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ABSTRACT. In this work, two graphene oxide (GO) samples were prepared using the Hummers method with
graphite (g) and KMnO, (g) ratios of 1:3 (GOs) and 1:6 (GOs). The effect of oxidation degree on the structural,
electrical, and dielectric properties of the GO samples was investigated. The structures of the GO samples were
studied using various techniques, including X-ray diffraction (XRD), Fourier transform infrared (FT-IR)
spectroscopy, scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDXS). XRD
analysis revealed an increase in the interlayer spacing and a decrease in the number of layers of the samples with
increasing oxidant content. The two GO samples have giant permittivity values of ~10° in the low-frequency range.
The characteristics of the functional groups and defects were clarified in terms of their high permittivity. The AC
conductivity of the GO samples obeyed Jonscher’s power law. The AC conductivities of GOz and GOs were
calculated as 0.07 and 0.01 S/m at 1 MHz, respectively. The power exponent s has values in the range 0 <s < 1. In
addition, a low loss tangent was observed for GOs in the high-frequency range.
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INTRODUCTION

Graphene oxide (GO) is a two-dimensional (2D) material composed of C atoms bonded in
hexagons. It is prepared via the strong oxidation of graphite [1]. GO contains various oxygenated
functional groups, such as OH, COOH, C=0, and epoxy groups, on its edge and basal planes.
These oxygen functional groups (OFG) allow GO to disperse in polar solvents and aqueous
solutions [2]. FG serves as a starting site for various functionalities, enabling a wide range of
applications [3]. Indeed, as graphite is exfoliated by the Hummer, Staudenmaier, or Brodie
method, structural defects are introduced. For instance, the sp? hybridization of graphene flakes
changes to sp?, lengthens the C-C bond, and forms holes, vacancies, grain boundaries, and edge
dislocations [4]. These defects can enhance the material’s polarizability, thereby improving its
dielectric properties. Dielectric properties describe how a material interacts with an electric field,
particularly its ability to store or dissipate electrical energy. The relative permittivity and dielectric
loss are the core components of the material’s dielectric properties. Carbonaceous materials such
as GO, RGO, and exfoliated graphite have been explored and found to exhibit exceptionally high
permittivity values [5-7]. This study offers new insights into the impact of oxidation level on the
dielectric behavior of GO, employing graphite to KMnOQO, ratios of 1:3 and 1:6. The findings
emphasize the potential of high-dielectric-constant materials for advanced applications in energy
storage, modern microelectronics, sensors, and multifunctional devices [8]. The prepared GO
samples were characterized by Fourier transform infrared (FT-IR) spectroscopy, scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDXS), and X-ray
diffraction (XRD).
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EXPERIMENTAL
Materials and apparatuses

Graphite flake (GT) was used to synthesize GO from Fluka. In addition, H,SO4 98% and HNO;
were purchased from THOMAS BAKER and GCC company, respectively. Also, KMnO,, H;0,
and NaNO; were obtained from BHD, Dagenham, and Fluka, respectively. Cu-K, radiation was
employed in the X-Ray Diffractometer (XRD-6000, SHIMADZU-Japan) to investigate the
interlayer spacing and structural properties of the samples. The morphology and elemental
composition were provided by SEM (MIRA3 TESCAN, Czech) and EDX spectroscopy (X-max,
Oxford, England). To obtain chemical structural information, a Shimadzu FT-IR
spectrophotometer was used. The infrared spectra were recorded in the region 400-4000 cm'?
using KBr pellets.

Synthesis of GO

The Hummer method was used to synthesize the GO [9]. According to this method, 23 mL of
98% H,SO, was combined with 1 g of graphite (GT) and 0.5 g of NaNOs in an ice bath for 30
min. Thereafter, 3 g of KMnO4 was gradually and cautiously added to prevent the temperature
from rising above 20 °C. After removing the ice bath, the temperature was raised to 35 + 3 °C and
held there for 30 min. In the second step, 46 mL of H,O was added to raise the temperature to
98 °C within 15 min. The suspension was brown. The suspension was diluted with 140 mL of
warm water and then treated with 30% H,O to eliminate colorless and soluble manganese sulfate.
The warm suspension was then treated with a 5% HCI solution, followed by rinsing with distilled
water until the pH reached 7. The dried filter cake was obtained after 48 hours of drying in a
vacuum oven. GO samples were obtained using two weight ratios of graphite to potassium
permanganate: 1:3 (GO3) and 1:6 (GOs).

Fabrication of GO pellets for the dielectric measurements

GO; and GOg were pressed into pellets using a 400-bar hydraulic press. To measure their dielectric
behavior, the pellet was kept dry to prevent moisture absorption. The dielectric measurements
were conducted using an LCR meter within the electromagnetic frequency range of 50 Hz to 1
MHz. The relative permittivity (&'), imaginary permittivity (¢"), loss tangent, and AC conductivity
of the two samples were calculated from the resistance (R) and capacitance (C) measurements.
The dimensions of the resultant pellets, GO; and GOs, were 10 mm in diameter, and their
thicknesses were measured using a vernier caliper to be 2.45 and 2.69 mm, respectively.

RESULT AND DISCUSSION
Characterization of the synthesized materials

X-ray diffraction (XRD): XRD pattern of graphite (GT) flake (Figure 1a) displays distinct
diffraction peaks at 26.57°, 44.36°, and 54.59°, corresponding to the planes (002), (101), and (004),
respectively. The XRD pattern for GT was compared with the literature data (CAS Number 7782-
42-5) [10]. Two graphitic peaks of GO3 and GOg (Figure 1b) were observed at 20 = 10.08"and
8.09° with interlayer spacing (d) = 0.8763 nm and 1.098 nm, respectively. The increase in
interlayer spacing of GOg and the formation of a graphitic peak with lower intensity than that of
GO; indicate the intercalation of many oxygen functional groups (OFGs) within the graphite
lattice.
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Figure 1. XRD pattern of (a) GT (b) GO3 and GOe.

The thickness (t) of GO3; and GOs was calculated using the classical Debye-Scherrer equation
[11,12].

0.94 1

- Pp cos @ 1)

Where Bp is the full width at half maximum (FWHM) in radians, 0 is the diffraction angle,
0.94 is a shape factor, and X is the wavelength of X-rays used (1.543 A). The average number of
layers (n) in GT, GOs, and GOg was calculated by dividing the thickness by the interlayer spacing
(d). The XRD data for the GT and GO samples were compared with those from other studies
(Table 1). According to Table 1, GOg has fewer layers and a higher d-spacing than GO3 and other
studies, suggesting that the oxidation conditions led to enhanced exfoliation and greater disruption
of the graphene oxide stack. These structural features can significantly affect their properties and
potential energy storage applications. From the outcome, it could be concluded that the procedure
proposed was effective in exfoliating the layers of the GO samples.

Table 1 XRD data for GT, GOz, and GOs compared with other studies.

Interlayer .
Samples d((aé?ge spaz:rirrl]g) (d) (lfi\é\g:e'\e{l) Th(lgl:r:;ess . Method
GT (26.57" 0.33 0.31 33.7262 100.6 -
This work | GOs (10.08") 0.87 1.73 4.5651 5.20 Hummer
GOs (8.09) 1.09 1.56 5.0556 4.6
[13] 11°-12° 0.74-0.81 - 11-13 - Hummer
[1] 11.95° 0.73 - - - Hummer
[14] 109° 0.81 . . . Improved
ummer
[15] 9.2° 0.96 - - 4 Sonication
[16] 9.01° 0.89 - - 45 Tour

FESEM and EDXS analysis.

The surface morphology and elemental composition of GT, as well as those of synthesized GO3
and GOg, were examined using FESEM and EDXS. FESEM analysis (Figure 2a) revealed that
GT exhibits a prominent morphology categorized by thick and moderately large flakes, exhibiting
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a discrete planar structure. The individual flakes appear less wrinkled and exhibit smoother basal
planes than typical GO samples. In contrast, both GO; and GOg (Figure 2b, c) exhibit exfoliated,
wrinkled layer morphologies due to oxidation. EDXS analysis confirmed that all samples (GT,
GO;3 and GOg are primarily composed of C and O atoms. Notably, an increase in KMnO4 dosage
led to a greater number of oxygen-containing groups and, consequently, a higher oxygen
percentage in GOg relative to GT and GOs,

.Spectruml

Element Wt%

C 96.28

cps/eV

(o] 3.72

Total: 100.00

1 2 3 4 5 6 7 8 9 10keV

. Spectrum 2
Element Wit%

C 89.76

(o] 10.24

Total: 100.00

1 2 3 4 5 6 7 8 9 10keV

GO3

cps/eV

GO6

Figure 2. EDXS spectra and SEM images for GT(a), GOs (b) and GOs (c).

FT-IR spectra for the synthesized materials

Figure 3 presents the FT-IR spectra for GT, GO3, and GOs. The FTIR spectrum of GT shows only
a few peaks of very low intensity, possibly due to adsorbed moisture or minor functionalization.
In contrast, GOs shows a firm characteristic peak at 1061 cm™!, which corresponds to the stretching
vibration of epoxy and/or secondary alcohol groups. Additionally, a peak at 1736 cm™ is attributed
to carbonyl groups, and another at 1379 is assigned to the C-O bond within carboxyl groups
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[5,17,18]. The absorption peaks at 2908 cm™ and 2849 cm™ are characteristic of asymmetric and
symmetric stretching vibration of aliphatic C-H, respectively. These peaks indicate an increase in
oxygen-containing functional groups and a higher proportion of carbon atoms adopting sp3
hybridization within the GO structure. Furthermore, a broad and strong absorption band observed
in the 3100-3700 cm™ region is attributed to the OH stretching vibration [18]. The notable peak
observed in GOg at 1617 cm™! is likely due to bending vibrations of OH groups within its layers
and to H.O molecules trapped within oxidized layers. This observation reflects the enhanced
hydrophilic nature of the GO layers [19]. The peak at 1550 cm™! is likely attributed to the
stretching vibration of aromatic C=C bonds [19]. The increased intensity of all these peaks in GOs
compared to GOz and GT indicates a higher concentration of oxygen-containing functional groups
in its structure, suggesting a more effective oxidation process at the 1:6 oxidant ratio than at 1:3.
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Figure 3. FT-IR for the synthesized GO3, GOg and GT.
LCR measurement for the synthesized materials

The permittivities of GO3; and GOg were calculated at ambient temperature over the frequency
range of 50 Hz — 1 MHz. The permittivity is the ratio of the capacitance (C) of a substance in
Farad to the capacitance of space or without medium C,. The relative permittivity is calculated
using the following equation:

4

e=r &)
Where C, isequal to the following formula:
Co=— (3)

Subsequently, the € can be determined utilizing the following equation: [20, 3]

cd

By 4)

Where (d), (¢), and (A) stand for pellet thickness in meters, permittivity of free space
8.854x 10" F.m™, and pellet area (m?), respectively. Figure 4 shows the frequency dependence
of & for GOz and GOs. At low frequency, ¢ is observed to be 1.46x10° for GO; and 1.26x10° for
GOg. Both GO; and GOg have giant permittivity. The € for graphite is 53.3+ 1.3 [7]. The theory
put forward by Koop, in combination with Maxwell-Wagner's model of interfacial polarization,
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can help explain this behavior. The charge accumulation from the functional groups of GO3 and
GOg created a separation between the conductive grains and the non-conductive grain boundaries,
represented by defects (functional groups and vacancies), thereby enhancing polarization and
increasing e. It is also important to note that, because electric dipoles are unable to keep up with
the rapid fluctuations in the applied field, ¢ falls sharply with increasing frequency and then
becomes almost frequency-independent [3].
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Figure 4. The relative permittivity of GO3; and GOs versus frequency.

The imaginary permittivity (") is employed to assess the dielectric loss and was calculated
using the following formula:
e = ©

" RAwe

Where R and A represent the resistance and electrode area (m?), respectively, and o represents
the angular frequency, defined as ® = 2xnf. Both GO3; and GOg (Figure 5a) exhibit high values of
the €"” at lower frequencies, then decrease as the frequency rises. At low frequencies, the low
conductivity at grain boundaries requires more energy for charge-carrier movement, leading to
higher dielectric loss. In contrast, at high frequencies, the higher conductivity of grain boundaries
requires less energy for charge-carrier movement, leading to lower dielectric loss values.
Furthermore, the €" is made up of two factors: conductivity loss (c/®) and dielectric loss (g").
Since the conductivity loss values for GOz and GOs were less than 1, it has been established that
these materials are dielectric.

The loss tangent (tan &), Equation 6, is a crucial number in mechanical and electrical
applications. It is proportional to the power dissipated as heat to the material's stored energy [20].

gll

tand = = (6)

Where the angle 3 represents the phase difference that has developed between the applied and
induced electric fields. Figure 5b illustrates how the tan 8 varies with the frequency for GOz and
GOgs in the 50 Hz—1 MHz range. The tan § value decreases consistently with increasing frequency,
and GOs exhibits lower values compared to GO3 at various frequencies: at 50 Hz (4.35 vs. 168.23),
1 kHz (4.07 vs. 136.56), 10 kHz (3.75 vs. 104.36), 100 kHz (3.41 vs. 44.38), and 1 MHz (2.31 vs.
9.79). The tan 6 responses of GO3; and GOg showed a relaxation peak, indicating the presence of
arelaxing dipole. Low tan & values are desirable for the dielectric material in a dielectric capacitor.
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Figure 5. Imaginary permittivity (a) and loss tangent (b) of GO; and GOs as a function of
frequency at ambient temperature.

From the LCR meter, the total conductivity o) Was calculated from the measured resistance R
using Equation 7.

d
Otw) = za )

The total conductivity oy Was calculated using the equation below.
Ot(w) = Oac(w) T 0dc(0) (8)

Where o is the DC conductivity that can be determined from extrapolated o4 to the lowest
measured frequency (f—0). oqc is independent of frequency and depends on the mobility of free
charge carriers. ca.() is the AC conductivity and depends on frequency. The 6a¢@) Can be referred
to as the universal dynamic form of AC conductivity proposed by Jonscher, where o, .,y = Aw?.
Where A is the strength of polarizability and is dependent on temperature and composition, ® is
the angular frequency, and s is the frequency exponent that can take the value range of 0 <s <1,
which describes the degree of interaction between charge carriers and the surrounding lattices [21,
22]. The non-linear fitting of Jonscher’s equation is illustrated in Figure 6. As shown in Figure 6,
the AC conductivity increases with frequency for both GO3 and GO, indicating that the materials
exhibit frequency-dependent behavior. Additionally, as frequency increases, free charge carriers
may hop between localized electronic states due to the presence of oxygen-containing groups and
structural defects, thereby increasing overall electrical conduction [23]. The parameters A,
exponent s and o4 Values of GOz are 1.71754x10%, 0.22016 and 0.06819 + 8.8574x 10-while for
GOs are 6.49421x10°, 0.30682 + 0.00675 and 0.00142 + 5.4425x1075, respectively.
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Figure 6. Nonlinear Jonscher’s law fitting for (a) GO3 and (b) GO,

In the high-frequency region, since A ®° > G 4c(), S0 the Oyw) is equal to the Gacw) [24]. The
dependence of the 6. 0f GO3 and GOg on the frequency can be studied based on the linear
Jonscher’s power law, In g,. = In A + s In w. The values of A and the exponent s for GO samples
were obtained from the intercept and slope, respectively, of the linear plot of In(cx) vs. In(®)
(Figure 7). The parameters A and s from the linear Jonscher’s power law were determined to be
0.0657 and 0.0064 for GO3 and 0.00053 and 0.1733 for GOs, respectively. The estimated exponent
s was found to be less than unity for both samples, indicating that the AC conductivity is
frequency-dependent and supporting the presence of a charge-carrier hopping mechanism [25].
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Figure 7. Plot of In (c4) vs. In(w) for (a) GO3 and (b) GOs.
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CONCLUSION

In this work, two samples of few-layered graphene oxide (GO) were successfully synthesized
using the Hummers method. The FT-IR analysis revealed the presence of various oxygen
functional groups, including carboxyl, epoxy, and hydroxyl, confirming the successful oxidation
of graphite. XRD analysis showed an increase in the interlayer spacing of the GOz and GOsg
samples compared to graphite (GT), indicating effective oxidation and exfoliation. SEM
micrographs further revealed that the flakes were unstacked, demonstrating the effective
disruption of the graphite structure. Both GO3; and GOs exhibited high relative permittivity values,
on the order of 10% which can be attributed to the high defect density and oxygen functional
groups present in the materials. Notably, GOs exhibited a lower loss tangent at high frequencies,
suggesting improved dielectric performance in specific applications. Additionally, the AC
conductivity of both GO3; and GOg increased with frequency and followed Jonscher's power law.
These structural and electrical properties of the synthesized graphene oxide samples demonstrate
their suitability for various advanced applications, particularly in electronics and energy storage,
where high dielectric performance and tunable conductivity are critical.
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