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ABSTRACT: Carbon nanofibers (CNFs) are a fascinating electrode
material for energy storage devices due to their one-dimensionality,
interconnected networks, and chemical stability. However, a relatively low
specific surface area of CNFs hinders their use as supercapacitor
electrodes. Here, nitrogen-doped hollow CNFs with hierarchical pore
structures are prepared via electrospinning of core−shell polymer
nanofibers and subsequent carbonization and activation under an
ammonia atmosphere. Hierarchical pore structures with micro-, meso-,
and macropores are controlled by an ammonia etching effect during the
carbonization of polymer nanofibers. In addition, a hollow structure in
CNFs is obtained by thermal decomposition of the core polymer during
the carbonization/activation. The nitrogen-doped activated hollow CNFs
(ahCNFs) exhibited an exceptionally high specific surface area of 3618
m2/g with increased mesopores. Thus, a symmetric supercapacitor using ahCNFs electrodes with a 6 M KOH aqueous electrolyte
provides a high specific capacitance of 208 F/g at a current density of 1 A/g, a high energy density of 7.22 W h/kg at a power density
of 502 W/kg, a good rate capability, and cyclic stability. Moreover, the freestanding ahCNFs are used for flexible supercapacitor
electrodes without any binder. This work demonstrates the great potential of highly porous ahCNFs for high-performance energy
storage devices.

1. INTRODUCTION
The demand for high-performance and environment-friendly
energy storage devices is increasing due to continuous and
rapid developments in renewable energy resources, portable
electronic devices, and electric vehicles.1−3 Supercapacitors are
considered promising energy storage devices owing to their
high power density, high charge/discharge rate, long cycle life,
low maintenance cost, and wide operating temperatures.4,5

Supercapacitors are generally classified to electrical double-
layer capacitors (EDLCs) by reversible electrostatic adsorp-
tion/desorption of electrolyte ions and pseudocapacitors by
reversible faradaic redox reactions according to charge storage
mechanisms.6,7 EDLCs are used as commercial supercapacitors
due to their low cost and great stability, while pseudocapacitors
have poor cycle stability and require more expensive electrode
materials such as RuO2 and IrO2.

8,9 However, the low energy
density of EDLCs hampers their wide industrial applications.10

Therefore, research on developing electrode materials with
high energy density and power density is still a significant
challenge.11

The electrochemical performance of EDLC electrodes
depends on their surface area and pore size distributions.12

Therefore, porous carbon materials have been intensively
investigated as the electrode material of EDLCs due to their

outstanding specific surface area (SSA), controllable porosity,
and good electrical conductivity.13,14 Among various carbon
materials, carbon nanofibers (CNFs) possess excellent
electrical conductivity, chemical stability, and one-dimensional
geometry that is useful for ion diffusion.15−19 CNFs can be
synthesized using electrospinning and subsequent carbon-
ization, which is a scalable manufacturing method to tune the
morphology and chemical functionality of the nanofibers.20−24

In addition, SSAs of CNFs have been increased and
controlled by using various approaches. Chemical activation
typically using KOH has been widely applied for carbon
nanomaterials to obtain micro- and mesoporous structures
with high SSAs.25−29 However, corrosive chemical agents are
added to CNFs for the activation process at high temperatures
and careful washing is required after the process.30,31 Heat
treatments conducted in an ammonia (NH3) gas atmosphere
have been explored as an alternative method for etching and
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activating CNFs.5,32,33 This straightforward and efficient
process not only creates micro- and mesopores on the surfaces
of CNFs but also introduces nitrogen-containing functional
groups with pseudocapacitive behaviors and improved
electrical conductivity.5 Therefore, it has great potential as a
facile synthesis method for porous CNFs used in high-
performance supercapacitor electrodes. However, understand-
ing the pore structures and nitrogen doping of CNFs through
NH3-based heat treatments has remained elusive for super-
capacitor applications until now.
Incorporating sacrificial materials during polymer fiber

synthesis offers an alternative approach to control the pore
structures and construct the desired morphology of CNFs.34

However, the sacrificial materials need to be completely
removed by additional thermal or chemical treatments.35 For
example, water-soluble polyvinylpyrrolidone (PVP) has been
introduced in CNFs as a soft template and subsequently
removed by washing them with water.36,37 Hard templates
such as SiO2 have been used in fabricating porous CNFs with
the help of chemical etching of those templates using strong
acid or base solutions.38,39 Poly(methyl methacrylate)
(PMMA) is an alternative template material that can be
thermally decomposed to create pore structures. Therefore, by
introducing PMMA into a CNF precursor polymer such as
polyacrylonitrile (PAN), porous CNFs can be obtained during
the carbonization step without any additional processing.40

In this work, we combined the electrospinning of PMMA/
PAN core−shell nanofibers with a one-step NH3-based
carbonization/activation process to synthesize nitrogen-
doped activated hollow CNFs (ahCNFs). While the thermal
decomposition of the PMMA core created hollow CNFs, heat
treatment under the NH3 atmosphere led to the activation of
CNFs during the simultaneous carbonization process. The
effects of NH3 gas on the structural, chemical, and electro-
chemical properties of CNFs were systematically investigated
by controlling the NH3 concentration. As a result, the ahCNF
synthesized under an optimal NH3 concentration exhibited an
exceptionally high SSA of 3618 m2/g. Therefore, the ahCNF
sheet with hierarchical pore structures provided excellent
electrochemical performances for a symmetric two-electrode
supercapacitor with a KOH electrolyte. In addition, a flexible
supercapacitor with high durability was demonstrated using
free-standing, binder-free ahCNF electrodes.

2. EXPERIMENTAL METHODS
2.1. Synthesis of Activated Hollow Carbon Nano-

fibers. To prepare polymer solutions for the electrospinning of
core and shell parts, PAN (12 wt %, Mw = 150,000, Merck)
and PMMA (15 wt %, Mw = 120,000, Merck) were separately
dissolved in N,N-dimethylformamide (DMF, Merck) by
stirring overnight at room temperature. The solutions were
electrospun using a coaxial needle (25G−16G for the core−
shell parts, NanoNC) with an applied voltage of 20 kV. The
flow rates were set to 1 and 2 mL/h for the core and shell
parts, respectively. The PMMA/PAN core−shell nanofiber
sheet was collected on aluminum foil attached to a rotating
drum (a rotating speed of 600 rpm and a distance from the
nozzle tip of 17 cm). The polymer nanofiber sheets were
heated to 280 °C and stabilized in air for 2 h. The temperature
was raised to 1050 °C and kept for 1 h with an Ar flow rate of
100 mL/min for carbonization. NH3 was introduced with flow
rates of 10, 50, and 100 mL/min while maintaining the Ar flow
rate and process temperature. The obtained samples were

denoted as ahCNF-10, ahCNF-50, and ahCNF-100, where the
numbers represent the percentage ratio of the NH3 flow rate to
the Ar flow rate. The heating rate for the stabilization and
carbonization processes was 5 °C/min. Activated CNF without
a hollow structure (aCNF-100) was prepared by electro-
spinning the PAN solution (12 wt %) with a 25G needle and
carbonizing/activating the electrospun fibers with NH3 (100
mL/min) and Ar (100 mL/min).
2.2. Characterization of Materials. Scanning electron

microscopy (SEM, JSM-7600F, Jeol), transmission electron
microscopy (TEM, JEM-2100F, Jeol), and Raman spectrosco-
py (XperRam35 V with a 532 nm wavelength excitation laser,
Nanobase) were used to characterize the morphology and
structure of the synthesized materials. The chemical structure
was investigated by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, Thermo Fisher Scientific). The N2 adsorp-
tion−desorption isotherms were measured at 77 K (BEL-
SORP-mini II, Microtrac) and the SSA was calculated by using
the Brunauer−Emmett−Teller (BET) method. The Barrett−
Joyner−Halenda (BJH) method was utilized to evaluate the
pore size distributions and pore volumes.
2.3. Electrochemical Measurements. The CNF-based

sheets, without any binders or conductive additives, were cut
into pieces of a 1 × 1 cm area with a mass loading of at least 1
mg as freestanding electrodes for symmetric supercapacitors. A
symmetric two-electrode system was assembled for a super-
capacitor test cell using two identical CNF electrodes, two
current collectors (conductive polymer film, 2267p, z-flo), a
separator (3501, Celgard), and a 6 M KOH aqueous
electrolyte.
A flexible supercapacitor was fabricated by using a gel

electrolyte. A gel electrolyte was prepared by dissolving
poly(vinyl alcohol) (PVA) (1 g, Mw = 89,000−98,000,
Merck) and H3PO4 (1 g, 85 wt %, Merck) in 10 mL of DI
water at 90 °C. Ti foil as a current collector and a CNF
electrode were placed on a flexible polyethylene terephthalate
(PET) film and connected using Ag paste. The PVA/H3PO4
gel electrolyte was poured into the active area of the CNF
electrodes and dried at room temperature. Two electrodes with
the PET films were assembled for a flexible supercapacitor.
The electrochemical performance of the fabricated devices

was evaluated by conducting cyclic voltammetry (CV),
galvanostatic charge/discharge (GCD), and electrochemical
impedance spectroscopy (EIS) using a potentiostat (Autolab
PGSTAT204, Metrohm). Electrochemical tests, including CV
and GCD, of CNF-based electrodes were carried out in the
operating voltage range of 0−1 V.
The specific capacitance of a single electrode (Csp) is

calculated from the GCD discharge curves using the following
equation41

=C I
m V t

2
(d /d )sp

where I (A) is the discharge current, m (g) is the mass of the
single electrode, and dV/dt (V/s) is obtained from the slope of
the discharge curve.
The specific capacitance (Csp) is also estimated from the CV

curves using the following equation42

=C
I V

v Vm

2 d
sp
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where I (A) is the current, V (V) is the voltage, v (V/s) is the
scan rate, ΔV (V) is the operating voltage range, and m (g) is
the mass of the single electrode.
The energy density (E) and power density (P) of the

symmetric supercapacitors were calculated according to the
following equations, respectively42

=E C V1
8 sp

2

=P
E

t

where V (V) is the voltage range and Δt (s) is the discharge
time.

3. RESULTS AND DISCUSSION
3.1. Synthesis of Activated Hollow Carbon Nano-

fibers. The electrospinning and carbonization/activation
process produced interconnected, uniform, and continuous
fiber networks for all samples, including PMMA/PAN
nanofibers (Figure S1a), ahCNFs (Figure 1a−c), and aCNFs
(Figure S2a). Compared to PMMA/PAN nanofibers (Figure
S1a,b), SEM observation shows that ahCNFs and aCNFs have
a rough surface morphology due to NH3 etching and activation
(Figures 1a−c and S2a,b). TEM images clearly show the
hollow structures of ahCNFs (Figure 1d−f) generated by the
thermal decomposition of PMMA during the carbonization
process, while aCNFs possessed solid and full-filled fiber
structures (Figure S2c). The presence of hollow structures
facilitates the diffusion of NH3 gas to the CNF surfaces during

the activation process. Furthermore, they enhance the charge
storage area and promote ion diffusion, which significantly
benefits the supercapacitor performance.43

As the NH3 concentration increased, the average diameter of
ahCNFs decreased to about 280, 220, and 120 nm for ahCNF-
10, -50, and -100, respectively. The average inner core
diameter of ahCNFs was reduced to about 75, 55, and 45
nm for ahCNF-10, -50, and -100, respectively. The decrease in
the outer and inner core diameters of ahCNFs is attributed to
the strong etching of carbonized fiber structures by NH3,
which helps to enhance the SSA.33 It has been known that
NH3 decomposes to active radicals such as atomic H, NH, and
NH2 at high temperatures, and these radicals etch the surface
carbon atoms by reacting with carbon and producing carbon-
containing species such as methane and hydrogen cya-
nide.44−46 More specifically, NH3 gas reacts with carbon
atoms and leads to gasification through the following reaction
at high temperatures above 700 °C: C + NH3 → HCN +
H2.

47,48 Based on this etching mechanism, carbon atoms are
partially eliminated from CNFs, resulting in the formation of
micro- and mesoporous structures.30,49

3.2. Pore Structures and Nitrogen Doping of ahCNFs.
The pore structures of ahCNFs were investigated by N2
adsorption−desorption measurements. The N2 adsorption−
desorption isotherms of ahCNFs exhibited a type IV
characteristic with a hysteresis loop, in accordance with the
International Union of Pure and Applied Chemistry (IUPAC)
classification, indicating the presence of mesoporous structures
(Figure 2a).25,50 The SSA values were calculated using the
BET method in the P/P0 range of 0.1−0.3. The SSA values

Figure 1.Morphology of ahCNFs. SEM images of (a) ahCNF-10, (b) ahCNF-50, and (c) ahCNF-100. The inset of (c) shows a high-magnification
SEM image. TEM images of (d) ahCNF-10, (e) ahCNF-50, and (f) ahCNF-100.

Figure 2. Pore characteristics of ahCNFs. (a) N2 adsorption−desorption isotherms. (b) Pore size distributions. (c) Calculated pore volumes
estimated by the BJH method.
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were 972, 1947, and 3618 m2/g for ahCNF-10, -50, and -100,
respectively. The SSA value of ahCNF-100 is much higher than
the theoretical SSA value of graphene (∼2630 m2/g). Figures
2b and S3 show the pore size distribution of ahCNFs estimated
by the BJH method and nonlocal density functional theory
(NLDFT) method, respectively. The ahCNFs possessed large
amounts of mesopores with sizes smaller than 5 nm as well as
macropores with dimensions in tens of nanometers. The
mesopores were formed by the activation process with NH3,
while the macropores were a result of the hollow core
structures of the fibers and etching effects. Figure 2c delineates
the total pore volume and ratios of micro-, meso-, and
macropores in ahCNFs calculated by the BJH method. The
total pore volume increased to 0.65, 1.49, and 3.50 cm3/g for
ahCNF-10, -50, and -100, respectively, with increasing the
NH3 concentration. Furthermore, the volume ratio of
mesopores increased from 62.0 for ahCNF-10 to 66.5 and
68.6% for ahCNF-50 and -100, respectively, while that of
micropores decreased from 27.7 for ahCNF-10 to 12.0 and
15.4% for ahCNF-50 and -100, respectively. As the mesopores
are desirable for fast electrolyte ion diffusion and abundant
charge adsorption sites,51 the core−shell structure with the

NH3 activation is a promising method to develop the
mesopores for high-performance supercapacitors.
Raman spectroscopy of ahCNFs shows the D band at ∼1345

cm−1 and the G band at ∼1590 cm−1 (Figure 3a). The peak
intensity ratios of the D to G bands (ID/IG), which provide an
indication of the degree of disordered carbons,52 were 1.08,
1.11, and 1.15 for ahCNF-10, -50, and -100, respectively. This
implies that the NH3 activation process induces more defects
in the carbonized structures. The chemical characteristics of
ahCNFs were investigated using XPS. The XPS N 1s spectra
were deconvoluted with five spectral components: pyridinic N
(N-6) at 398.6 eV, pyrrolic N (N-5) at 400.2 eV, quaternary-N
(N-Q) at 401.3 eV, oxidized-N at 403.2 eV, and shakeup
satellites at 405.5 eV (Figure 3b).53 The N-6 and N-5 species
mainly contribute to the pseudocapacitive reactions, which can
enhance the charge storage capability.54 The total nitrogen
atomic percentages of ahCNFs were 1.18, 2.01, and 3.56% for
ahCNF-10, -50, and -100, respectively (Figures 3c, S4, and
Table S1). The proportions of N-6 and N-5 of ahCNFs
significantly increased to 41.92 and 23.22%, respectively, with
an increase in the NH3 concentration, while the proportion of
N-Q decreased to 18.06%. The detailed chemical analysis
revealed that NH3 activation at high temperatures induced

Figure 3. Structural and chemical analyses of ahCNFs. (a) Raman spectra. (b) XPS N 1s spectra. (c) Nitrogen functional group contents estimated
from XPS N 1s spectra.

Figure 4. (a) CV curves at a scan rate of 200 mV/s and (b) Nyquist plot of ahCNFs and aCNF in a 6 M KOH aqueous electrolyte. The inset of
(b) shows a Bode plot of ahCNF-100. (c) CV curves at different scan rates and (d) GCD curves at different current densities of ahCNF-100. (e)
Specific capacitance of ahCNFs and aCNF obtained from GCD curves at different current densities. (f) Cyclic stability of ahCNF-100 at a current
density of 10 A/g. The inset of (f) shows GCD curves of the 1st and 10,000th cycles.
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more nitrogen doping in the CNFs in the form of
electrochemically active species.
3.3. Electrochemical Performances of ahCNFs. The

electrochemical performances of ahCNFs and aCNF were
evaluated by using a symmetric two-electrode configuration
with a 6 M KOH aqueous electrolyte. The CV curves of
ahCNF-10, -50, -100, and aCNF-100 at a scan rate of 200 mV/
s show nearly rectangular shapes (Figure 4a), indicating
dominant EDLC behaviors. The small distortion of the CV
curves implies potential pseudocapacitive behaviors caused by
the nitrogen functional groups of the activated samples. The
ahCNF-100 exhibited the largest closed area in the CV curve,
which is proportional to its specific capacitance. Figure 4b
shows the Nyquist plots of all samples at frequencies ranging
from 500 kHz to 0.01 Hz. The real axis intercept in the high-
frequency region is related to the electrolyte, electrode, current
collector, and their contact resistances.55,56 The ahCNFs and
aCNF showed almost similar real axis intercepts at 0.3−0.4 Ω.
The charge transfer resistance, represented by the diameter of
a semicircle in the high-frequency region, is associated with the
electrode/electrolyte interface and the movement of electrolyte
ions within the pore structures of electrodes.36,56,57 The charge
transfer resistances of ahCNF-10, -50, -100, and aCNF-100
were 0.6, 0.3, 0.02, and 0.5 Ω, respectively, indicating that
ahCNF-100 exhibited a fast charge transfer mechanism. The
plot of ahCNF-100 in the low-frequency region is close to a
vertical curve, indicating nearly ideal capacitive behavior.58

Furthermore, the capacitive behavior of ahCNF-100 is
confirmed by the phase angle, which is nearly −90° at low
frequencies in the Bode plot, as shown in the inset of Figure
4b.59

Figure 4c,d show the CV and GCD curves of the ahCNF-
100 electrode under various conditions. The CV curves
showed that ahCNF-100 retained a nearly rectangular shape,
even at a high scan rate of 2 V/s (Figure 4c). The GCD curves
at various current densities had symmetric shapes with a small
voltage (IR) drop at the beginning of the discharge (Figure
4d). The small IR drop is associated with a small equivalent
series resistance (ESR) of the device, as analyzed by the
Nyquist plot. The specific capacitances calculated from
discharge curves at a current density of 1 A/g were 97, 136,
208, and 170 F/g for ahCNF-10, -50, -100, and aCNF-100,
respectively. The ahCNF-100 electrode exhibits the highest
specific capacitance due to its superior SSA and nitrogen
content. Moreover, the specific capacitance of ahCNF-100 was
higher than that of aCNF-100, implying that the hollow
structures of the fiber were effective in improving the
electrochemical storage capability. Figure 4e shows the specific
capacitance change with increasing current density. The
capacitance of ahCNF-100 tested at 10 A/g remained at
83% of the capacitance at 1 A/g, showing a good rate
capability. The cyclic stability was evaluated by the GCD tests
over 10,000 cycles at a current density of 10 A/g (Figure 4f).
The supercapacitor with the ahCNF-100 electrodes exhibited a
capacitance retention of 91.5% from the initial capacitance
value even after 10,000 cycles.
Furthermore, the supercapacitor fabricated with ahCNF-100

was subjected to a floating voltage test, which is regarded as a
reliable way for determining long-term stability and appro-
priate maximum operating voltage, at a voltage load of 1 V for
100 h.60,61 Figure S5 displays the changes in specific
capacitance and Coulombic efficiency as well as ESR of
ahCNF-100 over the floating time. After 100 h of floating time,

the specific capacitance of ahCNF-100 decreased by 16.2%,
while the ESR of ahCNF-100 increased by 79.1%. Considering
the reported criteria for end-of-life of supercapacitor devices
(capacitance loss of 20%), the ahCNF-100 exhibits adequate
long-term stability over 100 h of the floating voltage test.62,63

In addition, the Coulombic efficiency of ahCNF-100 was about
94% after 100 h of the floating voltage test, indicating good
electrochemical reversibility.64

The electrochemical performance of ahCNF-100 in acidic,
neutral, and alkaline aqueous electrolytes was evaluated using 1
M H2SO4, 1 M Li2SO4, and 6 M KOH, respectively. Figure S6a
shows the CV curves of supercapacitors using ahCNF-100 at a
scan rate of 200 mV/s. The operating potential ranges in 1 M
H2SO4, 1 M Li2SO4, and 6 M KOH were 1, 1.8, and 1 V,
respectively (Figure S6). The specific capacitances obtained
from the GCD curves at a current density of 1 A/g in 1 M
H2SO4, 1 M Li2SO4, and 6 M KOH were 170, 144, and 208 F/
g, respectively.
The symmetric supercapacitor using the ahCNF-100

electrodes in 6 M KOH electrolyte showed an energy density
of 7.22 W h/kg at a power density of 502 W/kg and a power
density of 5.12 kW/kg at an energy density of 6.02 W h/kg,
which are competitive with those of typical commercial
supercapacitors.65,66 In addition, the supercapacitor using the
ahCNF-100 electrodes in 1 M Li2SO4 neutral electrolyte
achieved 16.17 W h/kg at a power density of 902.6 W/kg due
to the wide operating voltage range of 1.8 V. Table S2
compares the electrochemical performance of the ahCNF-100
electrode with other previously reported works. The ahCNF-
100 electrode surpasses the performances of most PAN-based
porous CNF materials, including porous nitrogen-doped CNFs
synthesized from PAN/PVP (148 F/g),35 KOH activated
CNFs (191 F/g),67 H3PO4 activated CNFs (156 F/g),68 and
nitrogen-doped porous hollow CNFs obtained from PAN/
PVP shell and poly(styrene-co-acrylonitrile) (SAN) core
structures (152 F/g).36 This can be ascribed to the
exceptionally high SSA of ahCNF-100 obtained by NH3
activation with the help of the hollow structure. In addition,
nitrogen doping by the NH3 treatment could help to enhance
the electrochemical performance of ahCNF-100.
A flexible supercapacitor was fabricated using the free-

standing, binder-free ahCNF-100 electrode with a PVA/
H3PO4 gel electrolyte. The CV curves of the flexible
supercapacitor at scan rates of 10 and 20 mV/s display
quasi-rectangular shapes (Figure 5a). The specific capacitance
of the device was 136 F/g at 10 mV/s. The Nyquist plot of the
flexible supercapacitor obtained by the EIS measurement
shows a small charge transfer resistance in the high-frequency
region and a nearly vertical curve in the low-frequency region
(Figure S7). Because the freestanding ahCNF electrode is
mechanically robust and flexible, the supercapacitor can be
bent at various bending angles by using a linear motion guide,
as shown in Figure 5b. The electrochemical performance of the
device was measured at bending angles of 0, 70, and 140°.
Figure 5c shows that the CV curves obtained at different
bending angles are nearly identical. Moreover, the capacitance
of the device was measured while the device was bent 500
times at a bending angle of 140° (Figure 5d). After 500
bending cycles, the capacitance was 96% of the initial
capacitance. These results demonstrate the great potential of
the ahCNF electrode for high-performance, flexible energy
storage devices.
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4. CONCLUSIONS
Nitrogen-doped hollow CNFs with an exceptional SSA were
prepared by coaxial electrospinning of PMMA/PAN nano-
fibers and their carbonization and activation under NH3. Heat
treatments with a high-concentration NH3 gas developed
mesoporous structures with a large pore volume and induced
nitrogen doping. The hollow inner structure of ahCNFs was
derived from the pyrolysis of the PMMA core during the
carbonization, which was beneficial for facilitating the
activation of CNFs and improving ion diffusion and charge
storage capability of supercapacitors. Therefore, the ahCNF-
100 showed high electrochemical performances with a high
specific capacitance of 208 F/g at 1 A/g, good rate capability
(83% retention at 10 A/g compared to capacitance at 1 A/g),
and good cyclic stability (91.5% retention after 10,000 cycles)
in a 6 M KOH aqueous electrolyte. Because the ahCNF-100
sheet was freestanding and mechanically flexible, it was used as
a binder-free electrode for a flexible supercapacitor with a
PVA/H3PO4 gel electrolyte. This work provides the great
potential of NH3-based carbonization/activation on core−shell
nanofibers and the resulting ahCNF electrodes for high-
performance energy storage devices.
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