental composition of the graphite sample was
determined to be approximately 99% carbon and 1%
oxygen. The elevated oxygen content, compared to the

material datasheet, is likely attributed to exposure
to atmospheric conditions prior to analysis [54]. In
contrast, the GO spectrum exhibits several distinct
peaks. Alongside the Cls peak, characteristic oxygen-
related signals are observed at around 520 eV and 980
eV, corresponding to the Ols and O KLL transitions,
respectively. The elemental composition of the syn-
thesized GO was found to be approximately 69.7%
carbon, 29.9% oxygen, and a trace amount of sulfur
(0.4%), resulting in a carbon-to-oxygen (C/O) ratio of
2.3. This value falls within the range reported in the
literature, typically between 1.8 [10] and 2.77 [55], for
GO synthesized via Hummers-based methods.

>(103
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Figure 8. XPS spectra of a) graphite and b) synthesized
GO

High-resolution scans were acquired with a step
size of 50 meV to further characterize the synthesized
graphene oxide (GO), as illustrated in Figure 9. The
spectra were deconvoluted using CASA XPS software,
revealing four prominent peaks located at approxi-
mately 284, 286, 288, and 289 eV. These peaks cor-
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respond to sp? hybridized carbon C' = C, epoxy/hy-
droxyl groups, carbonyl functionalities, and carboxy-
lates, respectively. Notably, the latter three peaks
represent carbon atoms bonded to oxygen-containing
functional groups, which collectively account for ap-
proximately 47% of the total carbon content in the
GO sample. In contrast, the first peak corresponds
to carbon atoms bonded exclusively to other carbon
atoms.

Intensity

T | | L T T | T
292 288 284 280
Binding Energy (eV)

——
300 296

Figure 9. High-resolution XPS spectrum of the synthe-
sized GO

3.4. Density Measurement

The graphene oxide (GO) sample was first weighed,
yielding a consistent mass of 4.775 g across five re-
peated measurements. Following volume determina-
tion, the density of the synthesized GO powder was
calculated to be 2,084 + 0,03 g/cm3.

4. Conclusions

In this study, graphene oxide (GO) was successfully
synthesized using a modified Hummers method, and
the resulting material was thoroughly characterized to
evaluate its potential for engineering applications. The
main conclusions are as follows:

Graphene oxide (GO) can be synthesized using va-
rious methods employing different ratios of oxidizing
agents. The Hummers method is one of the most widely
used; however, its reliance on concentrated sulfuric acid
often results in trace sulfur contamination in the fi-
nal product. To mitigate this issue, the present study
adopted a modified synthesis protocol in which the
amount of sulfuric acid was reduced by approximately
10%.

The FT-IR spectrum of the synthesized GO ex-
hibited characteristic absorption bands at 3300, 2300,
1700, 1600, 1050 and 700 cm!', confirming the success

of the synthesis process. These peaks correspond to
hydroxyl (—OH) groups, C'Hy stretching vibrations,
carbonyl (C=0) groups, C=C stretching, carboxylate
(O—0O—C) groups, and out-of-plane O—H bending, re-
spectively.

SEM analysis revealed pronounced morphological
differences between pristine graphite and the synthe-
sized GO. The GO displayed a more irregular and
rougher surface, along with increased thickness, at-
tributed to the presence of oxygen-containing func-
tional groups.

XPS analysis revealed that the elemental composi-
tion of the synthesized GO was approximately 69.7%
carbon, 29.9% oxygen, and 0.4% sulfur, resulting in a
carbon-to-oxygen (C/O) ratio of 2.3.

High-resolution XPS spectra revealed that approxi-
mately 47% of the carbon atoms in the synthesized GO
were bonded to oxygen-containing functional groups,
while the remaining carbon atoms were bonded ex-
clusively to other carbon atoms within the graphene
lattice.

The presence of oxygen-containing functional
groups enhances the potential of GO for chemical bond-
ing with polymer matrices, particularly those contain-
ing epoxide groups, thereby improving the mechanical
performance of the resulting composites. Furthermore,
the particle size of the synthesized GO suggests its
suitability as an effective reinforcing agent in polymer
matrix composites.

The density of the synthesized graphene oxide (GO)
powder was determined to be 2.084 £ 0,03 g/em? using
helium gas pycnometry.
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