
A J CSIAN OURNAL OF HEMISTRYA J CSIAN OURNAL OF HEMISTRY
https://doi.org/10.14233/ajchem.2021.23346

INTRODUCTION

Graphite, one of carbon allotropes, which exists as stacked
layers, is exfoliated in to graphite oxide. The functionalized
graphite oxide shows enhanced properties. Graphite oxide is
functionalized by many methods such as microwave, sol-gel
and ball milling [1-3]. The oxygen functionalization hinders
the electrical and thermal properties in graphite. These draw-
backs are overcome by reducing graphite oxide without restac-
king. The reduced graphite oxide is found to be a potential
material for many applications primarily due to its high surface
area [4].

Studies indicated that elements such as boron, nitrogen,
sulfur, fluorine, phosphorous could be incorporated into
graphene layer. These doping elements modify surface area,
electrical, thermal and mechanical properties of graphene
material. Synthesis, structure and properties of boron and
nitrogen doped graphene have also been reported earlier [4-6].
Microwave heating is proposed as a quick and efficient appro-
ach to prepare nitrogen doped graphene in NH3 atmosphere.
The result showed that graphene as a good microwave absor-
bing material, can raise high temperature in minutes, which
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makes possible for nitrogen incorporation into lattice structure
under NH3 environment. Elemental analysis and X-ray photo-
electron spectroscope (XPS) are used to verify nitrogen doping
and found with nitrogen content of 5.04 wt% [7]. Band gap
and electron transport properties of graphene are tuned by
boron doping through reaction with trimethyl boron decomp-
osed by microwave plasma. The report showed that boron
atoms are substitutionally incorporated into graphenes without
segregated boron domains. The boron content in the material
was in a range of 0-13.85 atom % [8].

Reduction and doping of graphene oxide are simultane-
ously achieved through a downstream microwave plasma source
and the process negates need for high temperatures and toxic
solvents that normally associated with existing methods. This
gas phase low temperature process is completely dry and thus
minimizes aggregation of graphene layers which normally
occurs in liquid phase reduction methods [9]. Preparation of
nitrogen doped graphene nanosheets using sodium amide as a
nitrogen source by simple microwave irradiation has been repo-
rted. Exfoliation and nitrogen doping of graphite simultane-
ously occurred during microwave irradiation. Doped nitrogen
content in the material reached to 8.1% [10]. The sulfur doped
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graphite was prepared from concentrated sulfuric acid-graphite
intercalation compounds by solid state microwave irradiation
[11]. Microwave-assisted heating method was used to dope
graphite oxide, pyrolytic graphene oxide and hydrogen-reduced
pyrolytic graphene oxide [12]. Nitrogen doped graphite oxide
with or without holes are controllably, directly and rapidly fabri-
cated from graphite powder via one step one pot microwave
assisted reaction [13]. Nasini et al. [14] prepared phosphorous
and nitrogen dual heteroatom doped mesoporous carbon via
microwave method for supercapacitor application. Varying the
amount of tannin to melamine in the carbonization process
produced varying nitrogen, phosphorus and oxygen content.
Nitrogen is introduced into carbon particles via addition of
urea solution during microwave-assisted hydrothermal carboni-
zation. The nitrogen content is controlled by varying the urea
concentration [15].

Boron, nitrogen and sulfur tri-doped carbon quantum dots
are prepared by hydrothermal method using boric acid and
L-cysteine as precursors and further immobilized on graphite
oxide in presence of a cobalt precursor to synthesize a nano-
composite of cobalt oxide and B, N, S tri-doped graphite oxide
[16]. Crystalline boron and nitrogen co-doped microwave
assisted reduced graphene oxide film is investigated as a poten-
tial transparent conducting electrode material. X-ray diffraction
results revealed good crystalline of film and presence of few
small domains of hexagonal boron nitride in microwave assisted
reduced graphene oxide sheets under the co-doping process
[17]. Also, microwave-assisted strategy is developed to synth-
esis nitrogen and boron co-doped graphene with a hierarchical
framework [18]. Though several methods are adopted to synthe-
size doped graphite layers, these methods involve tedious
process setup and post treatment requirements. In this work,
the graphite oxides co-doped with combinations of boron,
nitrogen and sulfur were synthesized by using microwave treat-
ment without use of toxic reducing agents.

EXPERIMENTAL

The analytical grade reagents were used in these experi-
ments. The graphite oxide precursor was prepared from graphite
flakes by modified Hummers method [19]. Graphite flakes as
precursor material (2.0 g) was mixed with 150 mL of conc.
sulphuric acid under constant stirring. The mixture was cooled

to 0 ºC using an ice bath with a constant stirring. To a cold
mixture, KMnO4 (10.0 g) was carefully added with constant
stirring, maintaining the temperature of the mixture below 20 ºC
for 1 h. The mixture was then added with 100 mL distilled
water then maintained at 85 ºC for 1 h. To a mixture, 200 mL
water and 40 mL 30% H2O2 were added slowly and stirred for
30 min at 35 ºC. The mixture was centrifuged at 2000 rpm for
20 min and washed with distilled water repeatedly till all the
unwanted ions were removed. Finally, the obtained graphite
oxide was dried in air oven at 110 ºC for 24 h.

The co-doping of boron, nitrogen and sulfur elements on
graphite oxide layer and its properties were investigated. The
precursors were selected based on green chemistry principles
for co-doping. The boric acid is chosen as a precursor for boron
doping while thiourea was selected for doping nitrogen and
sulfur. Graphite oxide (1.0 g) was dispersed in ethanol (20 mL)
under constant stirring and ultrasonication process. A boric
acid (2 mg/mL) and thiourea (2 mg/mL) were mixed with the
GO dispersion under stirring conditions and sonicated for 3 h.
The boron, nitrogen and sulfur co-doped graphite oxide was
synthesized using microwave assisted heating method by
irradiating the microwave produced with 800  W for 5 min with
stirring and grinding for every 30 s. The mixture was then washed
using deionized hot water to remove the impurities and then
dried at 80 ºC. The structural, morphological and electrical
properties of the material were characterized using SEM, TEM,
XRD, Raman, XPS and cyclic voltammetry techniques.

RESULTS AND DISCUSSION

Morphology studies: The morphology of prepared
graphite oxides doped with boron, co-doped with boron and
nitrogen (BN) and co-doped with boron, nitrogen and sulfur
(BNS) elements were studied using SEM technique. It can be
seen from the (Fig. 1) that boron, BN and BNS doped graphite
layers were all thin and having no crack or hole. The graphite
oxide layers were exfoliated during the doping process under
microwave treatment. It was visually observed during the doping
process that doping using borax and thiourea showed good
exfoliation compared to the borax alone or borax with urea.
Moreover, SEM image (Fig. 1c) also reflected that graphite
oxide sheets were thin and wrinkle indicating the reduced
aggregation of exfoliated graphite oxide layers.

(a) (b) (c)

Fig. 1. SEM image (a) B doped rGO, (b) BN doped rGO, (c) BNS doped rGO
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The TEM images recorded for the material prepared using
borax and thiourea (Fig. 2a) indicates that the graphite layers
were well exfoliated and aggregation of layers was reduced
even after microwave treatment. The transparent nature of TEM
image reveals that the material contains few layers only. More-
over, the layers are with fewer wrinkles and fold. The selected
area electron diffraction (SAED) pattern recorded for BNS
doped reduced graphite oxide is shown in Fig. 2b, which
provides additional information that inter-planar distance d002

for the material is 0.36 nm. The graphene sheet exhibited slightly
broader but clear diffraction pattern. This indicates B, N and
S co-doped graphite oxide differ from the pristine graphite
layers. The SAED analysis of B, N and S co-doped graphite
layer shows atomic % of elements carbon 85.26%, oxygen
1.25%, boron 9.97%, nitrogen 2.67% and sulfur 0.84%. It was
found that oxygen content in doped graphite is much lower
than that of undoped graphite oxide. This indicates that graphite
oxide is reduced during doping under microwave treatment.
The hydroxyl, epoxy and carbonyl groups are reduced simul-
taneously while boron, nitrogen and sulfur were doped. The
elemental percentage obtained from SAED patterns (not shown)
recorded for the material B doped rGO was carbon 83.59%,
oxygen 3.2%, boron 13.21% and for BN doped rGO was carbon
86.58%, oxygen 2.31%, boron 6.38%, nitrogen 4.72%, respe-
ctively.

(a) (b)

Fig. 2. BNS doped rGO (a) TEM image (b) SAED pattern

XRD studies: The XRD pattern (Fig. 3a) shows two broad
and low intensive diffraction peaks over the range 2θ = 20-
26º and 43-44º, which are attributed to (002) and (100) planes,
respectively. The higher relative intensity of lower angle peak
corresponds to (002) plane than that of the plane (100) indicates
the disorder in the graphite layer. Inter planar distance
calculated for 2θ peak at 26.28 is 0.339 nm. An increase of
FWHM value for the BNS co-doped graphite oxide supports
the well exfoliation during experiments and less restacking
with more disordered or strained structure. The more disorder
and strain produced in graphite oxide structure is attributed to
doped sulfur element.

Raman studies: The Raman spectrum recorded for boron,
BN and BNS co-doped reduced graphite oxide are shown in
Fig. 4. The spectrums show the characteristic peaks D and G
corresponding to defects and crystalline nature, respectively.
The IG/ID ratio calculated for the materials boron, BN and BNS
co-doped reduced graphite oxide were 1.47, 0.87 and 0.77,
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Fig. 3. XRD pattern of (a) B doped rGO, (b) BN doped rGO, (c) BNS
doped rGO
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Fig. 4. Raman scattering pattern of (a) B doped rGO, (b) BN doped rGO,
(c) BNS doped rGO

respectively. Slightly higher intensity of D peak than G peak
for BNS co-doped material indicates that the material retains
the crystalline with some disorder, which may be due to the
doped B, N and S elements. These elements on doping at carbon
structure distort the orderly arrangement of carbon atoms in the
graphite structure and thus introduce disorder in the structure.

XPS studies: The composition of boron, nitrogen and sulfur
in the graphite layer was analyzed using X-ray photoelectron
spectroscopy (XPS). The XPS spectrum (figure not shown)
indicates the presence of C, B, N, S and oxygen elements in
material. The peak at 396.4 eV was assigned to B1s signal. The
B1s XPS spectrum is deconvoluted into three peaks. The peaks
located at 398.2, 399.3 and 401.6 eV can be assigned to boron-
nitrogen, boron-carbon and boron-oxygen bond, respectively.
Thus boron was incorporated successfully into the graphite
layers. The C1s spectrum was deconvoluted into four peaks at
284.3, 285.2, 286.9 and 288.6 eV. The more intense peak at
284.3 eV was assigned to C-C bond while peaks at 285.2 eV
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and 286.9 eV, which assigned to C-N and C-S bond, respec-
tively. The elemental compositions in the prepared materials
were calculated from the XPS spectra. Boron doped rGO contain
11.23% boron, BN doped rGO contains 6.12% boron and 4.35%
nitrogen and BNS doped rGO contains 8.9% boron, 2.32%
nitrogen and 0.84% sulfur. The elemental compositions were
comparable with the results obtained from elemental analysis
using SAED.

Cyclic voltammetry: The cyclic voltamograms for the
materials boron, BN and BNS co-doped rGO were recorded
in a potential window from -1.0 to 0 V versus SCE in 6 M KOH
electrolyte. Fig. 5 shows the CV curves of materials at different
scanning rates 20, 50 and 100 mV s-1. The CV curve shows
nearly symmetrical shape with no redox peaks. Increase in
scan rate results in the slight distortion. This can be attributed
to internal resistance of current collector/electrolyte interface
[20]. Specific capacitance calculated for the materials were
46, 97 and 124 F g-1. Compared with the boron doped rGO
and BN doped rGO, BNS doped rGO shows higher specific
capacitance due to the easily accessible surface formed through
exfoliation of graphite oxide without restacking. The absence of
redox peaks signifies that specific capacitances of the materials
are wholly contributed through electrical double layer formation.

EIS studies: The electrochemical impedance spectroscopy
(EIS) is used to study the characteristics of electron transfer
and recombination process at electrode/electrolyte interface.
The Nyquist plot, generally, shows as smaller semi-circle in
high-medium frequency region and a Warburg type vertical
line in low frequency region [21]. Electrochemical impedance
spectroscopy analysis of boron, BN and BNS co-doped graphite
oxide materials are shown as Nyquist plot in Fig. 6. The plot
shows semi-circles in high-medium frequency region. The
impedance curve of boron, BN and BNS co-doped graphite
oxide materials intercept the real value represented as x-axis.
The intercept of the curve with x-axis correlated with equivalent
series resistance ESR, which indicates the resistance of bulk
electrolyte solution. The magnitude of ESR limits the energy
efficiency of the electrochemical cell. The lower ESR values
for these materials indicate good electrical conductivity of
material which is attributed to doped elements and reduced
nature of graphite oxide. The conductance and charge transfer
tendency of the materials are indicated by the radius of semi-
circle. The semi-circle diameter for the materials shows that
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Fig. 6. Electrochemical impedance spectrum of B, BN and BNS doped rGO

BN and BNS doped rGO is lower than boron doped rGO. The
smaller semi-circle formation can be attributed to presence of
defects due to doping. Moreover, the Warburg line of boron,
BN and BNS co-doped graphite oxide material appeared in
low frequency region with more than 45º angle indicates that
the electrodes performance are controlled by ion diffusion.
The cyclic stability of materials was measured at 3 mA over
200 cycles. The observed capacitance for 200 cycles indicated
that BNS doped graphite oxide exhibits 85% retention comp-
ared with boron doped (76%) and BN doped (80%) graphite
oxides. The results indicate that BNS co-doped graphite oxide
material exhibits high energy efficiency which is attributed to
synergistic effect of the doped elements and effective reduction
of graphite oxide during microwave treatment.

Also, it is well known that, when elements are doped in
graphene lattice, some carbon atoms are replaced by these
elements, which results in defective lattice. The perfect arrange-
ment of carbon atoms in pure graphene gets disturbed on doping
and thus the layers are structurally distorted [22]. Moreover,
introduction of elements with different electronegative nature
such as B, N and S atoms induces more defects due to difference
in number of valence electrons of the atoms [23]. As a result,
the hybridization of carbon atoms adjacent to these defect sites
is disturbed and thus influences the electrical properties.
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Fig. 5. Cyclic voltammogram (a) B doped rGO, (b) BN doped rGO, (c) BNS doped rGO
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Conclusion

A microwave treatment method, a simple and single step
approach, accede to green chemistry principles, is found to be
suitable for the preparation of boron, nitrogen and sulfur co-
doped graphite oxide. Graphene oxide reduction and doping
were found to occur simultaneously under the experimental
conditions. The graphite oxide layers exfoliated during doping
process under microwave treatment were with wrinkle and
folds indicating the reduced aggregation of exfoliated graphite
oxide layers. Doping on carbon structure distorts the graphite
structure with retention of crystallinity. The composition of
boron, nitrogen and sulfur elements in the material prepared
by microwave treatment was found to be about 9.97%, 2.67%
and 0.84%, respectively. Specific capacitance of the material
arises due to electrical double layer capacitance. The results
indicate that synergistic effect of dope elements boron, nitrogen
and sulfur with graphite oxide results in high capacitance,
energy efficiency and cycle stability.
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