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ABSTRACT: Nitrogen-functionalized carbon nanofibers (N-CNFs) were prepared by
carbonizing polypyrrole (PPy)-coated cellulose NFs, which were obtained by
electrospinning, deacetylation of electrospun cellulose acetate NFs, and PPy polymer-
ization. Supercapacitor electrodes prepared from N-CNFs and a mixture of N-CNFs and
Ni(OH)2 showed specific capacitances of ∼236 and ∼1045 F g−1, respectively. An
asymmetric supercapacitor was further fabricated using N-CNFs/Ni(OH)2 and N-CNFs
as positive and negative electrodes. The supercapacitor device had a working voltage of
1.6 V in aqueous KOH solution (6.0 M) with an energy density as high as ∼51 (W h)
kg−1 and a maximum power density of ∼117 kW kg−1. The device had excellent cycle
lifetime, which retained ∼84% specific capacitance after 5000 cycles of cyclic
voltammetry scans. N-CNFs derived from electrospun cellulose may be useful as an
electrode material for development of high-performance supercapacitors and other energy storage devices.
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■ INTRODUCTION

The supercapacitor represents a promising electrical energy
storage device with a higher power density, a faster charge−
discharge rate, and a longer cycle lifetime than conventional
capacitors.1−6 Especially, asymmetric supercapacitors such as
those comprising a Faradaic electrode and a non-Faradaic (e.g.,
electric double-layer) electrode have drawn much attention
because of the broad working voltage window, the improved
energy density, and the high cycle stability.7,8

Carbon materials have been widely used for making
supercapacitor electrodes because of the versatile forms (e.g.,
fibers, tubes, felts, and powders), the reasonable conductivity,
and the excellent stability.9−14 They contribute to over 80% of
commercial supercapacitor products in the market.15 To
maximize electrode performance, nanostructured carbons with
large surface area, highly porous structure, and oxidative groups
(e.g., carboxylate, ketone, or hydroxyl) on the surface are often
employed.4,16−20 The surface modifications increase capaci-
tance, accessibility to the electrolyte, and electrochemical
activities. Recently, incorporating heteroatoms (e.g., nitrogen)
into carbon lattice was also reported to enhance the
pseudocapacitance, rate performance, and cycling stability of
supercapacitors owing to the increased surface wettability,
electrical conductivity, and electron-donor tendency of carbon
materials.21−27

A wide range of nanocarbons (e.g., nanotube, graphene,
nanofiber, and quantum dot) have been investigated for making
supercapacitor electrodes.28−31 Carbon nanofibers (NFs) from

a polymer precursor prepared by electrospinning (electrostatic
spinning) are distinct from the others in that they have various
different fiber morphologies (e.g., hollow, porous, porous
surfaced fiber, ribbon, spiral, and irregular cross-sectional fiber)
and fibrous structures (e.g., aligned, randomly orientated, and
interbonded). Electrospinning is advantageous in making
polymer NFs with controlled fiber diameter, fiber alignment,
and shape of the fibrous mat. It does not involve a tedious
separation and dispersion process and use of harsh chemicals or
catalysts.
Indeed, supercapacitor electrodes based on carbon NFs from

electrospinning have shown high energy generation/storage
performance.32−34 The capacitance performance was also
improved by adding additives (e.g., silver, nickel, or carbon
nanotubes) to the carbon NFs,35−37 applying conducting
polymers (e.g., polypyrrole)38 or transition metal oxides (e.g.,
RuO2)

39 on the fiber surface. Niu et al.9 from our group
reported using interbonded carbon NFs to reduce internal
resistance and improve charge transfer within a carbon
electrode, hence increasing the capacitance.
However, most of the carbon NFs from electrospinning are

prepared using polyacrylonitrile, polybenzimidazol, or pitch as
the carbon source,34,40,41 which release toxic substances during
carbonization. Carbon NFs made from a largely available
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precursor source with minimal pollutant emission during
preparation is highly desired.42 To this end, cellulose is an
excellent candidate because it comes from an inexhaustible
natural resource with high sustainability.43,44 The annual
production volume of cellulose is estimated to reach 1.5 trillion
tons.45 Cellulose consists of just the elements carbon,
hydrogen, and oxygen, and its carbonization releases mainly
carbon dioxide and water.46 Cellulose has no apparent melting
point, and it maintains its physical morphology after being
carbonized. However, cellulose has poor electrospinning
ability.43,47,48 Although cellulose derivatives, for example,
cellulose acetate (CA) and ethyl cellulose, have much improved
electrospinning ability, they typically melt before carbonization,
ruining the fibrous morphology.
In this study, we develop an effective method to prepare

nitrogen-functionalized carbon nanofibers (N-CNFs) using a
multistep method: (1) electrospinning CA into uniform NFs,
(2) immersing as-spun NFs into an alkaline solution to convert
CA into cellulose meanwhile maintaining the fibrous
morphology, (3) applying polypyrrole (PPy) onto cellulose
NFs using an in situ polymerization method, and (4) direct
carbonization of the PPy-coated NFs into carbon NFs.
Electrodes prepared by the N-CNFs show high specific
capacitance and excellent cycling stability. Using N-CNFs and
Ni(OH)2 containing a small portion of N-CNFs as the negative
and positive electrodes, respectively, we further prepared an
asymmetric supercapacitor and proved that the supercapacitor
device had a working voltage of 1.6 V in 6.0 M aqueous KOH
solution with an energy density as high as ∼51 (W h) kg−1 and
a maximum power density of ∼117 kW kg−1. The device can
retain 84% of the specific capacitance after 5000 cycles of cyclic
voltammetry (CV) scans.

■ RESULTS AND DISCUSSION
Figure 1 schematically illustrates the procedure to prepare
carbon NFs and the supercapacitor device. Uniform CA NFs

(diameter = 694 ± 193 nm) were prepared by electrospinning
(see the morphology in the Supporting Information). The CA
NFs were then immersed in a NaOH−ethanol solution to
convert the CA into cellulose. After immersion, the fibers
retained their morphology (see the Supporting Information)
with a diameter of 666 ± 206 nm. Fourier transform IR
(FTIR), differential scanning calorimetry (DSC), and X-ray
diffraction (XRD) measurements confirmed that the CA NFs

after NaOH treatment were fully deacetylated, forming
cellulose NFs (see detail results in the Supporting Informa-
tion).
PPy was applied onto the cellulose NFs through solution

polymerization of pyrrole in the presence of cellulose NFs.
After polymerization, the fibers became rough on the surface
(see the Supporting Information). The chemical component
and solid characteristic of the PPy-coated nanofibers (PPy-
NFs) were characterized by FTIR spectroscopy, X-ray photo-
electron spectroscopy (XPS), XRD, and thermogravimetric
analysis (TGA), verifying the success in synthesis of PPy on the
fiber surface (see detail results in the Supporting Information).
Carbon NFs were prepared by directly carbonizing PPy-NFs

at a high temperature. Figure 2b shows the scanning electron

microscopy (SEM) image of the carbonized PPy-NFs, which
have a rough surface. The carbonized NFs reduced the
diameter to 634 ± 130 nm. For comparison, cellulose NFs
without PPy were also subjected to the same carbonization
process. However, the carbonized cellulose NFs had a smooth
surface with a diameter of 536 ± 106 nm (Figure 2a). The
rough surface on the carbonized PPy-NFs came from PPy
particles.
Transmission electron microscopy energy dispersive X-ray

spectroscopy (TEM-EDS) mapping and XPS were used to
characterize the elementary distribution of the carbonized NFs
(Figure 2c, d). As shown in Figure 2d, N distributes uniformly
throughout the carbonized PPy-NF surface. The XPS survey
spectrum indicated that N existed in the carbonized PPy-NFs,
with a N/C atomic ratio of 1:23.5 (Figure 2f). For the CNFs,

Figure 1. Schematic illustration of the procedure to prepare NF
electrode materials and the supercapacitor device.

Figure 2. (a, b) SEM images of CNFs and N-CNFs, respectively; (c)
TEM image of N-CNFs; (d) corresponding TEM-EDS image of N;
(e) XPS survey spectra; (f) high-resolution XPS N 1s spectrum of N-
CNFs.
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however, no N was found on the surface. This result indicates
that N-CNFs are formed when PPy is applied onto the
cellulose NFs before carbonization. Figure 2f shows the high-
resolution XPS N 1s spectrum of the N-CNFs. The two main
peaks with binding energies at ∼398.3 and ∼400.7 eV
correspond to pyridinic and pyrrolic/pyridone N, respectively.
The curve-fitting of the spectrum revealed that a broad peak at
about 403.1 eV also existed, which is assigned to −NOx. These
N-containing groups are expected to function like active sites to
strengthen the capacitive properties.
The surface area and pore size of the carbon nanofibers were

measured (see the Supporting Information). The N-CNFs
showed lower pore volume ascribing to the destruction of pore
walls and blocking of the pore due to N doping.49 A similar
result was also reported in the literature.26,50 In spite of this, N-
CNFs still showed a reasonably high surface area (∼281.8 m2

g−1), and the pores in the NFs had a mean size of ∼3.47 nm.
These microspores were formed due the treatment in CO2
atmosphere at the final carbonization stage. The treatment in
CO2 is also referred to as “activation”. Such a microporous
structure could facilitate the transport and diffusion of
electrolyte ions during charge and discharge, especially at a
high current density, and it reduces the internal resistance
(Rint), leading to high supercapacitor performance.26,50,51

Figure 3 shows the electrochemical property of the carbon
NFs measured using a three-electrode system in 6.0 M aqueous
KOH solution. N-CNFs had a nearly rectangular CV curve,

indicating excellent capacitive behavior (Figure 3a). The CV
curve still kept the “quasi-rectangular shapes” even at a scan
rate of 200 mV s−1 (see the Supporting Information), indicating
the good reversibility and low equivalent series resistance
(ESR). In comparison, CNFs showed a small rectangular CV
curve. The area surrounded by the CV curve for N-CNFs was
significantly larger than that of CNFs both at low and high scan
rates (see the Supporting Information), suggesting that the N-
CNFs have higher capacitance than the CNFs. This can be
explained by the combined electric double-layer capacitance
(EDLC) and pseudocapacitance from the N-functionalized
carbon.52

The galvanostatic charge/discharge (GCD) performance was
measured at a voltage window that was the same as the CV test.
Figure 3b shows the GCD curve of CNFs and N-CNFs at the
current density of 20 A g−1, and GCD curves at different
current densities are shown in the Supporting Information.
With increasing the current density, the discharge time
increased. However, the N-CNF electrode had an evidently
longer discharge time than the CNF electrode, suggesting that
N-CNFs offer a much larger capacitance, which agrees well with
the CV testing results. In addition, a small drop of the Rint drop
was observed in the GCD curves, indicating a small overall
resistance. The N-CNF electrode had nearly linear and
symmetrical GCD curves, indicating the excellent EDLC
characteristic and electrochemical reversibility, as well as the
rapid I−V response.

Figure 3. (a) Typical CV curves of CNFs and N-CNF electrodes at a scan rate of 20 mV s−1; (b) typical GCD curves of CNFs and N-CNF
electrodes at a current density of 20 A g−1; (c) specific capacitance of CNFs and N-CNF electrodes at different current densities; (d) cycling ability
of the N-CNF electrode at a current density of 20 A g−1 (the inset shows a GCD curve of the first 30 cycles); (e) Nyquist plots of CNFs and N-CNF
electrodes (inset: magnified 0−4 Ω region); (f) plot of the impedance of phase angle versus frequency for the N-CNF electrode; (g) CV curves of
the N-CNF/Ni(OH)2 electrode at various scan rates; (h) specific capacitance of Ni(OH)2 and N-CNF/Ni(OH)2 electrodes as a function of the scan
rates based on the CV curves.
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The specific capacitance (Cs) of a single electrode was
calculated based on the galvanostatic discharge curve according
to eq 1:10

= × Δ
× Δ

C
I t

m Vs (1)

where I is the discharge current (A), ΔV (V) is the potential
change within the discharge time Δt (s), and m is the mass of
the electrode (g). Figure 3c shows the effect of the charge−
discharge current density on the specific capacitance. The N-
CNF electrode had a specific capacitance of ∼236 F g−1 at 0.2
A g−1, which is substantially higher than that of the CNF
electrode (∼105 F g−1). The specific capacitance of the N-CNF
electrode maintained as high as ∼171 F g−1 at 10 A g−1,
∼84.1% retention at 1 A g−1 (∼203.4 F g−1), indicating a good
capacitance retention capability and nonkinetic limited
performance.10,53 The high rate capability makes this material
suitable for high power supercapacitor applications. This
capacitance value is higher than most of the N-functionalized
carbon materials reported in the literature (see Table S2 in the
Supporting Information). The N-CNF electrode also exhibited
an excellent cycling stability with less than 2% capacitance loss
after 10 000 cycles of charge−discharge at a high current
density of 20 A g−1 (Figure 3d).
Electrochemical impedance spectroscopy (EIS) was used to

understand the ion-transfer behavior and electrical resistance of
the electrode materials (Figure 3e). In the high-frequency
range, the solution resistance and the charge-transfer resistance
can be obtained from the intercept and the semicircle intercept
at the Źreal, respectively. It was obvious that the solution
resistance and the charge-transfer resistance for N-CNFs were
very small (<1.1 Ω), suggesting low ESR in the electrode
materials. In the low-frequency region, the linear part called
Warburg resistance presents the diffusion behavior of electro-
lyte ions within the electrodes. Such behavior is caused by the
interruptions during the semi-infinite diffusion of ions into the
porous structure. The steep slope of Warburg curves indicates
fast formation of an electric double-layer. The ion-penetration

process was characterized by the projected length at the Źreal.
The N-CNF electrode had a more vertical curve than the CNF
electrode, suggesting that the N-functionalized material has a
shorter ion diffusion and a better capacitor performance.
Figure 3f shows the impedance phase angles of the N-CNF

electrode at different frequencies. The characteristic frequency
f 0 for a phase angle of 45° marked the point at which the
resistive and capacitive impedances had equal magnitudes.54,55

On the basis of f 0, A time constant (t0 = 1/f 0) is based on f 0
and indicates how fast the electrode materials can be charged
and discharged reversibly. The small time constant (t0 = 1.5s)
for the N-CNF electrode suggests a comparable charged−
discharged speed to microporous- or mesoporous-activated
carbon electrodes.
We further proved that the N-CNFs can be used as a

negative electrode to prepare an asymmetric supercapacitor. To
prepare an asymmetric supercapacitor, Ni(OH)2 was chosen as
the positive electrode material. Ni(OH)2 nanoparticles were
synthesized by a solid-state reaction in the presence of a small
portion of N-CNFs (nonactivated). Here, N-CNFs were added
to increase the conductivity of Ni(OH)2. Ni(OH)2 nano-
particles distributed evenly throughout the fibrous matrix. In
comparison, Ni(OH)2 nanoparticles without N-CNFs were also
prepared, which showed particle cluster morphology (see the
Supporting Information).
The XRD measurement indicated that Ni(OH)2 was in a

hexagonal phase regardless of the presence of N-CNFs, which is
in good agreement with the reported β-type Ni(OH)2 phase
(see the Supporting Information).56 The N-CNFs/Ni(OH)2
composite showed weaker XRD diffraction peaks than pure
Ni(OH)2, attributive to the dispersion of the carbon materials
in the resulting composite.57 The chemical composition of the
N-CNFs/Ni(OH)2 composite was also proved by the XPS
results (see the result in the Supporting Information).
Figure 3g shows the CV curves of the N-CNFs/Ni(OH)2

electrode at different scan rates. All the CV curves contained
two peaks, corresponding to an anodic peak at ∼0.48 V and a

Figure 4. (a) CV curves of the device at different operation voltages (scan rate, 20 mV s−1); (b) effect of operation voltage range on the specific
capacitance (scan rate, 20 mV s−1); (c) specific capacitance at different scan rates; (d) Nyquist plots (inset: magnified 0−2 Ω region); (e) cycle
performance within a voltage of 1.6 V (scan rate, 100 mV s−1); (f) Ragone plot related to energy and power densities operated at different operation
voltages.
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cathodic peak at ∼0.30 V. These two redox peaks are ascribed
to the faradic reaction of Ni(OH)2:

55

+ ↔ + +− −Ni(OH) OH NiOOH H O e2 2

The CV curves showed a similar profile when the scan rate
was in the range 2−15 mV s−1. With increasing the scan rate,
the potential of both the anodic and the cathodic peaks shifted
toward more positive and negative directions, due to the
increased internal diffusion resistance of electrode.57,58

Voltammetric currents are known to be directly proportional
to the scan rate and thereby display capacitive behavior.59 The
N-CNFs/Ni(OH)2 electrode exhibited improved electrochem-
ical properties, making it promising for a supercapacitor (Figure
3h). The N-CNFs/Ni(OH)2 composite electrode can reach a
specific capacitance as high as ∼1045 F g−1 at 1 mV s−1. The
enhanced performance can be ascribed to the positive
synergistic effect of carbon NFs and Ni(OH)2. Ni(OH)2
nanoparticles on carbon NFs allow good access to the
electrolyte, and the carbon substrate endows the electrode
with high electrical conductivity effectively facilitating the redox
reaction.22,57 With increasing of the scan rate, the specific
capacitance declined accordingly; however, the trend was much
slower than that of the Ni(OH)2 electrode. This is because the
diffusion of protons within the electrode is limited at high
charge−discharge rates and parts of the electrode surface are
inaccessible, which results in incomplete sustenance for the
redox transition in the inner active sites.60

An asymmetric supercapacitor device was fabricated using N-
CNFs/Ni(OH)2 and N-CNFs as positive and negative
electrodes. The mass loading ratio of the positive and the
negative electrode materials was calculated according to eq 2:61

= ×
×

+

−

− −

+ +

m
m

C V
C V (2)

where C (F g−1), V (V), and m (g) are the capacitance, the
charging−discharging voltage range, and the mass of the
electrode, respectively. The supercapacitor using 6.0 M aqueous
KOH solution as the electrolyte was tested in a two-electrode
configuration. Figure 4a shows the CV curves with different
voltage windows. Stable CV curves resulted even if the
potential window was as large as 1.6 V. The redox peaks in
the CV curves indicated the pseudocapacitive behavior of the
device because of the faradaic reaction of Ni(OH)2. With
increasing the potential window, the faradaic reactions become
more intensive.
Figure 4b shows the specific capacitance calculated based on

the CV curves. The capacitance value increased from ∼59.6 to
∼85.4 F g−1 when the potential range increased from 1.0 to 1.6
V. The GCD curves of the device still remained nearly
symmetric even at a potential of 1.6 V (see the Supporting
Information), indicating the excellent capacitive characteristics
with a rapid I−V response and small ESR. Therefore, the
voltage window of 1.6 V was chosen for further study of the
device electrochemical properties.
Figure 4c shows the effect of scan rate on specific

capacitance. With increasing of the scan rate, the specific
capacitance decreased gradually. This can be explained by the
decrease in the electrochemical utilization of electroactive
materials at a high scan rate.62 The capacitor device operated at
the window of 1.6 V and the scan rate of 1 mV s−1 had a high
specific capacitance of ∼172 F g−1, which was approximately

1.4, 1.6, and 1.8 times higher than that at a voltage window of
1.4, 1.2, and 1.0 V (same scan rate), respectively.
The GCD curve at different current densities exhibited

almost equilateral triangle shapes at a potential of 1.6 V (see the
Supporting Information), suggesting good reversibility and
desirable fast charge−discharge property.50 Rint drop (Rint,drop)
was obtained based on the GCD curves, and the effect of the
discharge current density on the Rint,drop was shown in the
Supporting Information (Figure S11c). The Rint,drop and the
current were in a linear relationship, according to eq 3:63

= +R a bIint,drop (3)

where a is the difference between the applied potential of 1.6 V
and the charged potential of the capacitor and b is double the
value of the internal resistance Rs (Ω). The small Rs of the
device would assist in delivering high discharge power in
practical applications.26 The capacitor device showed a phase
angle close to 90° for frequencies up to 100 Hz (see Figure
S11d in the Supporting Information), a characteristic capacitor
behavior.64

Figure 4d shows Nyquist plots of the capacitor device. The
charge-transfer resistance was calculated based on the Nyquist
curve. The maximum power density (Pmax) can be calculated by
eq 4:63

=
× ×

= −
× ×

P
V
M R

a
M b4

(1.6 )
2max

0
2

s

2

(4)

Here, V0 is the practical work potential of the device (V). The
maximum power density reached ∼117 kW kg−1, which is
comparable with most of the other reported nickel-based or
nitrogen-containing aqueous electrolyte supercapacitors.58,65−67

The long-term cycling stability of the device was measured
by repeating the CV scan at a scan rate of 100 mV s−1 for 5000
cycles. The capacitance as a function of the scan cycle is shown
in Figure 4e. The device retained ∼81% of the initial value after
the initial 1000 scan cycles and a slight increase in the
capacitance to ∼84% of the initial capacitance after 5000 cycles.
The pulverization and loss of electrical contact between the
active material and the carbon could be the cause to the initial
decrease in the capacitance, whereas the capacitance increase at
the later stage could come from the improvement in the
electrode surface wettability.57

Figure 4f shows Ragone plots of asymmetric supercapacitor
devices. The energy density decreased when the specific power
density increased. The maximum energy density for our
asymmetric supercapacitor operating at the 1.6 V voltage
window was ∼51 (W h) kg−1 at a power density of ∼0.9 kW
kg−1. These data are higher than those of the supercapacitors
made of other electrospun materials reported.68−70 It is also
comparable to some nickel-based asymmetric supercapacitors
with an aqueous solution electrolyte and significantly higher
than the symmetrical supercapacitor (see Table S3 in the
Supporting Information).
The excellent performance of the asymmetric supercapacitor

device can be explained by two main reasons: (1) N-CNFs with
high surface area, appropriate porosity, and good electric
conductivity provide enormous active sites for electrochemical
reaction, short ion-diffusion path, and fast charge-transfer speed
during charge−discharge; and (2) nanosized Ni(OH)2
enhances the capacitance and rate performance.
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■ CONCLUSIONS

We have fabricated N-CNFs using PPy-coated cellulose
electrospun NFs as the precursor. The N-CNFs show high
specific capacitance and excellent cycling stability when they are
used as an electrode material. Using the N-CNFs as the
negative electrode material and Ni(OH)2/N-CNFs as the
positive electrode material, we have further prepared an
asymmetric supercapacitor and proved that the supercapacitor
device has high specific capacitance, high energy density, and
good cycling stability with an operating voltage of 1.6 V in
KOH aqueous electrolyte, which exceeds the supercapacitor
devices made of other electrospun NF electrode materials and
some other asymmetric supercapacitors. N-CNFs derived from
electrospun cellulose may serve as a promising electrode
material for high-performance supercapacitor and other energy
storage devices.

■ EXPERIMENTAL SECTION
Material. Pyrrole (Sigma−Aldrich, 98%), nickel acetate tetrahy-

drate (Sigma−Aldrich), sodium hydroxide (Merck KGaA), potassium
hydroxide (Chem-Supply), ferric chloride (Ajax Chemicals), oxalic
acid (Acros, 98%), and hydrochloric acid (RCI Labscan, 32%) were
used as received.
Preparation of Cellulose NFs. CA NFs were prepared using a

purpose-built electrospinning setup. The as-spun NFs were then
immersed in 0.1 M NaOH−ethanol solution at room temperature for
24 h to convert the CA within the NFs into cellulose. After washing
with deionized water, the NaOH-treated NFs were dried under
vacuum to get cellulose NFs.
Coating of PPy on Cellulose NFs. Cellulose NFs (0.3 g) were

immersed in an aqueous HCl solution (1.0 M) containing pyrrole (1.8
g), followed by stirring for 2 h. Ferric chloride solution was added
dropwise to the NF-containing solution, and the mixture was then
stirred for an another 18 h in an ice−water bath. The PPy-coated NFs
were separated by filtration, washed with distilled water and ethanol,
and dried under vacuum at 60 °C. The molar ratio of pyrrole/FeCl3 in
the coating solution was 1:1.
Preparation of N-CNF Electrode Material. PPy-NFs were

carbonized in a tubular furnace at 850 °C for 2 h in N2 atmosphere. To
activate the carbon fibers, the products were heated in CO2 at 850 °C
for 2 h at the final stage of the carbonization process. For comparison,
cellulose NFs without PPy were also subjected to the same procedure
to get CNFs.
Preparation of N-CNFs/Ni(OH)2 Electrode Material. The N-

CNFs/Ni(OH)2 composite was prepared using a two-step solid-state
reaction route from the literature55 with some modification. In the first
step, nickel acetate and oxalic acid (mole ratio = 1:1) were mixed and
ground in an agate mortar for 0.5 h, followed by filtering with water
and ethanol. In the second step, the dried precursor (0.2 g) and N-
CNFs (0.022 g) (without activated during carbonization) were ground
together with a mortar. After 0.5 h, KOH (0.123 g) was added into the
mixture under continuous grinding at ambient temperature for
additional 1.0 h. The final product was rinsed with water and then
dried at 80 °C to obtain the N-CNFs/Ni(OH)2 composite. The mass
fraction of Ni(OH)2 in the composite was 82%. For comparison, the
same procedure was also employed to prepare pure Ni(OH)2 without
N-CNFs.
Electrochemical Characterization. All electrochemical measure-

ments were carried out on a CHI 760D electrochemical workstation.
The electrodes were prepared by mixing active material, carbon black,
and poly(vinylidene fluoride) in N-methylpyrrolidone at a mass ratio
of 80:15:5 to obtain a slurry. The slurry was then pressed onto a nickel
foam current collector (1 cm × 1 cm) and dried at 80 °C overnight.
The electrochemical test of the individual electrode was carried out on
a three-electrode system using platinum foil as the counter electrode, a
Hg/HgO electrode as the reference electrode, and 6.0 M aqueous
KOH solution as the electrolyte. The asymmetric supercapacitor

device was fabricated by separating two electrodes with filter paper.
The supercapacitor was tested in a two-electrode system. All the
electrochemical tests were carried out at room temperature. The
specific capacitance (Cm) of the asymmetric supercapacitor was
calculated based on the galvanostatic discharge curve using the
following equation:50

= × Δ
× Δ

C
I t

M Vm (5)

where M is the total mass of the active materials on the two electrodes
of the capacitor (g). The key parameters of the supercapacitor, power
density (P) (W g−1) and energy density (E) (J g−1), were calculated
using eqs 6 and 7:10,16,71

= × × ΔE C V
1
2

( )m
2

(6)

=
Δ

P
E

tav (7)

Other Characterizations. The microstructure was observed under
a scanning electron microscope (Supra 55VP) and a transmission
electron microscope (JEOL 2100F). The crystallographic structure
was analyzed on a powder X-ray diffractometer (X’pert Pro MRD XL)
equipped with Cu Kα radiation (λ = 0.15406 nm). The surface
chemical composition was characterized using an X-ray photoelectron
spectrometer (Kratos AXIS Ultra DLD) equipped with a 165 mm
hemispherical electron energy analyzer. The incident radiation was
monochromatic Al X-rays (1486.6 eV) at 150 W (15 kV, 10 mA).
FTIR spectroscopy was measured on a Bruker VERTEX 70
spectrometer with ATR mode. DSC was conducted on a TA Q200
equipment at a 10 °C/min heating rate. TGA was performed on a TA
Q50 in N2 atmosphere with a heating rate of 10 °C/min and a
temperature range from 30 to 800 °C. The Brunauer−Emmett−Teller
(BET) surface area was measured by the nitrogen adsorption method
with a Quantachrome Autosorb-1 instrument. The pore size
distributions was determined by the density functional theory method.
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