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Pyrrolic-structure enriched nitrogen doped graphene for
highly efficient next generation supercapacitors

Fathy M. Hassan, Victor Chabot, Jingde Li, Brian Kihun Kim, Luis Ricardez-Sandoval*
and Aiping Yu*

This study reports the preparation of pyrrolic-structure enriched nitrogen doped graphene by

hydrothermal synthesis at varied temperature. The morphology, structure and composition of the

prepared nitrogen doped graphene were confirmed with SEM, XRD, XPS and Raman spectroscopy. The

material was tested for supercapacitive behavior. It was found that doping graphene with nitrogen

increased the electrical double layer supercapacitance to as high as 194 F g�1. Furthermore, density

functional theory (DFT) calculations showed the proper level of binding energy found between the

pyrrolic-nitrogen structure and the electrolyte ions, which may be used to explain the highest

contribution of the pyrrolic-structure to the capacitance.
1 Introduction

Supercapacitors are devices that can store greater amounts of
energy than conventional capacitors, and they are able to deliver
more power than batteries. Furthermore, they have relatively long
cycle life and are capable of rapidly charging or discharging at
high power density.1,2 There is signicant interest to increase the
use of supercapacitors in a wide and growing range of applica-
tions including electric vehicles, electric utilities, backup power
and more.2–4 Various materials have been used as electrode
materials for supercapacitors including carbon materials,5–9

metal oxides10–12 or conducting polymers.13 However, carbon in
its various forms is the most common electrode material for
supercapacitor applications that require high capacitance and
high power density. Graphene, the 2D carbon nanostructure, has
attracted great interest for application in the eld of energy
storage and conversion.14–17 Its excellent and unique properties
e.g. high chemical stability,18,19 high electrical conductivity20,21

and large surface area21,22 enable its use for many potential
applications,23,24 including supercapacitors16,25 or Li batteries.26

Many attempts have been made to modify graphene prop-
erties by controlling its structure. The success of doping carbon
nanotubes with nitrogen27–29 encouraged the trials for chemical
doping of graphene with heteroatoms such as N. This was found
to be an effective method to intrinsically modify graphene since
nitrogen chemically binds to the carbon lattice of graphene.
Further, nitrogen has a comparable atomic size and high elec-
tronegativity compared to carbon.30,31 Nitrogen doped graphene
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(NG) can be synthesized by a CVD approach where the nitrogen
containing precursors are introduced to graphene at high
temperature with controlled atmosphere.26,31 Other methods
include nitrogen plasma treatment32 or DC arc-discharge.33 The
NG produced from these methods exhibits four different types
of nitrogen bonding congurations: pyridine-like (N-6, 398.1–
398.3 eV), pyrrole-like (N-5, 399.8–401.2 eV), quaternary (N-Q,
401.1–402.7 eV), and oxidized nitrogen (N-O, 403–405 eV). There
are limited experimental or modelling studies available that
investigate the difference of these four different nitrogen
congurations and their contribution to supercapacitor
performance.30,34

It is reported that NG prepared from the identied methods
contain predominantly N-6 congured nitrogen.31,32 In this
paper we introduce an approach to produce NG using a
hydrothermal method and systematically study the temperature
impact on nitrogen conguration and performance. In addi-
tion, the graphene synthesized by this approach is more
enriched with nitrogen in the N-5 conguration. The
morphology and the introduction of nitrogen to the graphene
were conrmed by SEM, XRD, Raman and XPS spectroscopy.
The maximum supercapacitor performance was found using
the NG sample prepared at 130 �C. Meanwhile, density func-
tional theory (DFT) calculations were carried out to study the
binding energy between different nitrogen congurations and
the electrolyte, which gives insight required to better under-
stand the contribution from each nitrogen conguration.
2 Experimental
2.1 Synthesis of graphitic oxide

The graphite oxide (GO) was prepared following the modied
Hummers' method in which graphite akes are oxidized using a
This journal is ª The Royal Society of Chemistry 2013
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mixture of potassium permanganate, sulfuric acid and sodium
nitrate.35 In a typical synthesis 2 g of graphite powder and 1 g of
sodium nitrate were stirred into 46 mL of conc. H2SO4 in a
round bottom ask while keeping the temperature at 0 �C using
an ice bath. 6 g of KMnO4 were added slowly and then the
mixture was diluted by deionized water, followed by the addi-
tion of 40 mL of 30% H2O2. Aer that, the mixture was ltered,
washed and dried.

2.2 Synthesis of NG

Scheme 1 shows the hydrothermal synthesis of NG. In brief, a
2 mg mL�1 solution of graphitic oxide in deionized water was
made and sonicated for an hour. Then, the pH was adjusted to
10–11 using an ammonia solution before adding 1.75 mL of
aqueous hydrazine. The mixture was magnetically stirred for 10
minutes, transferred to a Teon-lined autoclave and subjected
to hydrothermal treatment for 3 hours. Aer cooling, the
mixture was ltered, washed with deionized water and dried in
a vacuum oven. For the preparation of pristine graphene,
Scheme 1 Hydrothermal reduction/doping of GO to NG.

This journal is ª The Royal Society of Chemistry 2013
NaBH4 was used following our previous procedure36 instead of
using ammonia and hydrazine. The rest of the reaction condi-
tions were kept the same as that of NG. Three different
temperatures including 80 �C, 130 �C and 180 �C were investi-
gated to determine the temperature effect. Correspondingly,
the products were denoted as NG80, NG130, and NG180,
respectively.
2.3 Physical characterizations

Morphology of the NG materials was characterized by scanning
electron microscopy (SEM) (LEO FESEM 1530) and trans-
mission electron microscopy (TEM) (Philips CM300). XRD
patterns were recorded by a Bruker-AXS D8 Discover diffrac-
tometer (Co-Ka source). X-ray photoelectron spectroscopy (XPS)
was conducted to determine the atomic composition using a
Thermal Scientic K-Alpha XPS spectrometer. Raman scattering
spectra were recorded on a HORIBA Scientic LabRAM HR
system (532.4 nm laser).
2.4 Electrochemical measurements

Electrochemical measurements were carried out using a CHI
760D electrochemical workstation (CH Instruments, USA).
Cyclic voltammetry (CV), charge discharge (CD), and electro-
chemical impedance spectroscopy (EIS) techniques were all
carried out following a 25-cycle CV activation between �0.1 and
0.9 V versus SCE at a scan rate of 0.1 V s�1 in 1 M KCl electrolyte.
CV was carried out between �0.1 and 0.9 V versus SCE at scan
rates between 0.01 and 0.2 V s�1. Working electrodes were
prepared by pipetting an aqueous 2 mg mL�1 dispersion of NG
onto glassy carbon. Charge–discharge (CD) was carried out
between �0.1 and 0.9 V versus SCE at current densities between
0.5 and 1 A g�1. The capacitance of the three electrode super-
capacitor cells was calculated based on the mass of the gra-
phene or NG within the electrodes.
2.5 Computational methods

The cluster calculations were based on the unrestricted Kohn-
Sham DFT approach and were carried out with the program
ADF37,38 on SHARCNET (http://www.sharcnet.ca) under the
umbrella of Compute/Calcul Canada. In ADF, the electron wave
functions were developed on a basis set of numerical atomic
orbitals (NAOs) and of Slater type orbitals (STOs). The calcula-
tions were performed by using Perdew–Burke–Ernzerhof (PBE)
generalized gradient correction of the exchange-correlation
function. The triple polarization (TZP) basis of Slater-type
orbitals provided with the ADF package was used. In order to
describe the interactions between the potassium ion (K+) and
the graphene, the bonding energies (BE) of K+ ion were dened
by the following equation:

BE ¼ E(graphene) + E(K+) � E(K+–graphene) (1)

where E(K+–graphene), E(K+), and E(graphene) represent the
energies of the K+-bound to the graphene structure, the K+ ion,
and the graphene structure, respectively.
J. Mater. Chem. A, 2013, 1, 2904–2912 | 2905
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Fig. 1 XRD for NG samples prepared at different temperatures in comparison
with pristine graphene.
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3 Results and discussion
3.1 Structure and morphology characterization

Fig. 1 shows the XRD results of NG prepared at different
temperatures with comparison to the pristine graphene, G80.
The gure shows a major peak (002) at about 24 � 0.2� which
corresponds to an average interlayer spacing of 3.79, 3.73, 3.67,
and 3.62 Å for G80, NG80, NG130, and NG180 respectively. These
spacing values are a little greater than that of graphite (�3.36 Å)
due to doping with nitrogen and oxygen. It is interesting to note
that by doping and by increasing the doping temperature the
d-spacing decreases in the investigated temperature range. It is
expected that by increasing the temperature more functional
groups are removed (especially those that extend off the basal
plane leading to lattice mismatch in the reduced graphene). This
is expected to cause a slight decrease in the d-spacing as is
observed here. In addition, the broadening of the peaks is
evidence for the exfoliation and conversion of graphitic oxide into
graphene and NG. Around 43� there are weak diffraction peaks
that correspond to (004) and/or (100) planes. The crystal size (Lc)
was estimated using the Scherrer equation;39

Lc ¼ Al/(Bcos q) (2)

where A is the shape factor (�0.9); l is the X-ray wavelength; q
the Bragg angle; B is the full width at half maximum (FWHM) of
Table 1 List of parameters deduced from XRD data for different materials

2q, degree d-spacing, Å FWHM, radian Lc, Å No. of layers

G80 23.48 3.79 0.0836 13.13 3.46
NG80 23.86 3.73 0.0925 13.23 3.55
NG130 24.24 3.67 0.1071 15.33 4.18
NG180 24.63 3.62 0.1079 16.98 4.69

2906 | J. Mater. Chem. A, 2013, 1, 2904–2912
the (002) peak in radians. The results are listed in Table 1. The
crystallite size increased slightly on introduction of nitrogen at
80 �C from G80 to NG80. However, the increase in Lc becomes
more signicant by increasing the temperature. Lc is based on
the (002) peak and reects the Z dimension of the graphene
plates (thickness). Dividing the Lc with the corresponding
d-spacing of the material gives an estimation of the number of
layers;31,40 this is listed in Table 1.

Fig. 2a shows an FE-SEM image of NG180. The gure shows
an exfoliated and wrinkled nanoplatelet texture characteristic
for graphene. Fig. 2b displays high resolution TEM image for
NG180. The image shows that the NG prepared by this hydro-
thermal method is reasonably exfoliated and is formed of a few
layers thick. This was shown by XRD to be 3 to 4 layers.

Fig. 3 displays the UV-Vis absorption spectra of the different
materials aer dispersion in solution as shown in the onset.
The graphitic oxide solution has more absorption than gra-
phene. This is attributed to the greater number of functional
groups in GO compared to that of G. For the NG materials, the
absorbance increases with increased doping temperature.
Tauc's equation was used to determine the energy band gap, Eg;

u23 ¼ (hu � Eg)
2 (3)
Fig. 2 SEM micrograph of NG180 (a) and the corresponding high resolution
TEM image (b).

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 UV absorption data for different materials.

Table 2 Band gap of different materials as determined using eqn (3) and Fig. 3

Band gap G80 NG80 NG130 NG180

Eg (eV) 1.62 2.85 1.80 2.10

Table 3 Parameters estimated from Raman spectroscopy for different materials

Materials D-Band G-band ID/IG I2D/IG La, nm

G80 1341.8 1575.5 1.27 4.22 15.18
NG80 1338.9 1578.4 1.36 4.23 14.18
NG130 1340.4 1575.5 1.24 0.21 15.55
NG180 1334.6 1572.6 1.34 0.25 14.39
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where 3 is the absorbance, u, is the angular frequency of light,

which is
2p
l

, and l is the wavelength. On plotting
3
1 =

2

l
versus

1
l
,

and extrapolating the obtained straight line segment until
intersecting with the x-axis, we can get the band gap. Table 2
lists the band gap of the different materials. It is interesting to
note that NG130 has the smallest energy band gap, suggesting it
has the highest intrinsic conductivity among the NG materials.
This could relate to the supercapacitor performance of the
material since higher conductivity material usually results in
lower internal resistance of the electrode.

Fig. 4 displays the results of the Raman spectra of NG
samples in comparison with pristine graphene. The Raman
spectra parameters are listed in Table 3 for different materials.
Fig. 4 Raman spectroscopy of the NG samples prepared at different tempera-
tures in comparison with pristine graphene.

This journal is ª The Royal Society of Chemistry 2013
The spectra show the typical D, G and 2D band of both graphene
and NG. The presence of the D band peak as well as the very
weak 2D band is a typical characteristic of chemically synthe-
sized graphene.41–43 The G band is attributed to the rst order
scattering of the stretching vibration mode E2g observed for the
sp2 carbon domain. The D band is strongly associated with the
degree of disorder within the graphene.44

A quantitative measure to estimate the degree of disorder in
graphene is the ratio of intensities of the D and G bands i.e.
ID/IG.42,43 The values for ID/IG are 1.27, 1.36, 1.24 and 1.34 for G80,
NG80, NG130, and NG180, respectively. This implies that the
doped graphene in general has higher values of ID/IG than the
pristine graphene, which means possessing more defects, than
the pristine graphene. An exception of this is NG130 which shows
the lowest value for ID/IG. The possible reason for this might be
attributed to structural differences. Since the nitrogen content for
NG130 is similar to that of NG180, about 2.77 atom%, the
difference might be in the conguration of bonds and/or the
nature of N doped to graphene, as will be seen later by XPS
measurements. It is also interesting to note the values of I2D/IG,
which is inversely related to the charge carrier concentration.
Here the values for I2D/IG are 4.22, 4.23, 0.21, and 0.25 for G80,
NG80, NG130, and NG180, respectively, see Table 3. The results
indicate that the value decreases by increasing the temperature
from 80 �C to 130 �C or 180 �C. This reveals that increasing the
temperature of the synthesis generally improves the conductivity
of the doped graphene. However, the value of I2D/IG is the
smallest for NG130 indicating that this sample has higher charge
carrier concentration, which means that it is more conductive
and is in agreement with it having the smallest band gap as seen
from the UV-vis data. It has been shown that the ratio ID/IG is
inversely related to the in-plane crystallite size La, which can be
determined using the Tuinstra–Koenig relationship:45

LaðnmÞ ¼ �
2:4� 10�10

�
l4
�
ID

.
IG

��1

(4)

where l is the Raman excitation wavelength. The values of La are
listed in Table 3, corresponding to the interdefect distance on
the surface of the graphene sheets.30

Fig. 5a compares the XPS results of the pristine graphene
(G80) and the nitrogen doped graphene (NG130). The gure
clearly shows the appearance of a peak at about 400 eV which
corresponds to nitrogen. In addition, there is some residual
oxygen in both samples, which is common for the solution
prepared graphene. The percentage of doped nitrogen was esti-
mated by XPS analysis to be 3.20, 2.77, 2.77 atom% for NG80,
NG130 and NG180 respectively. Fig. 5b–d show high resolutions
of the nitrogen for the samples NG80, NG130 and NG180. The
J. Mater. Chem. A, 2013, 1, 2904–2912 | 2907
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Fig. 5 (a) XPS spectra for NG prepared at 130 �C and pristine graphene; (b), (c) and (d) high resolution XPS for different NG samples prepared at 80, 130, and 180 �C,
respectively; (e) is a proposed NG structure based on the result of XPS analysis; and (f) is atomic% of nitrogen in every NG sample and its associated resolved
components in atom%. The black bar is the total atomic% of nitrogen in that sample.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
9 

D
ec

em
be

r 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
W

at
er

lo
o 

on
 2

4/
01

/2
01

8 
03

:4
9:

46
. 

View Article Online
results of tting of these spectra show that nitrogen bonds to the
graphene matrix in four different forms including pyridinic,
pyrrolic, quaternary (graphitic) and oxidized nitrogen, which are
centered at 398.9, 400.3, 401.8 and 405 eV,46–48 respectively. The
suggested structure is shown in Fig. 5e and the percentages of
these nitrogen components are plotted in Fig. 5f. In all samples,
the pyrrolic nitrogen predominates. However, for NG130 the ratio
of the pyrrolic nitrogen to the overall nitrogen is the highest.
3.2 Electrochemical measurements

Fig. 6a shows the cyclic voltammetry curves for NG prepared at
different temperatures with a scan rate of 100 mV s�1 in 1 M KCl.
2908 | J. Mater. Chem. A, 2013, 1, 2904–2912
The CV curves are virtually rectangular, showing that an
approach to ideal and reversible capacitive behavior is almost
achieved.36 The loop area for NG130 is greatest, followed by
NG180 and then NG80 has the smallest area. Fig. 6b shows the
effect of scan rate on the CV for the NG130 electrodes. The
general trend observed is that as the scan rate increases the area
of the CV loop increases. The specic capacitance of the different
electrode materials is determined based on their CVs according
to the following equation:

Cs ¼

ð
 idV

2�m� DV � S
(5)
This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c2ta01064j


Fig. 6 (a) CV curves for NG samples prepared at different temperatures measured at 100 mV s�1 in 1 M KCl, (b) CV curves for NG130 at different scan rates, (c) the
capacitance of the different materials as a function of the scan rate, and (d) the EIS of the different NG electrodes.
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where C is the specic capacitance in farads per gram,
Ð
idV is

the integrated area under the CV curve, m is the mass of the
electrode active materials in grams, DV is the scanned potential
window in volts, and S is the scan rate in volts per seconds. The
results of these calculations are plotted in Fig. 6c. The results
show that nitrogen doping graphene clearly increases its
capacitive behavior. The reason may be attributed to the high
electronegativity of nitrogen which helps create dipoles on the
surface of graphene, resulting in higher tendency to attract
charged species to the surface. The highest performance ach-
ieved here is for NG130 which shows a capacitance of 194 F g�1.
It is noteworthy that NG130 has the smallest band gap, the
smallest ID/IG ratio, the highest predicted charge carrier
concentration (based on the smallest I2D/IG), and the highest
proportion of pyrrolic nitrogen to the overall nitrogen. This
interesting result is further conrmed by EIS measurements of
the different NG electrodes shown in Fig. 6d. The gure shows
the Nyquist plots for the three different electrode materials:
NG80, NG130, and NG180. The linearity in the EIS plots at low
frequency suggests that the electrode process is under diffusion
control. The slope of these lines is related to the formation rate
of the electric double layer (EDL). The larger the slope the faster
the EDL will be formed.49,50 The slope for the NG130 electrode is
This journal is ª The Royal Society of Chemistry 2013
obviously greater than that for the NG180 and NG80 electrodes,
which further emphasizes that NG130 shows a more ideal
supercapacitor behavior. The three electrodes shows semi-
circles at the high frequency with very small diameters, sug-
gesting a small charge transfer resistance.

Fig. 7a shows the galvanostatic charge–discharge behavior of
the NG130 electrodes at different current densities. The nearly
ideal behavior as electrical double layer capacitor (EDLC) is
visibly seen throughout the linear charge–discharge slopes as
well as the symmetry observed for the curves. The capacitance
values were calculated from the slopes of the discharge curves
following the equation Cs ¼ Is/(DV/Dt). The results were plotted
in Fig. 7b. It can clearly be seen that NG130 has the highest
capacitance at all currents. The trend of increasing specic
capacitance is comparable to that calculated from the CV
measurements, see Table 4.

For supercapacitors, energy and power densities are two
important parameters to consider. However, it should be noted
that performance calculations based on a three-electrode system
can oen overstate material performance in real devices due to
the low weight loading on the electrode. Therefore, the energy
density estimate for an equivalent two electrode cell composed of
NG130 is calculated using the following equation:51,52
J. Mater. Chem. A, 2013, 1, 2904–2912 | 2909
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Fig. 7 (a) Galvanostatic charge–discharge curves for NG130 electrode at
different currents and (b) the capacitances derived from the CD curves for the
different NG materials at different currents.
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E ¼ (Cs/4) � (DV)2/7.2 (6)

where Cs/4 is the specic capacitance estimate of a two electrode
cell in farads per gram,53 DV is the potential window for CV
measurements in volts, and E is the energy density in W h kg�1.
Utilizing the three electrode test data from the CV measure-
ments, the maximum energy densities (measured at a scan rate
of 0.01 V s�1) of a two-electrode cell are estimated to be 6.7 and
3.2 W h kg�1 for NG130 and graphene respectively. The
maximum average power densities of the electrodes were
calculated using the energy densities and the discharge time t,
from CV at 0.2 V s�1, using the following equation:54

P ¼ E

t
(7)
Table 4 Specific supercapacitances of different NG calculated from CV results at
0.01 V s�1, and from CD results at 0.5 A g�1

Material
Cs, from CV
at 0.01 V s�1 (F g�1)

Cs, from CD
at 0.5 A g�1 (F g�1)

G80 91 53
NG80 94 66
NG130 194 182
NG180 131 95

2910 | J. Mater. Chem. A, 2013, 1, 2904–2912
The calculated values for average power density were found
to be 3.7 kW kg�1 and 1.6 kW kg�1 for NG130 and G80,
respectively. This result indicates that doping graphene with
nitrogen almost doubles the power density that could be
obtained utilizing this material.

In order to better understand the contribution of capaci-
tance from each nitrogen conguration and further explore the
reason of the best performance demonstrated by NG130 at a
molecular level. We carried out the DFT calculations to estimate
the binding energy between the nitrogen congurations and K+

ions. In the present study, the graphene surface was modeled
using a hydrogenated graphene cluster (C54H18) (Fig. 8) with C–
C and C–H bond distances equal to the values obtained for bulk
graphite that are 1.42 and 1.09 Å,55 respectively. In all the
calculations, the clusters were allowed to relax. A set of stable
congurations for K+ ion adsorption on the N-congurations
based on rst principles density functional theory (DFT) are
shown in Fig. 9. The corresponding binding energies of each
conguration are also shown. The results in Table 5 show that
adsorption of the K+ ion on N-Q has the smallest bonding
energy, followed by N-5, N-O� and N-6. Among all the N-
congurations, strong bonding energies were observed for K+

ion on the N-6 and N-O� structures: �2.06 eV on the N-6 with
three pyridinic nitrogen atoms, �1.92 eV on the N-6 with
H-terminated dangling bonds and �1.34 eV on N-O�.

From the XPS results we have seen that in all nitrogen doped
samples the pyrrolic carbon dominates. In addition, NG130 has
the highest percentage of pyrrolic nitrogen among all the
samples. Based on the calculation, the pyridinic nitrogen (Table
5) has the strongest binding to the K+ ions, whether in a 3
pyridinic unit cell or a one pyridinic unit cell. Whereas pyrrolic
N binding to K+ only gives rise to �1.05 eV. The strong bonding
is due to attraction of ions, but if the attraction is too strong,
releasing of the ions becomes difficult. Therefore, NG130 has
the most optimized wettability to the K+ ions. If we compare the
contribution of the ions approaching the surface to binding we
can say overall that pyrrolic nitrogen is readily accessible to
ions. This observation might explain why electrodes fabricated
Fig. 8 Structure of the graphene model (C54H18) used in the present study. The
edge region of graphene is terminated by hydrogen atoms. The larger gray circles
are carbon atoms, and the smaller white circles are hydrogen atoms.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 9 Optimized K+-bound structures and binding energies on different N-doped graphene configurations: (a) graphene, (b) N-Q, (c) three N-6, (d) N-6 with
H-terminated dangling bonds, (e) N-5 with H-terminated dangling bonds, (f) N-5 anion with H-terminated dangling bonds, and (f) N-O� (grey, blue, and white
represent C, N, and H atoms, respectively; pink and red stand for K+ and O�, respectively).

Table 5 Binding energies between K+ ions and different N configurations
obtained from DFT calculations

Nitrogen conguration N-6*a N-6*b N-5 N-Q N-O�

BE (eV) �2.06 �1.92 �1.05 �0.98 �1.34

a N-6 with three pyridinic nitrogen (see Fig. 9c). b N-6 with H-terminated
dangling bonds (see Fig. 9d).
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from NG130 shows the highest capacitance. It is also important
to predict that if the strong binding species predominate, the
charge will bind to the surface too tightly which affect its
reversibility. Consequently, the supercapacitor loses Coulombic
efficiency.
4 Conclusions

Graphene and nitrogen doped graphene have been synthesized
by a hydrothermal technique from graphitic oxide. XPS
conrmed that the percentage of doping was 2.77–3.2%. In
addition, among the different nitrogen species, pyrrolic
nitrogen was found to predominate. The doping was found to
signicantly enhance the specic capacitance, partially due to
the improved electrical conductivity of the materials. This is in
This journal is ª The Royal Society of Chemistry 2013
agreement with the lower band gap and lower impedance
results among the NG series. The temperature was found to
have a varied effect on the performance and the optimized
results were achieved at 130 �C with a high supercapacitance of
194 F g�1. Energy density was estimated to be as high as 6.7 W h
kg�1 and the maximum power density reached 3.7 kW kg�1.
Density functional theory applied to study the binding energy
between different nitrogen congurations and the electrolyte
suggests that the pyrrolic conguration contributes more to the
capacitance due to it having more optimal binding energy than
the electrolyte ions. This material is an excellent candidate for
use in electrical double layer supercapacitors.
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