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Herein, we studied the nitrogen-doped reduced graphene oxide (N-doped RGO) as an excellent electrode
materials in energy storage applications. The N-doped RGO based solid-state symmetric supercapacitor
(SSC) device shows high specific capacity (141.1 mA h g�1) and high energy density (28.2 W h kg�1).
The N-doped RGO based SSC device illustrates the notable stabilities of �95.4% via 10,000 galvanostatic
charging-discharging (GCD) cycles and �93.2% via 8 h voltage holding tests. Additionally, the N-doped
RGO based SSC device shows outstanding self-discharge properties, which retains the voltages of
0.65 V, 0.69 V, 0.68 V and 0.70 V of its initial voltage (1.2 V) after each GCD cycling + 2 h voltage holding
test + 2 h self-discharge test, respectively, which vindicates the excellent state of health of the
supercapacitor device.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Modern civilization is enfolded by the endless handy gadgets,
especially mobile phones as communication devices, sensors and
artificial intelligence (AI) as public safety & security, and health
conscious wearable fitness tools [1,2]. However, these all handy
gadgets/security devices require clean, affordable, durable, and fast
chargeable energy storage systems. Recently, electrochemical
capacitors have attracted considerable attention due to their inher-
ent properties such as high power density, fast charging and highly
durable [3,4] and have commenced in hybrid vehicles, electronics
toys and portable devices, including memory backup systems
[5,6]. Therefore, the large scale production of supercapacitors
would be a next step towards substituting batteries, however,
the lower energy density, percolation of electrolytes, and less
investigations to voltage holding test, leakage current and self-
discharge characteristics make them difficult to take forward. On
the other hand, the nanostructured materials are the backbone in
electrode preparation, which plays a significant role in boosting
the electrochemical properties of the supercapacitor device [7].
Therefore, two-dimensional (2D) layered materials, polymer based
solid-state electrodes, and voltage holding and self-discharge tests
are the key parameters, which can be optimized to deal with the
current scenario faced by the supercapacitors.

Reduced graphene oxide (RGO) is an outstanding 2D nanomate-
rials of the carbon family with sp2 hybridized carbon atoms,
enriched with high surface area and inherent electrical and
mechanical properties makes it ubiquitous in several applications
such as gas sensors, batteries, supercapacitors and FETs [8,9]. How-
ever, the addition of heteroatoms (N, B or F) on the surface or in the
bulk of RGO can provide an effective approach to enhance the pair
of electrons in the host system, which harmonize the electron
donor-acceptor behaviour [10], and therefore, can improve the
electrochemical properties of supercapacitor device.

In this letter, we fabricated the nitrogen-doped reduced gra-
phene oxide (N-doped RGO) based symmetric supercapacitor
device for energy storage applications. The SSC device exhibits large
voltage window of 1.2 V and high specific capacity. The SSC device
depicts the outstanding stability via galvanostatic charging-
discharging (GCD) cycles and voltage holding test, which results
small leakage current. The self-discharge characteristics describes
the good health of supercapacitor device and further provides
deeper insight to understand the mechanisms of diffusion-
controlled processes or leakage current through internal resistance.
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2. Experimental details

Graphene oxide (GO) was synthesized from natural graphite
(Alfa Aesar) using the modified Hummers method [11]. The pre-
pared GO (30 mg) solution in 60 ml de-ionized (DI) water with
Fig. 1. (a) TEM image, (b) HRTEM image, (b1, b3) enlarged area of HRTEM image and (b2,
scan XPS peaks of C1s and (e) fitting of narrow scan XPS N1s peaks of N-doped RGO.

Fig. 2. (a) Schematic representation of the N-doped RGO based SSC device and demonstra
and (f) Stability via GCD cycles at 3.1 A g�1.
ultrasonication, and then urea (900 mg) was added slowly as nitro-
gen (N) dopant and kept stirring for 30 min. Further, the prepared
solution was transferred into a Teflon-lined autoclave of 100 ml
capacity and kept it under the convection oven at 160 �C for
12 h. The synthesized precipitate was centrifuged, washed with
b4) their corresponding FFT analyses, (c) XPS survey spectrum, (d) fitting of narrow

tion of red LED, (b) CV plots, (c) GCD profiles, (d) specific capacity, (e) energy density
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DI water and ethanol for several times, and dried at 80 �C in vac-
uum to obtain nitrogen-doped reduced graphene oxide (N-doped
RGO). The material characterization techniques, electrode prepara-
tion and solid-state symmetric supercapacitor (SSC) device fabrica-
tion are discussed in the supporting information.
3. Results and discussion

Fig. 1(a) shows the transmission electron microscopy (TEM)
image of N-doped RGO layers, which are folded, twisted, crumbled
and overlapped, can be beneficial in supercapacitor applications.
Fig. 1(b, b1 and b3) depicts the high resolution TEM (HRTEM)
images of N-doped RGO with overlapped and crossed lattice
fringes of 0.37 nm. Fig. 1(b2, b4) shows the fast Fourier transform
(FFT) images of N-doped RGO with (0 0 2) lattice plane. Fig. 1(c-e)
indicates the x-ray photoelectron spectroscopy (XPS) survey and
narrow spectra of N-doped RGO with C1s (284.3 eV), O1s and N1s
(399.37) peaks, respectively [11]. In addition, the fitting of narrow
scan spectra of C1s and N1s in Fig. 1(d, e), confirm the presence of
C-N, C-C, graphitic-N, pyrrolic-N and pyridinic-N peaks of the
nitrogen-doped functional groups in the RGO system, which also
play a key role in pseudocapacitance behaviour of electrochemical
capacitors [12]. Furthermore, the Raman and Fourier-transform
Fig. 3. N-doped RGO based SSC device; (a) Voltage holding test (inset: enlarged portion
SSC devices after 4 h voltage holding test), (c) specific capacity and retention at 3.1 A g�1,
(f) voltage holding + self-discharge characteristics, fitting curves of self-discharge models
processes (Eq. S6), and (i) EIS spectra before/ after 10,000 GCD cycles and 8 h voltage h
infrared (FTIR) spectroscopy results also studied and discussed in
the supporting information [Fig. S1(a, b)], which confirms the suc-
cessful synthesis of N-doped RGO and justifies the TEM and XPS
results.

Fig. 2(a) shows the schematic representation of exploded view
of N-doped RGO based SSC device, which displays the illumination
of a red light emitting diode (LED). Fig. 2(b) shows the CV plots of
N-doped RGO based SSC device at different scan rates (5 mV s�1 to
50 mV s�1). This exhibits the capacitive as well as pseudocapacitive
nature, which is further justified by the charge storage kinetics
mechanism as discussed in the Fig. S2(a, b) (evaluated by using
Eq. S1) [12]. The nitrogen-doped functional groups that bond to
the RGO structure can be considered as pyridinic-N, pyrrolic-N,
quaternary-N, and pyridinic-N-oxide types, are supposed to deliver
pseudocapacitance through the redox reactions between N-doped
structures and protons. Here, pyridinic-N and pyrrolic-N structures
are playing a key role in contributing pseudocapacitance properties
of N-doped RGO based SSC device [12]. From Fig. 2(c), the linear
portion in the GCD plots contributes EDLC whereas plateau region
indicates the small contribution of pseudocapacitance, which plays
a key role in determining the specific capacity of supercapacitor via
reversible adsorption-desorption of electrolyte gel ions and redox
reactions [12,13]. Fig. 2(d) shows the high specific capacity (evalu-
ated by using Eq. S2) of 141.1 mA h g�1 at a current density of
of GCD cycles), (b) reproducibility via voltage holding test (inset: GCD cycles of four
(d) leakage current, (e) GCD cycles + voltage holding + self-discharge characteristics,
(g) leakage current through internal resistance (Eq. S5) and (h) diffusion-controlled
olding test.



R.K. Mishra et al. /Materials Letters 245 (2019) 192–195 195
1.2 A g�1 and 93.4 mA h g�1 at a current density of 16.2 A g�1,
respectively. Fig. 2(e) illustrates high energy and power densities
(evaluated by using Eqs. S3 & S4) of 28.2 W h kg�1 and
7494.7 W kg�1, respectively. Fig. 2(f) elucidates the excellent GCD
cycling stability of 95.4% (inset shows the in-between GCD cycles).

Fig. 3(a) shows the GCD cycling + voltage holding tests of SSC
device for 8 h (inset shows the GCD cycles in between voltage
holding test), which results good voltage capabilities of SSC device.
Fig. 3(b) shows the reproducibility via voltage holding tests (inset
depicts the GCD cycles of four SSC devices), which reveals admir-
able reproducibility of SSC device. Fig. 3(c) displays the average
specific capacity and average specific capacity retention evaluated
by the four SSC devices, which offers the outstanding stability of
93.2% after 8 h voltage holding tests. Fig. 3(d) shows the small leak-
age currents of 0.028 mA, 0.024 mA, 0.023 mA and 0.021 mA dur-
ing 2 h, 4 h, 6 h and 8 h voltage holding tests, which suggests
that there is no internal resistance formed during voltage holding
test. Fig. 3(e) shows GCD cycles + 2 h voltage holding test + 2 h
self-discharge plots of the SSC device for 16 h and displays good
voltage holding capabilities of 0.65 V, 0.69 V, 0.68 V and 0.70 V of
its initial voltage (1.2 V) after GCD cycles + 2 h voltage holding
test + 2 h self-discharge test, respectively. Thus, these self-
discharge results validate the stability results obtained from GCD
cycles [Fig. 2(f)] and voltage holding tests [Fig. 3(a–c)] and also
the results of leakage current [Fig. 3(d)]. Fig. 3(f) reveals the
enlarged portion of self-discharge plot [Fig. 3(e)] to further study
the self-discharge mechanisms of the SSC device. To understand
the self-discharge mechanisms, two models such as leakage cur-
rent over internal resistance (Eq. S5) and the diffusion controlled
processes (Eq. S6) were used to investigate the SSC device’s perfor-
mance credibility.

Fig. 3(g) shows the ln V vs t plot of self-discharge by applying
the Eq. S5. The self-discharge results deviates from linear nature,
which shows that the self-discharge characteristics of SSC device
is not due to leakage current. Fig. 3(h) shows the V vs t1/2 plot
via using Eq. S6. This shows that the Eq. S6 fitted well with the
self-discharge results and therefore, it demonstrates that the diffu-
sion controlled process plays a significant role over leakage cur-
rent. Fig. 3(i) elucidates the electrochemical impedance spectra
(EIS) of the SSC device before/ after 10,000 GCD cycles and 8 h volt-
age holding tests. From the equivalent circuit model, the values of
internal resistance (Rs) are 2.6X/5.2X, interfacial charge transfer
resistance (Rct) are 1.7X/1.9X and the Warburg impedance (Wz)
are 5.3X/3.6X before/after 10,000 GCD cycles & 8 h voltage hold-
ing test, respectively. The Bode plots [see Fig. S3] and Randles plots
[See Fig. S4] (fitted by using Eq. S7) were studied and discussed in
the supporting information.

4. Conclusions

In conclusion, the N-doped RGO based SSC device shows out-
standing electrochemical behaviour. This demonstrates excellent
stability via GCD cycles and voltage holding tests. The self-
discharge results vindicates stability results investigated by the
GCD cycles and voltage holding test. Furthermore, SSC device
shows the high specific capacity, high energy density and low
leakage current. Therefore, the N-doped RGO can be an excellent
electrode material for energy storage device applications.
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