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ABSTRACT: Graphene oxide (GO) and its derivatives have emerged as promising materials for energy storage applications
due to their exceptional physical and chemical properties. In this study, nitrogen-doped reduced graphene oxide (N-rGO) and
a cobalt-nanocomposite of graphene oxide (Co-N-GO) were synthesized via hydrothermal methods. The structural and
compositional characteristics of the resulting materials were confirmed through various analytical techniques, including X-ray
diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, ultraviolet-visible (UV-Vis) spectroscopy, and Raman
spectroscopy. XRD analysis revealed a decrease in the average crystallite size upon nitrogen doping, as determined using the
Scherrer equation, indicative of enhanced material dispersion. FTIR spectra provided evidence of successful reduction of GO
to rGO and confirmed the presence of C-N bonds, further supporting the doping process. UV-Vis spectroscopy indicated a red
shift in absorption peaks towards the visible region, accompanied by a lowering of absorption bands, which suggests the
formation of compensating energy states and shifts in conduction band edges due to doping. The bandgap energy, calculated
using Tauc plots, showed a significant reduction in N-doped and Co-incorporated samples, highlighting the potential of these

materials in enhancing the performance of energy storage devices.
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1. INTRODUCTION

Graphene oxide (GO) and its derivatives have become
increasingly significant in the field of material science due to
their exceptional physical and chemical properties [1, 2].
Graphene, the parent material, is a two-dimensional carbon
material known for its remarkable electrical conductivity,
mechanical strength, and thermal stability [3]. However,
pristine graphene lacks certain functional groups that are
essential for specific applications, particularly in energy
storage [4]. Graphene oxide (GO), an oxidized form of
graphene, introduces oxygen-containing functional groups
such as hydroxyl, carboxyl, and epoxy groups onto its basal
plane and edges, thereby enhancing its dispersibility in
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solvents and providing sites for further chemical
modifications [5]. This functionalization of GO opens
avenues for tailoring its electronic, magnetic, and optical
properties, making it an ideal candidate for a wide range of
applications, including supercapacitors, photodetectors, and
fuel cells [6].

Among the various techniques to modify GO,
heteroatom doping has emerged as a powerful strategy to
enhance its properties further [7]. Doping involves the
introduction of foreign atoms into the graphene lattice,
thereby altering its electronic structure and chemical
reactivity [8]. Nitrogen doping, in particular, has gained
attention because nitrogen atoms can easily integrate into the
graphene framework due to their comparable atomic size to
carbon [9]. When nitrogen atoms replace carbon atoms in the
lattice, they introduce localized states near the Fermi level,
leading to changes in the band structure. This alteration
enables the material to exhibit a reduced bandgap, which is
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critical for applications that require high electrical
conductivity and specific optical properties [10].

The introduction of nitrogen atoms into the graphene
lattice not only tunes the bandgap but also enhances the
electrochemical performance of graphene oxide [11].
Nitrogen-doped reduced graphene oxide (N-rGO) exhibits
higher specific capacitance and better cyclic stability than
undoped rGO, making it a promising material for energy
storage devices, especially supercapacitors [12]. The
nitrogen doping process typically involves post-synthesis
treatment of GO with nitrogen-containing precursors, such as
ammonia or urea, under thermal or hydrothermal conditions
[13]. This process not only incorporates nitrogen into the
graphene lattice but also reduces GO, partially restoring the
conjugated carbon network, which is crucial for maintaining
high electrical conductivity.

In addition to nitrogen doping, the incorporation of
transition metal oxides, such as cobalt oxide, into the GO
matrix has shown potential for further enhancing the
electrochemical and catalytic properties of the material [14,
15]. Cobalt oxide is known for its catalytic efficiency,
particularly in oxygen reduction reactions (ORR), which are
essential in fuel cell technologies. The combination of
nitrogen-doped GO with cobalt oxide leads to the formation
of a nanocomposite that benefits from the synergistic effects
of both components [16-20]. The cobalt oxide introduces
localized magnetic moments, making the composite material
suitable for spintronic applications, while the nitrogen
doping enhances the overall electrical conductivity and
capacitance.

The current study focuses on the post-synthesis
functionalization of GO through nitrogen doping and the
production of a cobalt nanocomposite (Co-N-rGO) for
energy storage applications. The study aims to explore the
structural and electronic properties of these materials and
assess their potential in enhancing the performance of
supercapacitors. By combining nitrogen doping and cobalt
oxide incorporation, this research seeks to develop a material
with superior electrochemical properties, addressing the
growing demand for efficient and high-energy-density
storage systems. The findings from this study could pave the
way for the development of advanced materials with tailored
properties for specific applications in energy storage and
beyond. The post-synthesis functionalization of graphene
oxide via nitrogen doping and the incorporation of cobalt
oxide represents a promising strategy for enhancing the
material's properties, making it a valuable candidate for
various advanced applications, particularly in the realm of
energy storage.

2. EXPERIMENTAL DETAILS
2.1. Materials and methods

For post synthesis doping of nitrogen and cobalt into rGO,
we used a hydrothermal method. rGO was brought from

graphene supermarket. It has 99% purity with 89% C, 9% O
and 2% H, 1-10 nm flake thickness and 5-10 micron lateral
dimension and 4-8 average number of layers. The purity of
rGO was confirmed through XRD analysis. XRD shows a
broad peak centered 260 = 26.41° characteristic of the 002
plane and it gives an interlayer spacing of 10.3nm according
to Scherrer formula.

2.2. Preparation of N-rGO

For the preparation of nitrogen doped reduced graphene
oxide (N-rGO) hydrothermal method using hydrazine
hydrate was used. 0.1 gm of rGO was dispersed in 93ml of
deionized water. 7ml of hydrazine hydrate was added to this
solution with continuous stirring. After 2h, 5 mL of
ammonium hydroxide was added to the mixture with
continuous stirring. This mixture was kept in the oven at
180°C for 12 hrs. The residue is collected and washed with
deionized water several times to make it pH neutral. The
washed residue was then kept in oven at 50°C for 24 h. The
resultant powder was collected as N-rGO. This preparation
can be repeated with greater doping percentage, say with 9ml
of ammonium hydroxide.

2.3. Preparation of Cobalt Nanocomposite Co-N-rGO

For the preparation of Co-N-rGO, 10 mg of rGO per mL of
water was taken and sonicated for lh to make it a
homogeneous rGO suspension. 8mL of cobalt nitrate
hexahydrate [Co(NO3),.6H,0O] with 10 mM concentration
was added drop wise into the rGO suspension with magnetic
stirring and sonicated further for 30 minutes. 10 mL of
hydrazine hydrate (85%) was also added with a continuous
stirring and the mixture was heated at 65°C overnight. The
resultant product was cooled, washed and filtered several
times with deionized water. The residue is then vacuum dried
at 45°C for 24 h and used for further characterization

3. RESULTS AND DISCUSSION

In this study, nitrogen-doped reduced graphene oxide (N-
rGO) and cobalt nanocomposite nitrogen-doped graphene
oxide (Co-N-rGO) were synthesized and characterized using
a combination of Raman spectroscopy, Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
UV-visible spectroscopy. The detailed results and their
implications for the structural, chemical, and optical
properties of the synthesized materials are discussed below.

3.1. Raman-scattering analysis

Raman spectroscopy was employed to investigate the
structural changes induced by nitrogen doping and cobalt
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nanocomposite formation in reduced graphene oxide (rGO).
Raman spectroscopy is a powerful tool for characterizing
carbon-based materials, as it provides insight into the degree
of disorder and defect density within the graphene lattice.

3.1.1. Raman Spectra of N-rGO

The Raman spectra of rGO and N-rGO are presented in
Figure 1. The characteristic peaks associated with graphene-
based materials are observed at 1342 cm™ and 1559 cm™,
corresponding to the D band and G band, respectively. The D
band is associated with the presence of in-plane and edge
defects within the graphene lattice, while the G band
represents the in-plane vibrations of sp?-bonded carbon
atoms [21].

In the case of N-rGO, the Raman spectra reveal an increase
in the intensity of the D band relative to the G band, which is
indicative of the introduction of defects due to nitrogen
doping. The degree of disorder introduced by nitrogen atoms
is quantitatively evaluated by the ID/IG ratio, where ID and
IG are the intensities of the D and G bands, respectively. For
rGO, the ID/IG ratio is calculated to be 0.49, while for N-
rGO, this ratio increases to 0.73. The increase in the ID/IG
ratio confirms that nitrogen doping introduces additional
defects into the graphene lattice, likely due to the
incorporation of nitrogen atoms into the carbon framework,
creating disordered regions and altering the electronic
structure of the material. These defects are beneficial for
enhancing the electrochemical activity and catalytic
properties of the material, making N-rGO a promising
candidate for energy storage applications.
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Fig. 1. Raman spectra of rGO and N-doped rGO.

3.1.2. Raman Spectra of Co-N-rGO

Figure 2 presents the Raman spectra of rGO and Co-N-rGO.

In Co-N-rGO, the D and G bands are observed at 1351.98
cm™ and 1575.10 cm™, respectively. Similar to N-rGO, the
introduction of cobalt into the nitrogen-doped graphene
oxide matrix leads to an increase in the intensity of the D
band. The ID/IG ratio for Co-N-rGO is significantly higher
at 1.06, compared to 0.49 for rGO and 0.73 for N-rGO. This
substantial increase in the ID/IG ratio suggests a higher
density of defects in Co-N-rGO compared to N-rGO.

The higher defect density in Co-N-rGO can be attributed
to the formation of cobalt nanocomposites on the surface of
N-rGO. The cobalt atoms likely create additional disorder
within the graphene lattice, further enhancing the material's
defect sites. These defects are crucial for improving the
material's catalytic activity, as they provide more active sites
for electrochemical reactions, which is particularly
advantageous for applications such as oxygen reduction
reactions (ORR) in fuel cells and supercapacitors.
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Fig. 2. Raman spectra of rGO and Co incorporated N-rGO.

3.2. FTIR analysis

Figure 3 presents the Fourier-transform infrared (FTIR)
spectra of rGO, N-rGO, and Co-N-rGO samples, which
provide valuable insights into the chemical bonding and
functional groups present in these materials. FTIR
spectroscopy is instrumental in identifying various functional
groups and confirming the successful doping of nitrogen and
incorporation of cobalt into the graphene oxide matrix. In the
FTIR spectrum of rGO, a characteristic dip is observed at
around 1200 cm™, which corresponds to the stretching
vibration of C=C bonds within the graphene lattice. This
indicates the presence of conjugated double bonds, which are
typical of the sp? hybridized carbon network in graphene-
based materials [22].

Upon nitrogen doping (N-rGO), a new and prominent dip
appears at approximately 1187 cm™, which is indicative of
the C-N bond formation. This shift in the transmittance curve
confirms the successful incorporation of nitrogen atoms into
the rGO structure. The C-N bond is crucial for enhancing the
material's electronic properties, as nitrogen doping
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introduces new electronic states within the band structure of
graphene, thereby modifying its conductivity and chemical
reactivity. Similarly, the FTIR spectrum of Co-N-rGO also
displays a strong dip at around 1187 cm™, corresponding to
the C-N bond. The presence of this dip in both N-rGO and
Co-N-rGO suggests that the nitrogen doping process was
consistent and effective in introducing nitrogen into the
graphene oxide lattice [23]. Additionally, the reduction
process of rGO during synthesis is evidenced by the
disappearance or weakening of oxygen-containing functional
groups, further confirming the reduction of GO and
successful doping of nitrogen. The incorporation of cobalt,
while not directly observable in the FTIR spectrum due to
overlapping peaks, is inferred through the structural changes
and chemical bonding observed in the spectra.

3.3. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was performed to
determine the crystalline structure and phase composition of
the synthesized rGO and Co-N-rGO samples. XRD is a
powerful technique that provides information about the
interlayer spacing, crystallite size, and the degree of
exfoliation in graphene-based materials. Figure 4 shows the
XRD patterns of rGO and Co-N-rGO. The characteristic peak
of graphite, corresponding to the 002 plane, is observed at a

20 angle of 26.5° (JCPDS #656212). In the case of rGO, a
similar peak appears at 20 = 26.4°, with an interplanar
spacing (d) value of 0.337 nm. This peak represents the
ordered stacking of graphene layers in the rGO structure [24].

For Co-N-rGO, the XRD pattern also exhibits a humped
peak at 20 =26.30°, with an interplanar spacing of 0.338 nm.
This slight shift in the peak position, compared to rGO,
suggests that the introduction of cobalt and nitrogen into the
graphene oxide matrix has caused minor structural changes,
likely due to lattice distortion and strain. The crystallite size
(L) was calculated using the Scherrer equation, and it was
found to be 10.27 nm for rGO and 7.84 nm for Co-N-rGO.
The decrease in crystallite size for Co-N-rGO indicates that
cobalt and nitrogen incorporation leads to a more fragmented
or disordered structure, which is consistent with the
observations from Raman spectroscopy [24].

The average number of graphene layers (N) was also
calculated using the equation:

N = (L/d) + 1

For rGO, the number of layers was determined to be 31.4,
while for Co-N-rGO, it decreased to 24.2. The reduction in
the number of layers further corroborates the exfoliation and
structural changes induced by cobalt and nitrogen doping.
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Fig. 3. FTIR Spectra of rGO, N-rGO and Co-N-rGO.
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The XRD pattern of Co-N-rGO shows broader peaks
compared to rGO, particularly the peak corresponding to the
002 plane. Peak broadening in XRD patterns can be
attributed to several factors, including instrumental effects,
reduced crystallite size, and lattice strain. In the case of Co-
N-rGO, the broader peak is likely due to the smaller
crystallite size and the strain induced by cobalt incorporation
and nitrogen doping. The presence of cobalt on the surface of
N-doped rGO creates localized lattice strain, leading to
further peak broadening. Moreover, the broadening of the
002 plane peak in Co-N-rGO suggests a reduction in
crystallinity, which is often associated with increased defect
density and disordered stacking of graphene layers. Despite
this reduction in crystallinity, the level of exfoliation
observed in Co-N-rGO is comparable to that of rGO,
indicating that cobalt impregnation and nitrogen doping do
not significantly compromise the material's exfoliation. It is
important to note that most of the characteristic peaks of
cobalt or cobalt oxide overlap with the GO peaks in the XRD
pattern, making it challenging to distinctly identify cobalt
phases. However, the structural changes observed in the
XRD pattern provide indirect evidence of cobalt
incorporation and its impact on the material's crystalline
structure.
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Fig. 4. X-ray Diffraction Pattern of rGO and Co-N-rGo.

3.4. UV-Visible spectroscopy analysis

UV-visible spectroscopy is a powerful technique for
understanding the optical properties of materials, particularly
in determining the absorption characteristics and energy band
gaps of reduced graphene oxide (rGO) and its derivatives. In
this study, UV-visible spectroscopy was employed to analyze
rGO, N-rGO, and Co-N-rGO to reveal their band gaps and
absorption behavior.

The UV-visible spectra of tGO and N-rGO provide
crucial insights into their electronic structure and the effects

of nitrogen doping. Figure 5 illustrates the Tauc plot for both
rGO (left) and N-rGO (right), with the corresponding
absorption spectra shown in the insets. The absence of a
distinct absorption band at around 300 nm in the rGO sample
indicates the successful elimination of oxygen-containing
functional groups during the reduction process. The
reduction of graphene oxide (GO) typically leads to the
restoration of the sp? hybridized carbon network, resulting in
a significant decrease in oxygen content and an increase in
electrical conductivity.

Upon nitrogen doping, the N-rGO sample exhibits a
new absorption peak in the range of 316-330 nm. This peak
is indicative of the further reduction of GO and the
consequent restoration of the m-conjugation network due to
the presence of nitrogen atoms. The introduction of nitrogen
into the graphene lattice is known to alter the electronic
structure by introducing new energy states, which can modify
the optical properties and enhance the material's
electrochemical performance. The appearance of this peak in
the UV-visible spectrum of N-rGO suggests that nitrogen
doping not only reduces the bandgap but also facilitates the
restoration of the conjugated system, making the material
more conductive and suitable for various applications, such
as energy storage and catalysis.

The energy band gaps of rGO and N-rGO were
evaluated using the Tauc plot method, which is based on the
Tauc relation:

(ahv)? = A(hv — E,)

where hv represents the photon energy, A is a constant, and o
is the linear absorption coefficient. The Tauc plot is
constructed by plotting (ahv)? against hv, and the x-
intercept of the extrapolated linear portion of the curve
provides the bandgap E, of the material.

For rGO, the Tauc plot reveals a bandgap in the range of
2.5 to 3.7 eV. The variation in the bandgap can be attributed
to the uneven oxidation of GO sheets during the reduction
process. The presence of residual oxygen functional groups
and defects within the rGO structure contributes to the broad
range of bandgap values. This variability in the bandgap is a
common feature of GO, as the degree of reduction and the
extent of defect healing can vary between samples, leading
to different electronic properties.

In contrast, the Tauc plot for N-rGO shows a reduced
bandgap in the range of 1.6 to 2.8 eV. The decrease in the
bandgap upon nitrogen doping is a significant finding, as it
indicates that the introduction of nitrogen atoms into the
graphene lattice effectively narrows the bandgap. This
tunability of the bandgap is particularly important for
optimizing the electrochemical activity of rGO-based
materials. A lower bandgap enhances the material's
conductivity and electron mobility, making N-rGO a
promising candidate for applications in supercapacitors,
batteries, and other electronic devices.

The UV-visible spectrum and Tauc plot of Co-N-rGO
are shown in Figure 6. The absorption spectrum of Co-N-
rGO exhibits a peak at around 230 nm, which is characteristic
of the retained rGO components, albeit with reduced intensity.
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This peak suggests that the fundamental structure of rGO is
preserved even after cobalt incorporation, but with some
modifications due to the introduction of cobalt and nitrogen.

Additionally, a smaller peak appears in the absorption
band around 327-380 nm in the Co-N-rGO sample. This peak
can be attributed to the interaction between cobalt atoms and
the nitrogen-doped graphene lattice. The introduction of
cobalt into the N-rGO matrix leads to further modifications
in the electronic structure, likely due to the formation of Co-
N bonds or the creation of new defect states within the
graphene lattice. These changes are reflected in the optical
properties of Co-N-rGO, as evidenced by the appearance of
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the new absorption peak.

The Tauc plot of Co-N-rGO reveals a bandgap in the
range of 1.6 to 3.5 eV. This tunable bandgap is a key feature
of Co-N-rGO, as it allows for the adjustment of the material's
electronic properties to suit specific applications. The wider
range of bandgap values in Co-N-rGO, compared to N-rGO,
suggests that cobalt incorporation introduces additional
complexity into the material's electronic structure. This
complexity could arise from the formation of cobalt-related
defect states or from the interaction between cobalt and
nitrogen within the graphene lattice [24].
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4. CONCLUSION

A straightforward hydrothermal method was employed to
synthesize nitrogen-doped graphene (N-rGO) using
ammonium hydroxide as the nitrogen source. Additionally, a
cobalt-incorporated, nitrogen-doped graphene
nanocomposite (Co-N-rGO) was successfully synthesized
through a single-step process, which simultaneously
achieved the reduction of graphene oxide (GO) and nitrogen
doping. Characterization techniques such as XRD, Raman,
and FTIR spectroscopy confirmed the successful doping of
rGO with nitrogen (N-rGO) and the formation of the cobalt
nanocomposite (Co-N-rGO). The optical properties of the
synthesized samples were analyzed using UV-visible
spectroscopy, revealing a shift in the absorption region from
the UV to the visible range for both N-rGO and Co-N-rGO.
This shift is accompanied by a reduction in bandgap,
demonstrating the tunability of the bandgap with appropriate
doping. This economical and efficient method offers a
promising approach for the mass production of these
materials. The unique properties exhibited by N-rGO,
including its tunable bandgap, make it a highly promising
electrode material for energy storage applications. Moreover,
the cobalt nanocomposite has proven to be an effective
catalyst for oxygen reduction reactions (ORR) in fuel cells,
highlighting its potential for use in advanced energy
technologies.
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