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A B S T R A C T

The synthesis of heteroatom-doped graphene nanosheets is one of the recent trends to improve the energy
storage capabilities of graphene in devices such as supercapacitors. We report on the optimized fabrication of
sodium-nitrogen-phosphorus co-doped graphene sheets (Na/N/P-GNS) via a simple one-pot green method. The
fabricated Na/N/P-GNS were characterized using X-ray diffraction (XRD), Raman spectroscopy, thermogravi-
metric analysis (TGA), FTIR, scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS),
and transmission electron microscopy (TEM). Various electrochemical techniques were used to investigate the
capacitance and performance of the prepared Na/N/P-GNS, including cyclic voltammetry (CV) at different
potential scan rates and electrochemical charge/discharge at different current densities in 0.5 M H2SO4 aqueous
electrolyte at room temperature. Na/N/P-GNS showed a maximum specific capacitance of 499 F/g at a scan rate
of 1 mV/s, excellent cycling retention of 101% after 1000 cycles at 200 mV/s, and high energy density of 98.58
Whkg−1. The high capacitance can be ascribed to the co-doping of Na, P and N and the one-pot synthesis
methods that retain the graphene sheets unstacked. Based on the obtained capacitance, the fabricated Na/N/P-
GNS would be a promising electrode material for supercapacitors.

1. Introduction

Electrochemical supercapacitors have gained much attention re-
cently due to their high power density, reversibility, lengthy life cycle,
and their environmentally friendly nature [1]. According to the type of
materials and reaction mechanisms involved, supercapacitors are di-
vided into three types: electrical double layer capacitors (EDLCs),
Faradic pseudocapacitors, and hybrid supercapacitors [2]. EDLCs store
their energy physically by the adsorption of charge growth on the
electrode/electrolyte interface, resulting in an increase in the power
density and cycle life compared to secondary batteries [3]. Pseudoca-
pacitors (battery type) store energies chemically due to the reversible
Faradic reactions on the electrode material [4]. The pseudocapacitive
materials, such as transition metal oxides and conducting polymers
[5,6], can attain reasonably higher capacitance than EDLCs but are
narrow by the poor cyclability as the involved redox reactions lead to
structural decay of the electrode material [7]. Therefore, many efforts
have been ardent to improve the energy density of EDLCs by integrating
EDLCs materials with pseudocapacitive materials to form hybrid elec-
trochemical supercapacitors [8–11]. In this regard, many carbon-based
materials, such as carbon nanotubes, activated carbons (AC), graphite,

graphene oxide (GO) and graphene, have been actively investigated due
to their availability, ease of preparation, and varied temperature range
[12,13]. Of special interest, graphene is given much attention as an
active electrode material due to its distinctive properties, including
excellent electrical and mechanical properties, chemical stability, high
specific surface area, and the viability for large-scale chemical fabri-
cation of modified graphene [14–16]. The synthesis of graphene by
chemical reduction is one of the most public methods to prepare gra-
phene using reducing reagents such as hydrazine, dimethyl hydrazine,
and sodium borohydrate [17–20]. However, they are unsafe to the
environment and create strong graphene propensity to restack due to
the π–π contacts [17–20]. To this end, doping graphene with heteroa-
toms is introduced as a solution to prevent the restacking of the sheets
[21]. For example, N-doped graphene was developed using multiple
techniques such chemical vapor deposition (CVD) using CH4 in ex-
istence of NH3 [22], current arc discharge between graphite electrodes
with NH3 and pyridine vapor [23], thermal expansion of graphite
oxides in the presence of N2 plasma [24], electrothermal reactions with
ammonia [25], annealing of graphene with ammonia at 900 °C [26],
plasma treatment of graphene synthesized via a chemical method [27],
and expanded graphite in the presence of acetonitrile at 310 °C [28].
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Also, P-doped graphite layers were synthesized via the pyrolysis of to-
luene with triphenyl phosphine [29] or annealing a mixture of gra-
phene oxide in the presence of an ionic liquid such as 1-butyl-3-meth-
lyimidazolium hexafluoro phosphate [30]. Further, B-and N-doped
graphene was synthesized via the gas phase arc discharge in the pre-
sence of a B/N sources [31]. However, those methods use toxic re-
agents, require the use of specific set-ups, reducing gasses, and higher
temperatures for longer periods of time [32]. Therefore, it is necessary
to develop synthesis protocols that use environmentally friendly ma-
terials and nontoxic reducing reagent (green agents) that are able to
perform the reduction process while preventing the aggregation of the
reduced graphene oxide sheets via doping of such sheets with het-
eroatoms.

Herein, we present a very simple, on-pot and green method for the
synthesis of Na/N/P co-doped graphene sheets via the reaction of
spongy graphene oxide (SGO) in the existence of guanosine mono-
phosphate as a green reagent and investigating its performance as a
supercapacitors material. Our rational behind the use of P is that it is a
more electron-rich atom compared to carbon and can be easily doped
into the graphene basal plane to modify the chemical properties of
graphene. Also, P has larger atomic radius and greater electron do-
nating properties than N, suggesting its potential to enhance the cata-
lytic properties of graphene in electrochemical devices [33].

2. Experimental methods and materials

2.1. Materials

“Graphite powder (< 20 μm, Sigma Aldrich), Nafion® 117 solution
(5%, Sigma Aldrich), sulfuric acid (H2SO4 99%, Sham lab), hydrogen
peroxide (H2O2 30% W/V, LOBA Chemie), absolute ethanol (El-Nasr
pharmaceutical company, Egypt), HCl (33%, El-Nasr pharmaceutical
company, Egypt), potassium permanganate (KMnO499%, Arabic
Laboratory Equipment Co.), and guanosine monophosphate disodium
salt (Merk) were used directly without further purification. Distillated
water was used for washing the products.

2.2. Synthesis of spongy graphene oxide (SGO)

Graphene oxide (GO) was prepared from natural graphite using a

modified Hummers method [34]. In a typical experiment, graphite
(1.5 g), NaNO3 (1.5 g) and H2SO4 (70 ml) were mixed and stirred in an
ice bath. Subsequently, 9 g of KMnO4were added slowly. The reaction
mixture was warmed to 40 °C and stirred for 1 h. Water (100 ml) was
then added and the temperature was increased to 90 °C for 30 min.
Finally, 300 ml of water were added slowly, followed by the slow ad-
dition of 10 ml of 30% H2O2. The reaction mixture was filtered and
washed with 0.1 M HCl and water. The GO precipitate was dispersed in
a water/methanol (1:5) mixture and purified by three repeated cen-
trifugation steps at 10000 rpm for 30 min. The purified sample was
dispersed in deionized water and centrifuged at 2500 rpm and finally
washed by deionized water and sonicatedfor1 hour to obtain highly
exfoliated GO. Then, the obtained GO was dispersed in water/Methanol
mixture and purified with repeated centrifugation steps at 10000 rpm
for 30 min, washed with 0.1 M of HCl and water to obtain highly ex-
foliated GO sheets. To prepare SGO, GO solution (4 mg/1 ml) in a tube
was frozen by place the tube in a freezer at a freezing temperature of-
18 °C for 2 days. After the GO solution was completely frozen, the tube
was peregrinated to a freeze-dryer and dried at a temperature of
−53 °C and a pressure of 10pa for 3 days to finally obtain the SGO [35].

2.3. Synthesis of covalently functionalized graphene with guanosine
monophosphate disodium salt

Go (0.1 g) was dispersed in distilled water (10 ml) and then (0.3 g)
guanosine monophosphate and an equimolar amount of NaOH in dis-
tilled water(10 ml) were added. The mixture was stirred for 24 h to-
precipitate, which was then centrifuged, washed with water/ethanol
mixture and at the end dried at 60 °C [36] (Scheme 1).

2.4. Preparation of electrodes and electrochemical measurements

“Glassy carbon (GC) electrode (5.0 mm diameter) was polished with
alumina nanopowder and rinsed with deionized water. Fresh dispersion
of the sample was prepared for each experiment by dispersing 5.0 mg of
each sample in 0.5 ml Nafion® 117 solution (1%) by ultrasonication for
30 min. Then, 10 μl suspension of the material was casted onto the
surface of the electrode with a micropipette. Finally, the working
electrode was dried at 60 °C for 10 min and left to cool down. All the
electrochemical measurements were performed in a three-electrode

Scheme 1. Synthesis of functionalized and Na/N/P-co-doped graphene nanosheets with guanosine monophosphate disodium salt.
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system: The working electrode was made from a glassy carbon disk
5.0 mm diameter, the standard calomel electrode (SCE) and platinum
wire were used as a reference electrode and counter electrode, re-
spectively. The electrochemical measurments were carried out in 0.5 M
H2SO4 as aqueous media using Auto lab- 302 N electrochemical work-
station (Metrohm), including cyclic voltammetry (CV) in the potential
range from−0.2 to 1 V at various scan rates ranging from 1 to 200 mV/
s, galvanostatic charge/discharge scan from −0.2 to 1 V at current
density of at 0.1, 0.2, 0.4, 0.9, 1 and 2 A/g.

2.5. Characterization techniques

The crystal structure of the prepared materials was examined by X-
ray diffractometer (XRD, XPERT-PRO-Analytical) with Cu Kα radiation
(λ = 1.54°A). The surface morphology was investigated by field-emis-
sion scanning electron microscope (FESEM-Zeiss SEM Ultra-60) and
high-resolution transmission electron microscope (HRTEM, JOEL JEM-
2100) operating at an accelerating voltage of 120 kV. The infrared (IR)
spectra were recorded using a JASCO spectrometer (FT/IR-6300 type A)
in the range 400–4000 cm−1. Raman measurements were performed
using a micro-Raman microscope with an excitation laser beam wave-
length of 325 nm. The thermal stability of the samples was examined
using TGA thermal analyzer (TGA-Q500) from room temperature to
800 °C at a heating rate of 10 °C/min in nitrogen atmosphere.”

3. Results and discussion

“Fig. 1 shows FESEM and TEM images of the fabricated materials.
Fig. 1a depicts the surface morphology of the fabricated spongy gra-
phene oxide (SGO), revealing a large increase in the thickness of gra-
phene layers throughout the oxidization process due to the formation of
oxygen groups in the basal plane of graphene [37]. Upon the addition of
guanosine monophosphate disodium salts, the graphene became more
exfoliated, resulting in well-defined corrugated and scrolled graphene
sheets (Na/N/P-GNS), Fig. 1b. Those curls and wrinkles clearly act to
prevent graphene sheets from restacking together with each other.
Fig. 1c shows a TEM image of the fabricated SGO, which appeared

crumpled with lots of folds. Fig. 1d depicts a TEM image of Na/N/P-
GNS, showinga smooth and transparent surface with crumpled thin
flake. These corrugations and wrinkles are most probably originated
from the intercalated P defects in the Na/N/P-GNS.The surface wrink-
ling and folding also created bags of open edge sites, which are very
promising sites for sensing and electrocatalytic applications [38]. The
selected area electron diffraction pattern of the Na/N/P-GNS, Fig. 1e,
shows a ring-like pattern with dispersed bright spots, suggesting that
the P-doped graphene sheets became partially orientated, due to the
structural distortion caused by the incorporation of P atoms into the
graphitic planes.”

“Fig. 2 illustrates the Raman spectra and the XRD pattern of pristine
graphite, GO and Na/N/P-GNS. Fig. 2a shows the diffraction peak of
graphite at 2θ = 26.5° corresponding to the diffraction from the (0 0 2)
plane with an interlayer spacing of 0.34 nm. Upon chemical oxidation
with KMnO4, this diffraction peak was disappeared, indicating the
complete oxidation of pristine graphite as evident by the single and
sharp diffraction peak at 2θ = 12°, characteristic of GO with an inter-
layer spacing of 0.83 nm, suggesting that the GO is devoid of any gra-
phite [39]. The spacing between the layer increases along the c-axis
from 0.34 to 0.83 nm is owing to the existence of oxygen atoms on the
GO sheets [40]. Upon functionalization of GO with guanosine mono-
phosphate, the diffraction pattern shows a broad peak centered at 26°
with the disappearance of the peak at 12°, indicating the restacking of
graphene sheets and supports the formation of N/P-GNS with complete
reduction of GO.” Fig. 2b shows the Raman spectra of the fabricated
SGO and Na/N/P-GNS. The spectrum of carbon nanomaterial is usually
characterized by two main bands (D and G) ranging from 1200 to
1800 cm−1. The intensity ratio of the D and G bands (ID/IG) is a useful
parameter to determine the sp2 domain size of a carbon structure
containing sp3 and sp2 bonds. The spectra of SGO exhibited a G band at
1575.3 cm−1 and a D band at 1359.6 cm−1, with an ID/IG ratio of 0.98.
Upon functionalizing SGO with guanosine monophosphate, the G and D
bands are shifted to 1582.2 and 1349 cm−1, respectively and the D
band becomes more prominent, resulting in a higher ID/IG ratio (1.0).
The higher ID/IG ratio of N/P-GNS than that of GO suggest a higher
disorder level due to the generation of smaller nano crystalline

Fig. 1. FESEM images of (a) Spongy GO and (b) (N/P-GNS), and TEM images of (c) spongy GO, (d) (N/P-GNS), and (e) selected area electron diffraction pattern of N/
P-doped GNS.

D.M. El-Gendy, et al. Journal of Electroanalytical Chemistry 837 (2019) 30–38

32



graphene domains by heteroatom doping [41].
Fig. 3a shows the FTIR spectra of SGO and N/P-GNS. Graphene

oxide is characterized as an insulator because of the physical damage of
its conjugated structure, as a result of the action of strong acids. This
process makes the graphene oxide layers in graphite oxide to be greatly
oxygenated and attached with many carbonyl, carboxyl, and hydroxyl
functional groups. The FTIR spectra of GO shows bands observed at
3563 cm−1 1725 cm−1, 1621, 1378 cm−1, and 1101 cm−1, which can
be assigned to OeH stretching vibrations ν (OH2) ascribed to adsorbed
water, the stretching vibrations ν (C=O) of COOH group corresponding
to carbonyl and carboxyl groups, (C=C) from un-oxidized sp2 CC
bonds, OeH deformation of C–OH group, and ν (CeO) stretching vi-
brations mode [42]. On the other hand, the FTIR spectra of N/P-GNS
indicates the disappearance of the peak at 1725 cm−1 and the emer-
gence of a new peak at 1556 cm−1, which is a characteristic of the C]O
stretching in the amide group, and a peak at 3339 cm−1 characteristic
of NeH stretching [43]. These peaks demonstrate that guanosine
monophosphate molecules were covalently bonded to SGO by the
amide linkage. Besides, some new bands observed at 1384 cm−1,
1205 cm−1, 1021 cm−1, 3265 cm−1, and 3339 cm−1, which can be
assigned to P]O, P-O-C, NH2 and –OH [44], the vibrational modes
(C]C twisting mode) of graphene at 816 cm−1 and about 671 cm−1 as
well as the graphene skeletal vibrational mode at 567 cm−1 [45].

“Fig. 3b shows the TGA results of the fabricated SGO and N/P-GNS
upon heating under nitrogen atmosphere to 800 °C at a rate of
10 °C min−1. The observed mass loss at temperatures below 100 °C is
due to the removal of adsorbed water. The SGO material is thermally
unstable and loses weight in three temperature zones; below 110 °C due
to humidity content and vanishing of interstitial H2O [46] and the
weight loss of mass was about 8%, around 130–250 °C due to the de-
composition of hydroxyl groups, intercalated water and carboxyl
groups to yield gasses as H2O and CO2, where CO2 [47], and from 350
to 800 °C with the highest loss reached about 80% can be ascribed to

the decay of carbonyl group formed on the surface of graphene oxide to
produce CO gas [48].Compared to the SGO, N/P-GNS showed higher
thermal stability with no abrupt obvious mass loss till 200 °C. The
material only exhibits mass loss of 14.5% at 800 °C, indicating that SGO
is effectively reduced [49]. This is very beneficial for the use of the
material in supercapacitors as it was shown before that the specific
capacitance of reduced graphene oxide annealed at 200 °C was the
highest and decreases with increasing the annealing temperature [50].
Moreover, the N/P-GNS preparation method in the present study avoids
a high-temperature treatment to dope graphene with nitrogen and
phosphorus compared to the previous reports [23–32,50].”

To confirm the Na/P/N co-doping, the elemental composition of N/
P-GNS was investigated using X-ray photoelectron spectroscopy (XPS).
Fig. 4a displays the XPS survey spectrum, showing a dominant C1s peak
(~284.4 eV), an O1s peak (~532.0 eV), a P2p peak (~133.3 eV), an
N1s peak (~399.9 eV), and a Na1s peak (~1071.3 eV), with resultant
atomic percentages of 74.5, 13.6, 1.1, 5.4, and 5.5 at. %, respectively.
Fig. 4b shows the C 1s high-resolution spectra, showing a singlet peak at
284.4 eV, which is attributed mainly to sp2-hybridized graphitic carbon
[51]. This singlet peak can be deconvoluted into four peaks: C1, C2, C3,
and C4. The C1 peak located at a binding energy of 284.4 eV with a
peak area proportion of 37.51% can be attributed to CeC bonding (sp2
carbon) in defect-free graphite lattice [52]. Peak C2 located at 284.9 eV
with a peak area proportion of 14.24% is ascribed to carbon in the CeC
bonding in defective graphite lattice and CeN sp2 bonding [53]. The
considerable presence of C2 demonstrates the defect structure and
formation of an amide bond between the graphene and the guanosine
monophosphate disodium salt. Peak C3 located at a bonding energy of
286.4 eV with a peak area proportion of 10.62% is attributed to carbon
in CeO bonding [54]. Peak C4 located at 288.4 eV with a peak area
proportion of 19.21% is attributed to carbon in a C]O amide bond
[55]. To understand the nature of nitrogen species, the deconvolution
of the N1s spectrum was performed as shown in Fig. 4c, where two

Fig. 2. (a) XRD pattern of pristine graphite, SGO and Na/N/P-GNS, and (b) Raman spectra of SGO and N/P-GNS.

Fig. 3. (a) FTIR spectra and (b) TGA analysis of the fabricated SGO and Na/N/P-GNS.
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peaks can be distinguished that can be ascribed to pyridine N at 399 eV
and pyrrolic N at 400.01 eV [56]. The O1s peak can also be deconvo-
luted into three component peaks, Fig. 4d, where the peak at 530.9 eV
may result from NaeO [57,58], the major peak at 532.5 eV can be
assigned to the PeO bonding [59], and the peak at 534.1 eV can be
ascribed to the CeO bonding [60]. The high-resolution P2p spectrum,
Fig. 4e, indicates one type of chemical bonding as PeO at about
133.3 eV [61]. The deconvolution peaks of the Na1s spectrum were
observed at 1071.3 eV, which may result from NaeO [62,63].

Cyclic voltammetry (CV) was performed to study the super-
capacitive performance of the fabricated SGO and N/P-GNS samples in
0.5 M H2SO4. The specific capacitance of the electrode can be calcu-
lated from the CV curves using Eq. (1):

=Cs
Idv

vm V (1)

where Cs is the specific capacitance of the electrode (F/g), m is the mass
of the active material (g), I is the response current density (A/g), ΔV is
the potential difference (V) and v is the potential scan rate (mV/s).
Fig. 5a shows the cyclic voltammograms of the SGO and N/P-GNS
electrodes in 0.5 M H2SO4 at a scan rate of 1 mV/s. While the GO
electrode shows insignificant current response due to its insulating
physical characteristics, the current of the N/P-GNS electrode increases
as the potential increases, suggesting an increasing electrical con-
ductivity. The CV curves of the N/P-GNS electrode shows a rectangular
shape at low scan rates, typical of electric double layer capacitive

behavior [64], with a small deviation from the rectangular shape at
100 mV/s, in accordance with previous reports for graphene [65]. Ir-
respective of the scan rate, the N/P-GNS electrode shows a cathodic
(reduction) peak at ∼0.5 VSCE and a corresponding anodic peak at
∼0.32 VSCE, Fig. 5b. The specific capacitance of the N/P-GNS electrode
reached 499 F/g at a scan rate of 1 mV/s and drops to 81.4 F/g at a scan
rate of 200 mV/s, Fig. 5c. This is a common phenomenon as the ions in
the electrolyte might not have enough time to move into the complex
micropores of the electrodes (diffusion limited) at high scan speeds.
Note that the obtained specific capacitance of 499 F/g at a scan rate of
1 mV/s is much higher than those previously reported for P, N co-doped
graphene synthesized via a microwave-assisted method in the presence
of ammonium polyphosphate (286 F/g in 1 M H2SO4) [66], and P, N co-
doped carbon material (PNDC) produced from aminated tannin and
poly phosphoric acid through microwave (161 F/g in 6 M KOH) [67],
see Table 1. The obtained high specific capacitance of the fabricated N/
P-GNS electrodes can be related to the synergistic effect of both N and P
doping that could prompt Faradic reactions. Additionally, graphene
became more exfoliated upon doping, facilitating the transportation of
ions into the complex.

The measurements of galvanostatic charge/discharge at different
current densities are performed in order to examine the suitability of
the fabricated N/P-GNS electrodes for supercapacitor application. The
charge/discharge curves have a quasi-triangular-shape with no notice-
able IR drop observed. The specific capacitance was also calculated
from the discharge curves at different current densities using Eq. (2):

Fig. 4. X-ray photoelectron spectroscopy (XPS) analysis: (a) survey, and high resolution (b) C1s, (c) N1s, (d) O1s, (e) P2p, and (f) Na1s spectra of N/P-GNS.
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=Cs I t
m V (2)

where I is the discharge current (A), Δt is the discharge time (s), and ΔV
is the potential window (V). All the charge/discharge curves (Fig. 6a,b)
are quasi-triangular, which may indicate fast and capable charge
transfer as well as high electrical conductivity. The calculated specific
capacitances are 492.9, 447.7, 429.9, 350.6, 344.8 and 291.6 F/g at
0.1, 0.2, 0.4, 0.9, 1 and 2 A/g, respectively. It was observed that 59.1%
of the capacitance could be retained upon increasing the current density

20 times, indicating a good rate capability. The capacitance of the N/P-
GNS is higher than those previously reported for N-doped graphene
prepared via supercritical fluid-assisted processing in the presence of
oxime (286 F/g in 1 M H2SO4 at a current density of 0.5 A/g) [68], in
the presence of o-phenylenediamine (301 F/g in 6 M KOH at 0.1 A g−1)
[69], N-doped graphene aerogels functionalized with melamine (170.5
Fg−1 at 0.2 Ag−1 in 6 M KOH) [70], porous N-doped graphene/carbon
nanotubes composite (PNGC) prepared by pyrolysis (246.6 Fg−1 at a
current density of 0.5 A g−1 in 6 M of KOH) [71], N-doped graphene
nano sheets prepared by one step supercritical fluid-assisted reaction of
N-containing organic compounds with graphene oxide (280 F/g at a
current density of 0.5 A g−1 in 1 M H2SO4) [72], N,P,S-co doped
Hierarchically Porous Carbon Spheres fabricated using the silica col-
loids, polyaniline, phytic acid and ammonium persulfate (274.5 Fg−1 at
0.5 Ag−1 in 6 M KOH) and N-rich porous carbons (417.5 F g−1 at 0.5 A
g−1 in 6 M KOH) [73,74]. The obtained high specific capacitance of N/
P-GNS electrode can be related to the co-doping effect that prevents the
stacking of graphene layers and increases the electronegativity [73].
This co-doping may cause charge delocalization and the dipoles can
draw charged species inside the surface of graphene producing Faradic
redox reactions [75]. The positive effect of Na+ can be related to the
creation of p-type conductivity that improves capacitance and electro-
chemical activity of graphene by increasing the supported fast redox
reactions [76,77].

The cycle life test of the fabricated N/P-GNS electrodes was per-
formed at a scan rate of 200 mV/s for 1000 cycles, Fig. 6c. Note that the
specific capacitance sharply increased from the initial cycle until
1000 cycle to be 101% of the initial cycle, indicating the excellent cy-
cling stability of the fabricated N/P-GNS electrodes, which can be re-
lated to the increase of the electrolyte temperature during continuous
operation over time. The energy and power densities are very important
performance parameters of the supercapacitor, which can be calculated
from the galvanostatic charge/discharge curves using Eqs. (3) and (4):

= =E Cs V I Vt
m

1
2

( )
2

2
(3)

= =P E
t

I V
m (4)

where E indicates the average energy density (Wh/kg), P is the average
power density (W/kg), and Cs is the specific capacitance calculated
from the charge/discharge curves. Ragone's plot of the N/P-GNS elec-
trodes at different current densities is shown in Fig. 6d. The energy
density can reach up to 98.58 Wh/kg with a power density of 59.99 W/
kg at a current density of 0.1 A/g. Upon increasing the current density
extremely to 2 A/g, the energy density remains at 58.3 Wh/kg with a
reasonable power density of 1200 W/kg. note that the obtained energy
density (98.58 Wh/kg) is much higher than those reported for un doped
reduced graphene oxide (E = 11.6 Wh/kg and P = 250 W/kg) [78],
RGO electrodes (E = 5.8 Wh/kg at 0.1 A/g) [79], mesoporous graphitic
electrodes (E = 20 Wh/kg) [80], and N-doped graphene (NG) synthe-
sized in the presence of hexamethylenetetramine flame with graphite
oxide (E = 5.5 Wh/kg) [81].

4. Conclusion

Functionalize graphene (Na/N/P-GNS) was prepared via one-pot,
green method. The electron microscopy (FESEM and TEM) analyses
should the formation of crumpled exfoliated structure with lots of folds,
which was attributed to the presence of guanosine monophosphate
disodium salt between layers after covalent functionalization. This was
confirmed by the XRD analysis, showing a broad diffraction peak cen-
tered at 26° with the disappearance of the peak at 12°, indicating the
functionalization of SGO with the complete reduction of SGO. This was
further confirmed via FTIR analysis, which showed a peak at
1556 cm−1, characteristic of the C]O stretching in the amide group,

Fig. 5. (a) Cyclic voltammograms of N/P-GNS and GO electrodes at a scan rate
of 5 mV/s, (b) cyclic voltammograms of N/P-GNS electrodes at different scan
rates, and (c) the corresponding specific capacitance of N/P-GNS electrodes at
different scan rates in 0.5 M H2SO4.
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and a peak at 3339 cm−1 characteristic of NeH stretching, confirming
the covalent functionalization through the amide linkage. Also, bands
appear at 1384 cm−1, 1205 cm−1, 1021 cm−1, 3265 cm−1 and
3339 cm−1, which can be assigned to P]O, P-O-C, NH2, and –OH. The
Ramen spectra of N/P-GNS showed higher ID/IG ratio (1.0) than that of
SGO (0.98), indicating the introduction of sp3 domain upon functio-
nalization of SGO with guanosine mono phosphate disodium salt. The
TGA analysis showed a slight weight loss of (14.5%) at 800 °C for the
N/P-GNS electrode, indicating that the oxygen-based groups in GO have

formed heat-stable structures due to the covalent bonding with gua-
nosine monophosphate disodium salt. The XPS survey spectrum showed
a dominant C 1s peak (~284.4 eV), an O 1 s peak (~532.0 eV), a P 2p
peak (~133.3 eV), an N 1s peak (~399.9 eV), and a Na 1 s peak
(~1071.3 eV) with resultant atomic percentages of 74.5, 13.6, 1.1, 5.4,
and 5.5 at.%, respectively. The synthesized materials have been tested
as supercapacitor electrodes in 0.5 M H2SO4 using cyclic voltammetry
(CV) at different potential scan rates, and galvanostatic charge/dis-
charge tests at different current densities. The N/P-GNS electrodes

Table 1
Specific capacitances reported for co-doped graphene compared to our work.

Material Synthetic approach Specific capacitance (Fg−1) Ref.

P,N co-doped graphene with ammonium polyphosphate Microwave processing (286 Fg−1 in 1 M H2SO4) [66]
P, N co-doped carbon material (PNDC) produced from aminated tannin and poly

phosphoric acid
Microwave processing (161 Fg−1 in 6 M KOH) [67]

N-doped graphene in the presence of oxime Supercritical fluid-assisted processing (286 Fg−1 in 1 M H2SO4) [68]
In the presence of o-phenylenediamine (301 Fg−1 in 6 M KOH) [69]
N-doped graphene aerogels functionalized with melamine Annealing process at high temperatures (170.5 Fg−1 in 6 M KOH) [70]
Porous N-doped graphene/carbon nanotubes composite (PNGC) Pyrolysis processing (246.6 Fg−1 in 6 M of KOH) [71]
N-doped graphene nano sheets Supercritical fluid-assisted processing (280 Fg−1 in 1 M H2SO4) [72]
N,P,S-co doped hierarchically porous carbon spheres Polymerization reaction (274.5 Fg−1 at in 6 M KOH) [73]
N-rich porous carbons Carbonization processing (417.5 Fg−1 in 6 M KOH) [74]
Functionalized Na/N/P co-doped graphene Green, single-pot synthesis (499 Fg−1 in 0.5 M H2SO4) Current work

Fig. 6. (a) Galvanostatic charge/discharge curves of (N/P-GNS) electrode at different current densities. (b) Variation of specific capacitance against current density
(c) CV curves of (N/P-GNS)electrode at the first and 1000th CV cycles of the. (d) Ragone plot related energy and power density at different current densities 1, 2, 3, 4
and 5 A/gin 0.5 M H2SO4.
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showed a maximum specific capacitance of 499 F/g at a scan rate of
1 mV/s and exhibited excellent cycling retention of 101% after
1000 cycles at 200 mV/s. The energy density can reach up to
98.58 Wh/kg with a power density of 59.99 W/kg at a current density
of 0.1 A/g. Those figures of merit are much greater than those reported
for graphene-based materials examined under similar conditions. The
observed high performance can be related to the synergistic effects of
the spongy structure and the Na/N/P co-doping.
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