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We synthesized nitrogen-doped carbon nanofiber for supercapacitor applications. Melamine is
used as nitrogen source. 4 wt% of nitrogen is doped, and it consists of pyridinium, pyrrole, and
quaternary nitrogen The electrochemical surface area increased from 0.28 µcm2 to 0.40 µcm2 due
to the nitrogen doping, and the electrochemical impedance decreased from 249 to 63 Ω at 100
Hz. Finally, the specific capacitance was enhanced from 71 F/g to 192 F/g (at 0.5 A/g), which
is almost three times higher, compared to the precursor carbon nanofiber. A high specific energy
of 17 Wh/kg with a specific power of 200 W/kg was obtained from a symmetric supercapacitor
device. Capacitance retention of 87 % and coulombic efficiency of 81 % after 3,000 cycles prove
relatively good rate capability and cyclic stability.
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슈퍼커패시터 응용을 위해 질소 도핑 된 탄소나노섬유를 멜라민을 사용하여 합성하였다. 도핑된 질소의
양의 4wt%이었으며, 질소의 화학적 종류는 피리디엄, 피롤, 쿼터너리 질소로 구성되었다. 전기화학적으로
측정한 표면적은 질소 도핑 후 0.28 µcm2 에서 0.40 µcm2 으로 증가했으며, 100 Hz에서 전기화학적
임피던스는 249 Ω에서 63 Ω으로 감소했다. 결과적으로, 0.5 A/g 의 전류 밀도에서 측정한 비전기용량은
71 F/g에서 192 F/g으로 향상되었는데, 이는 전구체 탄소나노섬유에 비해 거의 3배 높은 수치이다. 17
Wh/kg의 높은 에너지밀도와 200 W/kg의 출력밀도를 대칭형 슈퍼커패시터 소자로부터 얻었으며, 3,000
사이클 후에 87%의 전기용량 유지 및 81%의 쿨롱 효율을 얻음으로써 비교적 우수한 속도 성능과 주기적
안정성을 보여주고 있다.
Keywords: 탄소나노 섬유, 질소 도핑, 슈퍼커패시터
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I. Introduction
In the rapid growth of recent energy technologies, energy storage devices with high specific energy and power
are the main requirements. Although the secondary battery, one of the energy storage devices, possesses a high
specific energy, it still remains apparent imperfection as
regards to specific power and cycling, which also restricts
its technological applications [1–5]. To amend the deficiency of secondary batteries, supercapacitors (SCs) are
one of options to compromise the deficiency due to high
specific power and long cycling life

[5, 6].
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In this study, we developed nitrogen-doped CNF by
using melamine, as a nitrogen source, with the carbonization method and assembled symmetric supercapacitors
(SSCs) devices for the investigation of supercapacitor
performance. An appropriate binder-free electrode with
large active surface area and good conductivity shows excellent supercapacitors performance with a high specific
capacity of 192 F/g (0.5 A/g), high specific energy of 17
Wh/kg with the specific power of 200 W/kg, excellent
capacitance retention and Coulombic efficiency of 87 %
and 81 %, respectively, after 3000 cycles.

However,

the practical application of SCs is also frustrated because of their low specific energy [4, 7]. Therefore, a
lot of research has been investigated to improve their
specific energy, and the electrode of SCs has been designed, reformed or modified for the development of highperformance electrode.
Graphene, graphite oxide, activated carbon, carbon
nanofibers (CNF), and carbon nanotubes have been investigated as the electrodes of the supercapacitors to improve the capacity due to their good physical and chemical properties [7–9]. Among them, CNFs are considered
as good candidates due to its large surface area, good
flexibility, lightweight, good mechanical stability, inexpensive, and possibility for large scale production [10–
12]. Although CNF exhibits large capacitance, the electric conductivity suffers because of its hydrophobic nature, causing high resistance between the surface of CNF
and electrolyte [13, 14]. Introduction of new functional
groups into CNF is a crucial strategy to further improve
its hydrophilicity [12], adsorption, and fast transmission
of electrolyte ions for high specific energy [15]. In this re-

II. Experiment
1. Materials Synthesis
Carbon nanofiber (CNF, MDL# MFCD00133992,
powder, 100 nm diameter, 20 – 200 µm length), melamine
(99 %, MDL# MFCD00006055), aluminum foil (Al, 0.45
mm thickness), poly (sodium 4-styrene sulfonate) (PSS,
MDL# MFCD00084449, MW=18,000), sulfuric acid (98
%, MDL# MFCD00064589), was purchased from SigmaAldrich and used directly.
1 g of melamine and 200 mg of CNF were mixed
and ground together to form a well-mixed.
This
mixed-powder was loaded into furnace (SH-TMFGC-100,
Samheung energy, South Korea) using boat at 500 ◦ C
temperature for 1 hrs. at 10 ◦ C/min ramping rate using argon pressure (100 cc/min). At room temperature,
the carbonized powder sample was cooled down naturally
and then cleaned with deionized (DI) water by using vacuum filtration. In a vacuum oven, this product was dried
for 24 hrs. at 60 ◦ C and labeled as N-CNF.

gards, one approach is to introduce nitrogen into carbon
frameworks of CNF.
Nitrogen doping to the carbon surface could enhance
surface wettability, capacitance, electronic conductivity,
and cyclic stability [12, 15]. It produces acidic or basic active sites which have a faraday reduction-oxidation
reaction with the electrolyte ions, given rise to pseudocapacitive behavior and high specific energy [13]. Inspired
by above facts, design and fabrication of binder-free
nitrogen-doped carbon nanofiber (N-CNF) electrodes is
huge interested, and their performance is explored.

2. Physicochemical analysis
The morphology of surface sample was investigated by
using field emission scanning electron microscope system
(FE-SEM, S-4300, Hitachi, Japan) with energy dispersive X-ray spectroscopy (EDS, S-4300, JEOL) for elemental mapping. Moreover, the elemental composition
of the samples was investigated by using Elemental analyzer (EA, Thermo Scientific, Flash 2000). The Xray diffraction spectrometer (XRD, D/MAX-2500/PC,
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Rigaku, Japan, 40 kV, Cu Kα (λ = 1.54 Å) and X-ray
photoelectron spectroscopy (XPS, Kα , Aluminum anode,
20 eV) was used to studied the crystal structure and the
chemical configuration, respectively.

sample, CC measurement was used. The electrochemical surface area can be calculated from Anson’s plot by
using following equation as described elsewhere [17].

Q = 2nF ACD1/2 π −1/2 t1/2
3. Electrochemical characterization
The electrochemical analyses of the samples were observed in 1M H2SO4 electrolyte under two-electrode systems. Electrochemical characterization for all samples
was done by using EC-Lab (Bio-logic, SP-150, France).
This full-cell was made for symmetric supercapacitors
(SCs) by following; 200 mg of the N-CNF powder sample was well- mixed with 50 ml of DI water. And then,
the sonication was applied for 1 hour to achieve a homogeneous dispersed solution. In addition, 40 mg of PSS
was mixed in 20 ml of DI water and applied sonication
for 10 min to obtain PSS solution. Subsequently, as prepared PSS solution was mixed with N-CNF sample solution, described in detail elsewhere [17], and then applied
magnetics stirring for 12 hrs. by using vacuum filtration.
The obtained product was dried for 24 hrs. at 65 ◦ C in
a micro-oven. These was well mixed with 10 ml of IPA
to make slurry and then formed a film on (3 x 1) cm2 Al
substrate. The estimated weight ratio of PSS and sample (active material) was 1 to 4, and punched the sample
film for making round sample electrodes. The diameter
and thickness of round electrode were 10 mm and of 250
µm respectively. The binders free Whatman GF/C, 0.26
mm thickness was used as separator and the current collector was Ni foil (Sigma-Aldrich, 125 µm). Preparing
process of two-electrode system was described in details
in our previous research work [16,17].
Chronocoulometry (CC), Galvanostatic cycling with
potential limitation (GCPL), cyclic voltammetry (CV)
and Potentio electrochemical impedance spectroscopy
(PEIS) technique were used for electrochemical characterization of the samples. CV was Carried out various
scanning rate as 5, 10, 20, 50 and 100 mV/s, and GCPL
was performed at the current density of 0.5, 1, 1.5, 2, and
2.5 A/g with the 0 V-0.8 V potential range. Impedance
result of samples was observed by PEIS measurement
which was conducted in the frequency range from 100
mHz to 500 kHz. To investigate the electrochemical active surface area as well as adsorption capacity of the

(1)

where Q/t1/2 represents the slope of Anson’s plot, n
is number of electrons, F is Faraday’s constant (96,500
c/mole), D represents the diffusion coefficient, C is concentration of the mediator and A represents electrochemical surface area of materials.
The specific capacitances (Cs1 and Cs2 ) were calculated in F/g from CV and GCPL curve [9]. Specific
energy (E) and specific power were obtained in Wh/kg
and W/kg respectively. The coulombic efficiency (%)
was also estimated from the GCPL discharge curves by
using the following equations [6,9,17].

Cs1 =

1
m × v × ∆V

IdV

(2)

I∆t
m∆V

(3)

0.5 × 1000
× Cs2 (∆V )2
3600

(4)

E
× 3600
∆t

(5)

Cs2 =

E=

∫

P =

Coulombic efficiency (%) =

∆t
× 100% (6)
charging time

,where v is scan rate in mV/s, I in ampere is the discharge current, m in g is the mass of electrode, ∆t is the
discharge time in s, ∆V in volt is the potential window

III. Results and discussion
1. Physiochemical characterization
Figure 1 presented SEM and EDS mapping of the samples. CNF showed very smooth, fibrous and straight surface structure in Fig. 1a, but after nitrogen doping on
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Fig. 1. (Color online) SEM result of (a) CNF and (b)
N-CNF with (c, d) EDS mapping of N-CNF.
CNF, N-CNF exhibits somehow costing and wrinkles on
the sample surface because of the nitrogen content in the
sample, which is shown in Fig. 1b. After the nitrogen
doping on CNF, the diameter was larger compared to
the precursor. N-doping by using carbonization process
made CNF became more broaden, and thus the thermally treated CNF by using melamine well distributed
between CNFs or on the surface. Fig. 1(c and d) performed EDS mapping of N-CNF. The distribution of
oxygen, carbon and nitrogen in the composite N-CNF
are presented in Fig. 1d, which confirm that nitrogen
was uniformly distributed throughout the surface of NCNF.
XRD results of the samples were showed in Fig. 2a. In
this, CNF possessed a classic diffraction peak obtained at
25.63◦ which correspond to the (002) diffraction plane.
The obtained layer distance of CNF was 3.47 Å. The
peak was clearly shifted to the positive angle (26.05◦ ) as
showed in Fig. 2b, correlate with layer distance of 3.42
Åafter N-doping on CNF. This peak was shifted due
to the surface modification of CNF [12]. In addition,
the crystalline size of samples was also estimated from
the (002) peak with the help of Scherrer equation [6,
12], resulting 2.69 Åfor CNF and 2.64 Åfor N-CNF. In
conclusion, the thermal treatment and introduction of
nitrogen produced a short range order [12,19,20].
The data of elemental composition for all samples was
obtained from elemental analysis (EA) result and shows

Fig. 2. (Color online) (a) XRD results of samples with
(b) a high magnification.

in Table 1. CNF has no nitrogen and consists of 3 wt% of
oxygen, 97 wt% of carbon. However, 4 wt% of nitrogen
was consist in N-CNF with 4 wt% of oxygen and 92 wt%
of carbon.
In Fig. 3a, the XPS survey spectra show the main elements as C 1s, O 1s and N 1s peak at 280.1, 530.2 eV and
399.7, respectively. CNF showed just carbon peak and
oxygen peak, while N-CNF displays additional nitrogen
peak proved that nitrogen was contained in N-CNF after carbonization. XPS C1s spectra of both sample was
deconvoluted and presented in Fig. 3b. The deconvoluted spectra were presented for CNF into the two peaks
at 284.7 eV for sp2 and at 285.8 eV for C-O-C bond.
The sp2 bond peak was decreased, C-O-C bond peak
was increased and Introduced N-C=O/C=O peak, in NCNF because of nitrogen-doping. The XPS N 1s spectra
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Fig. 3. (Color online) XPS spectra of (a) survey, (b) C
1s, (c) N 1s, and (d) O 1s of the samples
were also deconvoluted into three different bonds as pyridinium at 398.6 eV, quaternary N at 401.2 eV and pyrrole at 399.6 eV showing in Fig. 4c after nitrogen doping.
Fig. 4d presented the XPS O 1s spectra of all samples in
which only C-O peak is shown around 532.1 eV in both
samples. In conclusion, that N-CNF possesses nitrogen
content as well as the highest reduction level compared
to CNF as based on results investigated on XRD, XPS,
and EA.

2. Electrochemical characterization
The surface area of the electrodes is constituted by
electrochemical active surface area which is approachable to the electrolyte and used to investigate the charge
transfer and/or storage information. CC was used to determine the electrochemical active surface area of electrode as well as the adsorption capacity as shown in Fig.
4a. Fig. 4b shows the plotting Q versus t1/2 . Active surface area is proportional to the linear slope in the CC result [6]. The electroactive surface area obtained from the
CC measurement was 0.28 and 0.40 µcm2 for CNF and
N-CNF respectively. The N-CNF electrode performed
the larger electroactive surface area in the comparison of
precursor CNF. The key factor for supercapacitor, electroactive surface area is directly proportional to the adsorption capacity [6,17], resulting N-CNF has the higher
adsorption capacity than that of CNF.

Fig. 4. (Color online) (a) Chronocoulometry results of
samples with (b) Anson plot.
The electrochemical properties of samples for fullcell system were investigated and performed in Fig. 5.
CV results of all samples for symmetric supercapacitor
was performed in the Fig. 5a at scanning rate. The
symmetric device N-CNF//N-CNF presented the larger
CV curve area with higher current compared to the
CNF//CNF symmetric device with the small bump near
0.5 V due to the nitrogen effects by the pseudocapacitive
interaction. The variation of the specific capacitance as
a function of scan rate is plotted in Fig. 5b. More CV
results at the various scan rates from 5 to 100 mV/s were
shown in Fig. 5c and Fig. 5d for N-CNF and CNF device
respectively.
The galvanostatic charge-discharge curves of both devices CNF and N-CNF are presented and compared in
Fig. 6, resulting that N-CNF showed longer discharging time at 0.5 A/g current density. The corresponding specific capacitance of the two-electrode system was
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Fig. 5. (Color online) CV result of samples (a) at the
scan rate of 50 mVs−1 , (b) the specific capacitance as a
function of the scan rate, (c) N-CNF//N-CNF, and (d)
CNF//CNF results at various scan rates.

Fig. 6. (Color online) GCPL result of samples (a) at
0.5 Ag−1 current density, (b) plot of sp. capacitance
as a function of current density, (c) and (d) at various
current density of N-CNF//N-CNF and CNF//CNF, respectively.
192 F/g of N-P-CNF//N-P-CNF device and 71 F/g for
CNF//CNF. The variation of the specific capacitance
with current density is plotted in Fig. 6b. More results
of N-CNF and CNF devices at the various current densities of 0.5, 1, 1.5, 2 and 2.5 A/g are shown in Fig. 6c and
Fig. 6d respectively, demonstrated that the capacitance
of N-CNF device was higher than that of CNF device.
The Nyquist plot of the devices shows in Fig. 7a, in
which semicircle of N-CNF//N-CNF device performed
smaller than that of CNF//CNF device. Internal resis-
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Fig. 7. (Color online) (a) Nyquist plots (inset shows
Randal equivalent circuit) and (b) Ragon plot of samples.
(c) capacitance retention and coulombic efficiency, and
(d) schematic of the SSC device. (inset shows the digital
photo of the device.)
tance (Rs ) and charge transfer resistance (RCT ), which
is identical circuit parameters from the fitting program
was performed as 0.7 Ω and 1.3 Ω for N-CNF//N-CNF
device and 3.2 Ω and 4.7 Ω for CNF//CNF device, resulting, N-CNF//N-CNF device showed smaller RCT.
Inset the Fig. 7a showed Randal’s equivalent circuit.
It was confirmed that the nitrogen doping on CNF improved reactivity with electrolyte ions, resulting in the
lower charge-transfer resistance and higher electrochemical surface area. The low resistance and high surface area
finally could enhance the supercapacitor performance.
The Ragone plot which obtained from both devices
is shown in Fig. 7b. Maximum specific energy of 17
Wh/kg was obtained at 0.5 A/g current density with
the specific power of 200 W/kg. At the highest current
density 2.5 A/g, the specific energy was 12.2 Wh/kg with
the specific power of 1,000 W/kg. Obtained coulombic
efficiency (%) and capacitance retention (%) of the NCNF//N-CNF symmetric device at 1 A/g current density performed in Fig. 7c. with the cycle number. The
results showed that very slow decrement in capacitance
retention of 87 %, which was up to 3,000 cycles. The
coulombic efficiency was just changed from 91 to 81 %
after 3,000 cycles. N-CNF//N-CNF symmetric device
performed the excellent cyclic stability and reliability.
Fig. 7d shows the schematic of SC device with digital
photo of device setting up.
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IV. Conclusion
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