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Abstract

Graphene and heteroatom-doped graphene are potential candidates for high-performance energy storage applica-
tions, such as supercapacitors. Herein, we have studied the structure and defect generation in nitrogen-doped reduced 
graphene oxide (N-rGO), synthesized via pyrolysis of urea in a wide temperature range (600–900 °C). Nitrogen-doped 
defect densities were analyzed in detail by the deconvolution of the Raman spectrum, where we found the importance 
of additional I and D’’ peaks. I peak is found to be sensitive to the dopant, and D” peak is consistent with the crystallinity, 
which are further revealed by X-ray photoelectron spectroscopy and X-ray di�raction measurements. Synthesized N-rGO 
was then investigated for the supercapacitor electrode. N-rGO synthesized at 800 °C, having low crystallinity (crystallite 
size 3.44 nm), highest degree of reduction (C/O ratio = 23), high speci�c surface area (152.3  m2 g−1), and presence of both 
pseudocapacitive and electric double layer behavior, resulting in highest areal capacitance of 138.4 mF  cm−2, lowest self-
discharge rate, and exceptional capacity retention of 121.7% after 10,000 cycles of charge–discharge. The synthesized 
electrode material has also been tested for a symmetric supercapacitor cell showing high speci�c capacitance 66.8 F  g−1 
in 0.5 M  H2SO4 electrolyte. This study is a �rst of its kind of structural evaluation and Raman characterization of N-rGO 
for application in supercapacitor cell.

Keywords Nitrogen-doped reduced graphene oxide · Symmetric supercapacitor · Raman deconvolution · Areal 
capacitance

1 Introduction

Among energy storage devices, supercapacitors have 
attracted great interest since 1957, when General Electric 
patented and demonstrated their practical application [1]. 
Supercapacitors are classi�ed into electric double-layer 
capacitors (EDLCs) [2], pseudocapacitors [3], and hybrid 
capacitors, on the basis of their charge storage mecha-
nism. EDLC behavior is commonly shown by carbon-based 

materials, where charge storage takes place via electrolyte 
ion intercalation inside porous electrode materials. The 
intercalation of ions results in the formation of an electro-
static double layer, which leads to the charging of EDLC 
supercapacitor materials.

Among available carbon-based materials like carbon 
nanotubes (CNT), activated carbon, and graphene, gra-
phene emerged as an appropriate candidate for EDLC 
electrode due to its high mechanical strength (Young’s 
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modulus of ~ 2 TPa) [4], large surface area (~ 2630 m2 g−1) 
[5], and high electrical conductivity (~ 5  10–3 S  cm−1) [6]. 
High mechanical strength provides structural stability to 
the electrode over volumetric change during electrochem-
ical measurement [7]. The high surface area allows better 
electrolyte ion intercalation between graphene sheets 
[8], and high electrical conductivity leads to fast electro-
chemical kinetics [9]. Despite the excellent properties of 
graphene, the accessible surface area in pristine graphene 
depends mainly on its layered structure. The tendency of 
stacking of these layers will (a) limit the e�cient electro-
lyte ion accessibility and (b) diminish the electrochemi-
cally active sites, overall lowering intrinsic capacitance as 
a supercapacitor electrode [10]. To overcome these limita-
tions, theoretical and experimental studies have proved 
that heteroatom doping improves the electrochemical 
performance of graphene [11–13], by tailoring its elec-
tronic properties, preventing the stacking of sheets, and 
inducing defects to provide surface active sites in the lat-
tice [14–17].

Here, nitrogen (N) atom was chosen as dopant because 
of its comparable atomic size with a carbon atom, making 
it relatively easy for N to replace C in graphene lattice and 
induce defects. Further, the di�erence in electronegativity 
of N and C atoms will enable to tune the electronic proper-
ties of graphene. Nitrogen can be doped in graphene in 
three possible doping con�gurations, termed as pyrrolic 
(N-5), pyridinic (N-6), and quaternary nitrogen (N-G) (also 
shown in Fig. 1) [18]. In recent years, urea/melamine are 
used as eco-friendly and low-cost precursors for large-
scale production of nitrogen-doped reduced graphene 
oxide (N-rGO) [15, 16, 19] via pyrolysis at high tempera-
ture for applications such as oxygen reduction reaction 
(ORR) [20], hydrogen evolution reaction (HER) [14], and 

batteries [21]. However, focus on short/particular tem-
perature range and inadequate analysis in previous stud-
ies has limited the scope of urea derived graphene (het-
eroatom-doped graphene) to mere characterization and 
application [14, 15, 19]. In the present work, to investigate 
the correlation between structural change and superca-
pacitor application of N-rGO, we have (1) considered a 
wide temperature range (600–900 °C) of N-rGO synthe-
sis to clearly observe the generation and collapse of the 
N-rGO structure simultaneously and (2) carried out Raman 
deconvolution to analyze the defect densities at all syn-
thesis temperatures. Although Raman spectroscopy is a 
well-established tool to characterize carbon samples and 
their structural defects, via the appearance of conventional 
D and G peaks, a complete understanding of heteroatom 
doping is still challenging and requires further investiga-
tion of additional deconvoluted peaks [22], with their cor-
related study.

In this study, N-rGO is synthesized via pyrolysis of urea 
and graphene oxide (GO) within a temperature range of 
600–900 °C. X-ray diffraction and D” Raman peak sup-
ported the increased crystallinity of the samples at higher 
pyrolysis temperatures. However, this crystallinity was 
observed to have little e�ect on the areal capacitance. 
Another deconvoluted Raman peak, i.e. I peak, was found 
to be dopant sensitive and its correlation with X-ray pho-
toelectron spectroscopy con�rmed high nitrogen doping 
(15 at. %) at 600 °C pyrolysis temperature. However, 800 °C 
was found to be the optimum temperature for designing 
the supercapacitor electrode possessing large surface 
area, high degree of reduction, low crystallinity, and the 
combined e�ect of EDLC and pseudocapacitive behavior 
due to attached functional groups, specially quinone.

2  Materials and methods

2.1  Synthesis of Nitrogen‑doped reduced graphene 
oxide (N‑rGO)

For N-rGO, synthesis was carried out in two steps. Firstly, 
graphite oxide (GO) was synthesized using the modi�ed 
Hummers’ method [23]. Brie�y, natural graphite of �ake 
size 7 µm (Sri Lanka natural graphite, RS Mines) was oxi-
dized using concentrated sulphuric acid  (H2SO4, Wako 
Pure Chemical Industries Ltd.) and potassium permanga-
nate  (KMnO4, Nacalai Tesque Inc.), followed by hydrogen 
peroxide  (H2O2, Kishida Chemical Co.). The reaction was 
quenched using distilled (DI) water and the resultant mix-
ture was washed and dried to obtain GO. Obtained GO 
(0.4 g) was dissolved in 200 mL of DI water containing 2.8 g 
urea (GO: urea = 1:7 wt./wt.) and the mixture solution was 
sonicated for 1 h to obtain a uniform mixture dispersion. 

Fig. 1  Schematic of N-rGO
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The high weight ratio of GO/urea (1:7) was used to develop 
a clear understanding of pyrolysis temperature on dop-
ing con�guration. The mixture was freeze-dried and pyro-
lyzed at di�erent temperatures (600, 700, 800, and 900 °C) 
for 1 h in an inert atmosphere. Then, the obtained black 
color products were washed thoroughly with 1 M HCl and 
dried in vacuum at 60 °C for 3 h. The synthesized samples 
were marked as N-rGO-6, N-rGO-7, N-rGO-8, and N-rGO-9, 
referring to the pyrolysis temperature of 600, 700, 800, and 
900 °C, respectively.

2.2  Characterization

X-ray di�raction (XRD) measurement was carried out to 
study the crystal structure and interlayer d spacing with 
Rigaku Ultima IV X-ray Di�ractometer using Cu Kα radia-
tion source (λ = 1.5405 Å). XRD was operated at 40 kV and 
200 mA with a step size of 0.02° and a scan speed of 2° 
per min with varying 2θ value from 10° to 80°. Raman 
spectroscopy (In-Via Renishaw Microscope, 532 nm laser 
source) was employed to study the structural changes like 
restoration and degree of defects. X-ray photoelectron 
spectroscopy (XPS) (ULVAC-PHI 5000, monochromatic Al 
Kα X-ray, 1486.6 eV) was done to measure the chemical 
composition and surface functional groups in N-rGO. The 
XPS spectra were calibrated using an  sp2 C 1 s band at 
284.5 eV. Morphological studies were performed by trans-
mission electron microscopy (TEM), operated at 120 kV 
using JEOL, JEM-2100 microscope. Energy-dispersive 
X-ray (EDX) spectroscopy equipped on scanning electron 
microscopy (SEM, SU3500, Hitachi High Technologies Co.) 
was operated at 15 kV using EMAX Evolution X-Max Hor-
iba Ltd. The Brunauer–Emmett–Teller (BET) method was 
applied to study nitrogen adsorption–desorption isotherm 
at 77 K using a Micromeritic TrisStar II.

2.3  Electrochemical measurement

The electrochemical performance of all the samples 
was evaluated using the HZ-7000 Hokuto Denko elec-
trochemical measurement system in a three-electrode 
setup at room temperature. Pt wire was used as a coun-
ter electrode (CE), Ag/AgCl as a reference electrode (RE), 
and active material coated on glassy carbon (GC) elec-
trode (φ = 3 mm) as a working electrode (WE). Electrode 
ink comprising of active material (1 mg N-rGO), DI water 
(60 µL), isopropyl alcohol (IPA) (40 µL), and 5 wt. % Na�on 
as a binder was spin-coated on the GC at 400 rpm, keep-
ing the mass loading to 1 mg cm−2 for all electrochemi-
cal measurements. The deposited electrode was dried in 
vacuum at 60 °C for 1 h. The electrochemical reaction on 
WE was measured by cyclic voltammetry (CV) at a scan 
rate of 5 mV s−1 in an aqueous 0.5 M  H2SO4 solution. In the 

present study, the aqueous electrolyte was mainly focused 
because of its high ionic conductivity (that will lead to high 
power density), low cost, convenient storage (can store 
in the ambient environment), and environment-friendly 
nature (non-�ammable and does not produce harmful by-
products). Areal capacitance was calculated from C =

IΔT

AΔV
 , 

where I refers to charge/discharge current, ΔT is discharge 
time, A is the area of the deposited electrode and ΔV is 
the potential window for charge/discharge measurement.

For symmetric cell measurement, the same amount of 
electrode ink was drop-casted on two cleaned stainless 
steel substrates. Prior to measurement, the Whatman �lter 
paper was soaked in 0.5 M  H2SO4 electrolyte overnight, 
and the �lter paper was used as a separator in the cell. The 
soaked �lter paper was sandwiched between both depos-
ited electrodes and electrode connections were made 
by spot welding stainless steel wire at both electrodes. 
Speci�c capacitance was calculated from galvanostatic 
charge–discharge (GCD) curve using formula C =

IΔT

mΔV
 , 

where m is the mass of active material deposited.

3  Results and discussion

3.1  Material characterization

The oxidation of graphite to GO and simultaneous reduc-
tion and N doping to N-rGO were investigated by XRD 
analysis (Fig. 2). The synthesis of GO with the interlayer 
spacing of d = 0.89 nm by the modi�ed Hummers’ method 
was con�rmed by the peak position of (002) plane at 9.9°. 
The high lattice spacing in GO comes from the expansion 
of basal plane due to the formation of GO sheets modi-
�ed with oxygen functional groups and intercalated water 
molecules between the sheets, as reported in the litera-
ture [24, 25]. The highly intense and sharp peak of GO is 
attributed to the ordered stacking of GO sheets along the 
c-axis [26]. On the other hand, N-rGO synthesis is certi-
�ed from the peak position shift of (002) plane to a higher 
value for all the samples, as shown in Fig. 2. After pyrolysis, 
interlayer d spacing of N-rGO samples was decreased due 
to the removal of the water molecule and oxygen func-
tional groups. In addition, the increased peak intensity and 
peak sharpness for the (002) plane was observed with an 
increase in pyrolysis temperature (Fig. 2b). The peak shape 
change suggests overlapped N-rGO sheets along c-axis 
[27] and increased crystallinity of the sample at higher 
temperatures [16]. This is consistent with the calculated 
crystallite size along the c-axis  (Lc) (Table 1) using Scher-
rer’s equation, with dimensionless shape factor, K = 0.89 
[19, 28]. The XRD analysis exhibits that the N-rGO-9 is more 
crystalline and has a large  Lc as compare to other N-rGO 
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samples. The e�ect of crystallinity on supercapacitor per-
formance will be discussed in the following section.

Structural and defect density change from nitrogen 
incorporation were investigated by Raman spectroscopy 
analysis. Figure 3a shows the comparative study of the 
Raman spectra for various N-rGO samples. Here, two high-
intensity broad peaks, centered at ~ 1350 cm−1 (D peak) 
and ~ 1590 cm−1 (G peak) were observed. The D peak and 
G peak are generated from the breathing mode of the  sp2 
C ring and in-plane C = C  sp2 bond vibration [26, 29]. A red-
shift appeared in G peak from GO to rGO and further, rGO 
to N-rGO, as shown in Fig. S1 and 3a. The red-shift comes 

Fig. 2  XRD patterns of a GO and N-rGO samples; b Enlarged comparison of (002) di�raction plane of N-rGO samples

Table 1  The value of d spacing obtained from XRD for all N-rGO 
samples & crystallite size calculated from Scherrer’s equation

Samples d002 spacing (nm) Crystallite 
size,  Lc (nm)

GO 0.89 28.77

rGO-8 0.34 1.04

N-rGO-6 0.33 3.12

N-rGO-7 0.34 2.63

N-rGO-8 0.33 3.44

N-rGO-9 0.33 5.52

Fig. 3  a Raman spectra of various N-rGO samples; b Raman deconvolution of N-rGO-8 sample
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from two main reasons: (1) restoration of the conjugate 
structure of graphene during pyrolysis at high tempera-
tures [15, 30] and (2) doping with a heteroatom (here, N) 
since G peak is sensitive to charge carrier and dopant con-
centration in graphene lattices [31, 32]. The intensity ratio 
of D and G peaks  (ID/IG) is used to estimate the degree of 
disorderness and defects in graphene lattice [29]. Table 2 
shows the  ID/IG ratio for GO, rGO, and all N-rGO samples. 
The  ID/IG ratio for N-rGO is higher than that of GO and rGO 
and the results indicate the creation of structural defects 
by (1) pyrolysis process, which leads to the cracking of  sp2 
carbon bonds and formation of smaller  sp2 domains [14, 
33] and (2) nitrogen doping into the lattice [15]. The in-
plane crystallite size  (La) of the synthesized samples was 
calculated following the work by Tunistra and Koenig 
[34] and is summarized in Table 2. The crystallite size  (La) 
decreases with increasing pyrolysis temperature because 
a large number of lattice defects are induced due to the 
breakage of N-rGO sheets during thermal decomposi-
tion of urea into  CO2 and  NH3 gas via formation of biuret 
 (C2H5N3O2) and isocyanic acid (HNCO) [22, 35]. The com-
plex nature of induced defects in N-rGO makes it di�cult 
to fully understand the structure of doped graphene with-
out deconvolution of the Raman spectrum. Therefore, 
we deconvoluted the Raman spectrum into four peaks, 
termed as I peak (~ 1340 cm−1), D peak (~ 1360 cm−1), D” 
peak (~ 1550 cm−1) and G peak (~ 1600 cm−1). A typically 
�tted Raman spectrum for N-rGO-8 is shown in Fig. 3b and 
the summarized �tting results of other N-rGO samples are 
provided in the online resource (Fig. S2). While the origin 
and signi�cance of D and G peak are well understood 
[26, 29], I peak and D” peak are not well explored. I peak 
is observed as a shoulder to the D peak on the spectrum 
of N-doped carbon [22, 36] or highly disordered carbon, 
as observed by Angoni [37]. We found that the behavior 
of the I peak ratio is consistent with the N doping amount 
and the I peak ratio decreases with an increase in pyrolysis 
temperature (Table S1). The D” peak lies in between D and 
G peak and has been identi�ed as an indicator of stacking 
defects and crystallinity in graphene lattice [38]. T. Shari� 
et al. mentioned an increase in D” peak with loss in  d002 
stacking [36] and S. Vollebregt et al. observed a decrease in 
D” peak with an increase in crystallinity [39]. These reports 

support our �ndings of decreasing D” peak with pyrolysis 
temperature, where crystallinity of N-rGO sheets increased 
as consistent with XRD results in Fig. 2b. Another defect 
induced peak, D’ peak was also reported in few studies 
[30, 40, 41] as a shoulder peak to G peak. However, in our 
case, the D’ and G peak are found to be fully overlapping, 
as reported in a previous in-situ study [22]. Raman spec-
troscopy analysis depicted the dependence of deconvo-
luted I and D” peak on the nitrogen incorporation and 
crystallinity of the sample, respectively. This makes Raman 
spectroscopy and Raman deconvolution as a very strong 
tool for the characterization of N-rGO samples, speci�cally 
temperature-dependent structural change. 

We investigated the elemental composition and type 
of nitrogen functionalities in graphene lattice by XPS 
analysis. Figure 4a shows a comparison of survey scans 
for all N-rGO samples. The survey spectra con�rm the pres-
ence of C, O, and N in N-rGO, with no other impurities. 
The high-resolution peak for C 1 s (Fig. 4b) can be decon-
voluted into 5 bands corresponding to  sp2 C, C = N/C-O, 
C-N/C = O, O-C = O, and π-π*, positioned at 284.5, 285.6, 
287.0, 289.3, and 291.3 eV, respectively [15, 16, 20, 42]. An 
increase in the  sp2 carbon band is observed with pyroly-
sis temperature, because of nucleation of the new smaller 
 sp2 nanodomains within the  sp3 matrix during annealing 
and thermal decomposition of urea at a high temperature, 
whereas simultaneous decreasing the average size of the 
 sp2 domain is also witnessed by calculated  La from Raman 
analysis [14, 15]. Furthermore, the N-rGO-8 sample exhibits 
a broader C 1 s band (high FWHM) than rGO-8 (Fig. S3). The 
spectra change suggests successful nitrogen doping and 
formation of C-N species [31, 43, 44].

To probe nitrogen doping phenomena and its function-
alities, high-resolution spectra for N 1 s peak were decon-
voluted into 4 bands corresponding to pyridinic nitrogen 
(N-6), pyrrolic nitrogen (N-5), graphitic nitrogen (N-G), and 
oxidized nitrogen (N–O) (Fig. 4c and Fig. S4). A gradual 
decrease in N content was observed (Table 3), along with 
the transformation of the N 1 s spectrum with pyrolysis 
temperature. The peak deconvolution analysis shown in 
Table 3 reveals variation in N-6, N-5, N-G, and N–O content, 
as a decrease in N-6 and N-5 and an increase in N-G and 
N–O with pyrolysis temperature, changes the peak shape 
of the N 1 s spectrum [14, 33, 45].

From the above observations, we framed a possible 
mechanism of N-doping. At lower pyrolysis temperature, 
the incoming nitrogen atom from urea interacts mostly 
with the oxygen functional groups present at the edges 
or defects of graphene lattice, and doped nitrogen forms 
N-5 and N-6 functionalities. As the temperature increases, 
further removal of oxygen functional groups takes place, 
which leads to the partial removal of N-5 and N-6 function-
alities and simultaneously increase in N-G functionality, 

Table 2  ID/IG ratio and 
calculated in-plane crystallite 
size for all the samples

Samples ID/IG La (nm)

GO 0.91 ± 0.01 21.13

rGO-8 0.94 ± 0.02 20.45

N-rGO-6 1.08 ± 0.01 17.80

N-rGO-7 1.10 ± 0.01 17.48

N-rGO-8 1.14 ± 0.02 16.86

N-rGO-9 1.20 ± 0.07 16.02
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because of the high thermal stability of N-G [15, 46−48]. 
It was also reported that the mechanical stability of the 
N-rGO lattice comes dominantly from N-G as compared to 
N-6 and N-5 [49] because once N is incorporated into the 
lattice, it is very di�cult for C to replace them [50]. Hence, a 
higher temperature of pyrolysis is better for the formation 
of stable N-rGO with higher N-G content.

Morphological characterization and elemental map-
ping of the synthesized N-rGO were studied by TEM and 
SEM–EDX, respectively. Figure 5a shows a TEM image of 
the exfoliated N-rGO-8 sheet with a highly wrinkled struc-
ture at low magni�cation. The wrinkles in the N-rGO sheet 
appear due to thermal treatment at high temperatures 
due to removed oxygen functional group and incorpo-
rated nitrogen. Interlayer spacing (d = 0.33 nm) can be 

seen in the high-resolution micrograph, (inset) which 
matches that from XRD. SEM–EDX mapping (Fig. 5b) con-
�rms the uniform and homogeneous doping of nitrogen 
along with the presence of C and O elements. The wrinkled 
and defective structure of N-rGO will provide catalytically 
active sites for electrochemical reactions.

3.2  Supercapacitor performance

To investigate the electrochemical reaction and capacitive 
performance of the synthesized material as a supercapaci-
tor electrode, CV was carried out in 0.5 M H2SO4 electro-
lyte. Quasi-rectangular CV pro�les (Fig. 6a) with high dou-
ble-layer capacity were observed for all N-rGO samples. 
The CV pro�le shows the presence of pseudocapacitive 

Table 3  N-functionalities 
distribution and C/O ratio in 
N-rGO samples

Samples N (at. %) N-6 (at. %) N-5 (at. %) N-G (at. %) N–O (at. %) C/O ratio

N-rGO-6 15.0 28.6 40.7 23.4 7.2 9.9

N-rGO-7 10.1 24.0 33.5 34.5 7.9 16.9

N-rGO-8 8.7 23.6 22.3 45.2 8.8 23.0

N-rGO-9 5.8 20.2 19.7 49.9 10.2 19.3

Fig. 4  a Survey scan of various N-rGO samples (In* = Indium, from the substrate); b Expanded spectra of C 1  s peak and c N 1  s peak of 
N-rGO-8
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Fig. 5  a TEM micrograph of N-rGO-8 sample; b EDX analysis of N, C, and O in N-rGO-8

Fig. 6  a CV pro�le of N-rGO samples at a scan rate of 5 mV s−1; b GCD at 0.1 mA cm−2. c GCD of N-rGO-8 at various current densities; d Cyclic 
stability and inset: CV before and after stability of N-rGO-8
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behavior, indicated by the appearance of a broad and 
reversible redox peak between 0.2 and 0.5 V. This pseudo-
capacitive contribution arises due to the redox reaction of 
 H+ species from electrolyte with the functional groups pre-
sent on the electrode surface and has not been observed 
for organic (Fig. S10) or other types of electrolytes.[10, 12, 
17]. Therefore, the corresponding reversible redox reaction 
of quinone to hydroquinone could be,

 
The CV profile indicates the partial presence of the 

electrochemically active species, which provide redox 
behavior, on the N-rGO samples. The largest capacity in 
the CV curve for the N-rGO-8 (Fig. 6a) indicates its supe-
rior capacitive performance than other samples. It would 
be interesting to correlate the e�ect of various physical 
parameters with the electrochemical performance of the 
electrode material. Crystallinity calculated from XRD and 
Raman D’’ peak was found to have a small e�ect on the 
charge storage capacity of the material, as reported previ-
ously [51−53]. In our case, N-rGO-9 has the highest crystal-
linity and largest crystallite size along the c-axis (XRD and 
D’’ Raman peak), while N-rGO-7 has the smallest. And the 
CV pro�le shows that N-rGO-7 has a high area under the 
CV curve than N-rGO-9. Thus, the low crystalline material 
with defects may show better charge storage capacity; 
however, it is not consistent for all the samples. Another 
important factor for N-rGO is the degree of reduction, high 
reduction would allow easy ion intercalation. The obtained 
CV follows the same trend as observed from the calculated 
C/O ratio (Table 3). The degree of reduction increases with 
pyrolysis temperature; however, above 800 °C, a further 
increase in pyrolysis temperature will lead to a large num-
ber of lattice defects in the N-rGO structure, as observed 
by BET (Fig. S5). A large number of lattice defects can also 
be interpreted from Raman and XPS analysis because at 
900 °C an increase in  ID/IG ratio (Table 2) and a decrease in 
N at % (Table 3) is observed. Therefore the increased defect 
densities could mainly come from lattice defects and not 
from nitrogen induced defects [33, 45].

Figure S6 shows an increase in the double-layer cur-
rent of the CV curve with an increased scan rate due to 
the rapid and fast di�usion of ions between the electrode 
surface and electrolyte [9]. The quasi-rectangular pro�le 
of N-rGO-8 was retained even at a high scan rate, show-
ing the excellent rate capability and low resistance of the 
material.

rate, showing the excellent rate capability and low 
resistance of the material. To calculate the speci�c capaci-
tance of the electrode material, galvanostatic charge–dis-
charge (GCD) was carried out. Among all the synthesized 

(1)C
6
H
4
O
2
+ 2H

+ + 2e
−
⇌ C

6
H
4(OH)2

N-rGO samples, N-rGO-8 shows the highest areal capaci-
tance, 138.4 mF  cm−2, comparing with N-rGO-6 (82.5 mF 
 cm−2), N-rGO-7 (126.8 mF cm−2), N-rGO-9 (104.7 mF  cm−2) 
and rGO (42.7 mF  cm−2) at 0.1 mA cm−2 (Fig. 6b and Fig. 
S7). The calculated areal capacitance is higher than that 
in most of the reported works on N-doped carbon-based 
supercapacitor electrode material such as reactive laser 
synthesized N-doped graphene (9 mF  cm−2)[42], ammo-
nia plasma-treated N-rGO (9.5 mF  cm−2)[12], N-doped 
carbon nano-cage (17.4 µF  cm−2)[54], N-doped hollow 
carbon nano�bers (40 µF cm−2)[55], and other non-doped 
carbon materials including CNT/rGO �ber (0.98 mF cm−2)
[56], graphite cellulose (2.3 mF  cm−2)[57], activated carbon 
cloth (76 mF cm−2)[58], rGO/rGO (71 mF  cm−2)[59], and 
rGO/cellulose (81 mF  cm−2)[60]. The GCD pro�le in Fig. 6b 
shows a slight deviation from the perfect triangular shape 
of EDLC, which again con�rms the presence of pseudo-
capacitive behavior at the electrode surface due to the 
reduction of quinone to hydroquinone (Eq. 1). Hence, the 
capacitive performance of the N-rGO electrodes is a mix-
ture of both reversible pseudocapacitive and dominated 
EDLC behavior. This complex electrode system with nearly 
rectangular CV curve and predominant redox contribu-
tion have fast electrochemical kinetics (Fig. S6), enhanced 
capacitance, and can be used as a high-performance sym-
metric supercapacitor cell.

The variation of areal capacitance at specific cur-
rent densities is plotted in Fig. 6c. Synthesized material 
showed good endurance even at a high current density 
of 20  mA  cm−2. Charge–discharge was further carried 
out for 10,000 cycles at a constant current density of 
5 mA cm−2 (Fig. 6d). The material showed extraordinary 
performance with an increment of 21.7% in areal capaci-
tance after 10,000 cycles of continuous charge–discharge 
between − 0.2 and 0.8 V vs Ag/AgCl. Two main reasons are 
possible for the increased capacitance after stability test: 
(1) contribution of dissolved platinum (Pt) from the coun-
ter electrode in an acidic electrolyte and deposition on the 
working electrode [61], and (2) the electrochemical activa-
tion of a nitrogen functionality or oxygen functional group 
present at the electrode surface upon continuous cycling. 
Both are expected to result in the additional contribu-
tion of redox behavior. For a detailed understanding, CV 
was carried out after 10,000 cycles of GCD (inset Fig. 6d), 
where two new reversible redox peaks were observed 
between + 0.1 and − 0.1 V potential, with an increase in 
peak intensity at around 0.5 V.

To further understand the electrochemical kinetics, 
electrochemical impedance spectroscopy (EIS) was car-
ried out within a frequency range of 500 kHz to 10 mHz 
with an imposed AC potential of 5 mV (10 points per dec-
ade). Figure 7a shows the Nyquist plot for all the samples 
N-rGO-6, N-rGO-7, N-rGO-8, and N-rGO-9. All the samples 
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showed the presence of a semicircle covering the high 
and mid-frequency region and a high ended tail at lower 
frequencies. The first high-frequency semicircle in the 
Nyquist plot represents the sum of the solution resist-
ance  (Rs) of the cell and charge transfer resistance  (Rct) of 
the reaction on the working electrode, which includes the 
intrinsic resistance of the electrode  (Re), ionic resistance of 
the electrolyte  (R∞), and contact resistance between the 
electrode and current collector  (Rc) [3, 62]. The vertical 
line in the low-frequency region can be assigned to dif-
fusion layer resistance or electric double-layer formation 
at the electrode [62]. The Nyquist plots for N-GO-6 and 
N-rGO-7 show a semicircle with a large diameter due to 
high  Rs + Rct, which implies higher reaction resistance, as 
compared to N-rGO-8 and N-rGO-9, resulting in the low 
capacitive performance for these samples. Further, in the 
low-frequency region, N-rGO-8 has a steeper slope than all 
other samples showing better capacitor behavior due to 
enhanced ion accessibility and more electric double layer 
formation than other samples [10, 62]. N-rGO-9 exhibits 
a smaller semicircle than N-rGO-8, yet low capacitance, 
since the speci�c surface area of N-rGO-9 (115.3  m2 g−1) is 
lower than N-rGO-8 (152.3  m2 g−1), (Fig. S5) as estimated 
by the BET method. The lower surface area of N-rGO-9 can 
be attributed to the large number of lattice defects cre-
ated at higher pyrolysis temperatures. Figure 7b shows the 
comparative Nyquist plot before and after 10,000 cycles. 
The semicircle decreased after the stability test highlight-
ing the decrease in  Rs + Rct, which could be the reason for 
increased capacitance after the stability test. However, 
the slope of initial N-rGO-8 is steeper than slope after 
stability test, depicting the decrease in EDLC formation 
and increased pseudocapacitive behavior after potential 
cycling.

3.3  Symmetric supercapacitor performance

Further, the N-rGO-8 electrodes were assembled in a sym-
metric supercapacitor cell (SSC) con�guration, as sche-
matically shown in Fig. 8a. The mass of both anode and 
cathode was kept the same, which was equal to the mass 
of active material used in the 3 electrode setup. Figure 8b 
shows the CV profile of SSC between potential range 
− 0.4 and 0.6 V at various scan rates ranging from 5 to 
100 mV s−1. The CV pro�le in SSC had a large contribution 
from the pseudocapacitive behavior of surface functionali-
ties as compared to the CV obtained from the 3 electrode 
setup (Fig. 6a). This is attributed to the appearance of the 
redox peak for the quinone functional group from each 
N-rGO-8 electrode in SSC. Two broad and reversible redox 
peaks can be observed at a scan rate of 5 mV s−1 (Fig. 8b: 
inset). In the case of SSC, the intrinsic potential of N-rGO is 
plotted in the X-axis (unlike potential vs Ag/AgCl in X-axis 
for three-electrode setup) which gives rise to a slight shift 
in the position of the quinone redox peaks. Figure 8c 
shows the GCD curves of SSC at various speci�c current 
densities and con�rms the deviation of SSC from ideal 
EDLC behavior due to redox reaction at both cathodic 
and anodic scan. The N-rGO-8 symmetric cell showed a 
maximum speci�c capacitance of 66.8 F  g−1 at 0.1 A  g−1. EIS 
was also carried out (Fig. 8d) under similar conditions as 
carried out in 3 electrode setup. EIS analysis of SSC showed 
higher  Rs + Rct as compare to that of three-electrode sys-
tem, which could be due to various reasons, such as (1) 
low electrical conductivity of current collector (stainless 
steel), (2) high contact resistance between active material 
(N-rGO-8) and current collector, and (3) low wettability of 

Fig. 7  a EIS analysis of N-rGO samples; b EIS before and after stability for N-rGO-8
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separator (�lter paper) in electrolyte leading to poor con-
tact with the electrodes [63]. However, the vertical line in 
the low-frequency region suggests the enhanced pseudo-
capacitive behavior in the symmetric supercapacitor cell. 
Additionally, self-discharge and leak current in symmetric 
supercapacitor cell were also reported in online resources 
Fig. S8 and S9. 

4  Conclusion

In conclusion, N-rGO was synthesized via simultaneous 
N-doping and thermal reduction at 600–900 °C in the pres-
ence of urea. In this wide temperature range, the structural 
and chemical change in N-rGO crystal were investigated 
by techniques such as XRD, XPS, and Raman spectroscopy, 
and the nitrogen doping mechanism was deduced. Decon-
volution of Raman spectrum identi�ed new peaks (I and 
D’’ peak) along with conventional D and G peaks, assigned 
to the crystallinity and dopant concentration, which was 
further con�rmed by XRD and XPS. XPS analysis showed 

that the presence of functional groups in rGO provides 
active sites for nitrogen to incorporate into the lattice. 
However, at higher pyrolysis temperatures, along with 
oxygen functional groups, the removal of nitrogen was 
also observed. N-rGO synthesized at 800 °C showed the 
highest areal capacitance and excellent stability due to the 
large surface area, high C/O ratio, low crystallinity, 8.7 at. % 
nitrogen doping, and the potential-dependent activation 
of the functional group. EIS also con�rmed the superiority 
of 800 °C pyrolysis temperature due to low solution resist-
ance and reduced charge transfer resistance with domi-
nant electric double layer formation. The material was fur-
ther tested in a symmetric supercapacitor cell in aqueous 
electrolyte showing high speci�c capacitance (66.8 F g−1), 
arising from the synergistic e�ect of EDLC and pseudoca-
pacitive behavior. The above characterizations reveal the 
advanced supercapacitor behavior of the material. Further, 
real-time characterizations (such as in-situ techniques) in 
commercially feasible electrolytes (like organic and ionic 
electrolytes) are essential for complete optimization and 
practical usage of the N-rGO as a supercapacitor electrode.

Fig. 8  a Schematic representation of two-electrode setup; b CV pro�le at various scan rates and inset: CV at 5 mV s−1 c GCD at di�erent cur-
rent densities; and d EIS analysis of SSC
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