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Carbon nanofibers by electrospun for high-performance supercapacitors
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Abstract: Recently, metal-organic frameworks (MOFs) have been regarded as an ideal precursor
for preparing nanoporous carbon materials for the electrodes of supercapacitors due to their ability
to tune the material’s structure from the molecular scale. However, the MOF-derived carbons
usually exhibit a low graphitization level and large interface resistance between the particles which
yield a poor electrical conductivity of the electrode disc that greatly limits their electrochemical
performance. Herein, we demonstrate that pyrolysis of ZIF-67 that is embedded into a nanowire
network made of polyacrylonitrile (PAN) can achieve a freestanding carbon-based electrode for
supercapacitors. PAN nanowires yield pyrolytic carbon of high graphitization level to connect
ZIF-derived carbon nanoparticles for efficient charge transfer; ZIF-67 provides nitrogen doped
porous carbon structure for charge storage. Such a electrode delivered a gravimetric capacitance of

! with a capacitance retention of greater than 92%

124 F « g ! at the current density of 1 A+ g
over 10 000 cycles at 10 A » g .
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0 Introduction

Supercapacitors, also called ultracapacitors or
electrochemical capacitors, have attracted great
attention owing to their high power density and

L which store energy by forming

long cycle life
an electric double-layer at the interface between
liquid electrolyte and the electrode™™. The physical
properties of the electrode materials, for instance
electrical

the porous structure, surface area,

conductivity, and chemical stability, etc. .
dominate the electrochemical performance of the
supercapacitors/™.  The widely used electrode
materials mainly include carbon materials, metal

which

nanoporous carbons (NPCs) are considered to be

oxides, and conducing polymer, in
the most promising ones because of their relatively
high electrical conductivity, excellent chemical
stability, controllable porous structure, and rich
carbon sources "',

In recent years, metal-organic framework
(MOF) has drawn much attention for obtaining
NPCs owing to its high specific surface area (SSA)
and its richness in heteroatoms that can yield
highly doped NPCs. These features are critical for
NPCs to yield improved gravimetric capacitance.
Direct carbonization of MOF by thermal treatment
in an inert atmosphere is the most wildly used
method™*™!, In 2008, for the first time, Liu et
al. ") reported an NPC

carbonization of MOF-5, which showed a specific

obtained by direct

' and promising

surface area of 2 872 m* « g~
gravimetric capacitance of 258 F ¢ g~ ! at 250 mA -
g !. Recently, Deng et al. " used Co(OH), as
both the template and precursor to fabricate a
high-
Despite the

vertically-oriented MOF electrode for

performance supercapacitors.

feasibility in structure tuning, the inherent

limitations of MOF-derived NPCs still hinder its

applications for supercapacitors, for example the
poor graphitization level of the carbonized MOFs
and the interface resistance between the NPCs
particles that lower the electrical conductivity, and
thus lead to a restricted power density™?%,

In this work, we fabricated a binder-free N-
doped carbonized nanofibers (CNFs-N) using ZIF-
67 embedded polyacrylonitrile (PAN) as precursor
through electrospinning. The carbonized ZIF-67
nanoparticles are interconnected by carbonized
PAN fibers which facilitates electron transfer
during the charge-discharge process. In addition,
ZI1{-67 and PAN also provide a nitrogen source to
generate N-dopants in carbon , which enhances the
overall capacitacity. Thus, our CNFs-N delivered

' at the

a gravimetric capacitance of 124 F « g
current density of 1 A « g~ ! with a high capacitance

retention of greater than 92% over 10 000 cycles.

1 Experimental

1.1 Preparation of ZIF-67 particles

Typically, 3.446 g of Co(NO;), « 6H,O was
dissolved in 120 mL of methanol. 7. 787 g of 2-
methylimidazole (MeIM) was dissolved in 120 mL
of methanol. Then, the two solutions were rapidly
mixed together under magnetic stirring at room
temperature. After stirring for 1 h at room
temperature, the purple powder was collected by
centrifugation at 9 000 r/min for 10 min, and was
washed three times with methanol.

1. 2 Preparation of N-doped carbon nanofibers
(CNFs-N)

0. 39 g of the as-synthesized ZIF-67 powder
was dispersed in 2 ml of dimethylformamide
(DMF) solvent with the assistance of ultrasound
for 2 h. Then 0. 26 g of polyacrylonitrile (PAN,
average MW 150 000) was dispersed in the ZIF-67/
DMF suspension. The mixture was stirred for 24 h

to form a homogeneously suspension. Then, the
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mixture was loaded into a syringe (5 mL) with a
stainless-steel nozzle which was connected to a
high-voltage power supply. The voltage, feeding
rate, temperature, and distance between the anode
and cathode are fixed at 20 kV, 3.5 mm + h™ ', 25
°‘C, and 15cm, respectively. The electrospun ZIF-
67/PAN film was dried at 45 C for 12 h in
vacuum. Carbonization was carried out through a
two-stage heating process. Specifically, the sample
was held to 270 C with a ramping rate of 5 C
min~ ' in air and the temperature was held at 270°C
for 1 h. Then the sample was heated to 800 °C
with a ramping rate of 5 °C « min ' under the
protection of N, gas. The temperature was held at
800°C for 2 h before cooling down to room
temperature. Subsequently, the resultant
materials were washed thoroughly in a H,SO,
solution (2.0 mol « L. '), Finally, the as-obtained
CNFs-N sample was rinsed with deionized water
and dried in vacuum at 45 ‘C. The carbonized ZIF-
67 and electronspun PAN film were obtained by
carbonization through the same heating process for
CNFs-N.
1.3 Material characterization

The morphology of the samples was examined
using a scanning electron microscope (SEM, JSM-
6700F) and a field-emission transmission electron
microscope (FETEM, JEM-2100F). The crystal
phase of the products was examined by X-ray
diffraction spectroscopy (XRD, D/max-TTR III)
with Cu Ka radiation (V=40kV, I =200mA) with
scan rate of 5° « min ' from 10° to 50° (28).
Raman scattering spectra were collected on a
Raman spectroscopy ( Renishaw inVia Raman
Micro-scope, 532 nm laser with a power of
5 mW). X-ray photoelectron spectroscopy (XPS)
spectra were obtained on an ESCA Lab MKII X-
ray photoelectron spectrometer with a Mg Ka
(1 253.6 eV) excitation source. The surface area
and pore size distribution of samples were
calculated with N, adsorption-desorption using a
Quanta chrome instrument (autos orb 1Q2) with

( BET)
quenched solid density functional theory (QSDFT)

Brunauer-Emmett-Teller methods and

model.
1.4 Electrochemical measurements

All  electrochemical measurements were
carried out using a two-electrode system with a
Versa Studio electrochemical workstation at room
Before the

supercapacitors, the electrodes were soaked in

temperature. assembly of the

aqueous H,SO, electrolyte (2.0 mol « L™ ') for 48
h. The

consisted of two slices of electrode materials with

employed two-electrode configuration
the same size (¢ = 1.0 cm), PTFE filter paper
(pore size: 225 nm) as the separator, and a pair of
The areal

electrode was

Pt plate as the current collectors.
density of the supercapacitor
estimated by direct mass and physical dimension
measurements, which is about 1. 2 mg * em~*. CV
and galvanostatic charge-discharge measurements
were recorded at the working voltage of 0. 0 to
1.0 V. The electrode was prepared by a directly
carbonized sample without any binders.

The mass based specific capacitance (C,) was
calculated from the galvanostatic discharge process
using the equation:

2T cons
T mdV/de

corresponds to the constant

C,

where I... (A)
discharge current, dV/dt (V « s ') represents the
slope of the discharge curve, and m (g) refers to
the mass of the active material on the two

electrodes.

2 Results and disscusion

Fig. 1(a) shows the processes for synthesizing
the CNFs-N. ZIF-67
( synthesized according to Ref. [ 23] ) was

Firstly, the powder
dispersed in dimethylformamide (DMF) solvent
via sonication for 2 h followed by the addition of
PAN powder. The mixture of a ZIF-67 : PAN :
DMF at mass ratio of 1.5 # 1

stirred for 24 h to form a homogeneous dispersion.

7. 5 was then

Then, the obtained suspension was subjected to
electrospun to form the ZIF-67/PAN film on
aluminum foil (Fig. 1(b)). The film with an area
of 13. 0cm X 18. Ocm can be obtained within 300
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min. The scanning electron microscopy (SEM)
image (Fig. 1 (c)) shows that the ZIF-67/PAN
film obtained by electronspun is composed of fibers
with a diameter of less than 1 pm and a length of
tens of micrometers. After carbonization at 800 C
in Ny, the film is black yet still integrative, and
the fibrous structure is preserved (Fig. 1(d)).

—

() high voltage (b)

Fig. 1 (a) Schematic of the synthesis processes for CNFs-
N, (b) optical photograph of ZIF-67/PAN fibers, (c¢)
SEM image of ZIF-67/PAN fibers, (d) SEM image of
CNFs-N. Inset in (d): photograph of CNFs-N

Fig.2 SEM images of (a) ZIF-67/PAN and (b) CNFs-N
fibers, (¢) SEM image showing the cross section of a CNFs-

N film, (d) and (e) TEM images of CNFs-N at different

magnifications

The details of the microscale structure are
further studied by SEM. Fig. 1(a) shows that the
as-prepared ZIF-67/PAN composite nanofibers are
very long and uniform in diameter (~1 pm) with
nanoparticles of a diameter of around 200 nm
embedded in the fibers. These nanoparticles which
are not observed on the electrospun PAN fibers
should be the ZIF-67 particles. After carbonization
and acid washing, the resultant CNFs-N sample
retains the fiber-like microscopy like that of the
ZIF-67/PAN except that the structure of ZIF-67
particles and PAN fibers are slightly shrunk (Fig.

2(b)). Therefore, the diameter of the CNFs-N
fibers is slightly reduced to around 700 nm.
Benefitting from the network formed by the
electrospun ZIF-67/PAN nanofibers, the obtained
CNFs-N sample exhibits good self-standing ability
(inset of Fig. 1(d)). The cross section of SEM
image (Fig. 2 (¢)) shows uniform thickness of
CNFs-N, and also the thickness is controllable by
adjusting the spinning time (Fig. 2(¢)). The TEM
(Fig. 2 (dM»
microstructure of the CNFs-N. The nanofiber is

images further reveal the
composed of hollow nanoparticles interconnected
with each other, which should be the carbonized
ZIF-67 particles. In addition, nanoparticles with a
diameter of around 10nm is observed in Fig. 2 (e)
which can be assigned to Co nanoparticles, as

confirmed by the selected area electron diffraction

pattern.
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Fig.3 (a) XRD patterns and (b) Raman spectra of CNFs-
N and the control samples, (¢) N 1s XPS spectra of CNFs-
N, (d) N, adsorption/desorption isotherms of the CNFs-N

X-ray diffraction (XRD) patterns of CNFs-N,
ZIF-67/PAN, and ZIF-67 are shown in Fig. 3(a).
The XRD pattern of ZIF-67/PAN (red curve in
Fig. 3(a)) shows sharp yet weak diffraction peaks.
The relative intensities and peak positions well
match those of ZIF-67 (blue curve in Fig. 3(b)),
which again confirms the successful incorporating
of ZIF-67 in the PAN microfiber network. After
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carbonization, the CNFs-N shows a strong XRD
peak at around 44. 2°, which can be ascribed to the
lattice plane of (111) of metallic cobalt''l. A
broad XRD peak at 20 of 26° is also observed which
can be assigned to carbon of weak graphitization

1199, Such weak graphitization level of the

leve
CNF-N is further confirmed by Raman spectrum
(Fig. 3(b)), which shows broad D (at 1 338 cm ')
and G (at 1 585 em ') bands with D/G intensity ratio
of 1. 03. The D/G intensity ratio of the CNF-N is
slightly higher than that of the carbonized PAN, yet is
lower than that of the carbonized ZIF-67, which could
be due to the existence of Co nanoparticles that can
assist the graphitization of carbon at the elevated
temperature of 800 ‘C™.

N atoms substitutionally doped in carbon are
found to be able to improve the Fermi level of
carbon so as to improve the gravimetric
capacitance® . Here, ZIF-67 and PAN have the N
and 25. 3%,

direct carbonization of

atomic percents of 13. 8%
respectively, therefore,
ZIF-67/PAN yields CNFs-N of N atomic percent of
6. 3%. X-ray photoelectron spectroscopy (XPS)
was used to further analyze the configuration of N
dopants in the CNFs-N. The N 1s spectrum of
CNF-N (Fig. 3(c)) can be fit with four peaks
which are assigned to pyridinicN (398. 5 eV),
pyrrolic-N (400. 1 eV), graphiticcN (401. 1 eV), and
oxidiccN (403, 2 eV ).

pyridinic-N

Among these types.,
and pyrroliccN  species are the
dominant configurations of N in CNFs-N. And
these two types of N-dopants are active in
increasing the Fermi level of carbon to yield
improved gravimetric capacitance™, In addition,
the N, adsorption-desorption curve shows the
hysteresis loop of type IV (Fig. 3(d)), indicating
that the CNFs-N sample exhibits a mesoporous
structure with a specific surface area of 340. 4 m?
e g 107,

To evaluate the electrochemical performance
of the CNFs-N a two-electrode cell is applied which
contains two CNF-N disks of a diameter of 1cm as

both the positive and negative electrodes, a PTFE
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Fig. 4 (a) Cyclic voltammetry (CV) curves of the CNFs-N
sample obtained at different scan rates, (b) galvanostatic
charge-discharge curves at different current densities, (c¢)
cycling performance of the CNFs-N at a current density of
10.0A - g~', (d) gravimetric capacitance of the CNFs-N
and the control samples measured at different current

densities

film as separator, and aqueous H,SO, solution
(2.0 mol » L™") as the electrolyte (See Sec. 1 for
the details). The typical cyclic voltammetry (CV)
curves of CNFs-N at sweep rates ranging from 25
to 100 mV « s ! are presented in Fig. 4(a). The
nearly rectangular shape suggests a typical
capacitive behavior by the forming of an electrical
double-layer at the CNF-N/electrolyte interface.
The small humps can be assigned to the Faradaic
reactions of Co nanoparticles decorated on the
CNFs-N fibers.
Furthermore, the
discharge curves of CNFs-N (Fig. 4(b)) collected

1

at current densities of 1.0 A+ g ', 2.0 A+ g ',

galvanostatic  charge-

and 5.0 A « g~ ! present that the cell voltages are
changing almost linearly with time, typical of a

supercapacitor cellF%1 The gravimetric

' at current densities of

capacitance is 124 F « g
1A g .

CNFs-N shows a very low series resistance of

In addition, the Nyquist plot of the

0.27 Q, indicating excellent electrical conductance

of the CNFs-N. Moreover, the cycling stability of
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the CNFs-N is tested by galvanostatic charge-discharge

at a current density of 10, 0 A + g !,

As shown in
Fig. 4 (¢), the specific capacitance maintains 92% of
the initial value after 10 000 cycles, indicating excellent
cycling stability. On the other hand, the gravimetric

capacitances of the carbonized ZIF-67 and PAN

1 1

measured at 1. 0 A + g ' are only 75 F « g7' and
10 F+ g ', respectively (Fig. 4 (d)), significantly
lower than that of the CNFs-N, which indicates that
by PAN fibers

carbonization is critical to yielding improved specific

interconnecting  ZIF-67 before

capacitance. Furthermore, we also measured the

electrochemical performance of CNFs-N in 6. 0 mol
—1

L' KOH aqueous electrolyte, 1. 0 mol * L

tetraethylammonium tetrafluoroborate/acetonitrile

(TEABF,/AN), and 1. 0 mol « L' I-butyl-3-
methylimidazolium hexafluorophosphate/
acetonitrile ( BMIMPF;/AN ). The specific

capacitances are 59 F« g ', 35 Fe g ', and 32 F »

1

g 'atl A «g !, respectively, which demonstrate

the possibility of CNFs-N to be applied as electrode

materials for supercapacitors.

3 Conclusion

a CNFs-N
obtained by carbonizing a ZIF-67/PAN composite

In summary, we report film
prepared by electrospun. The CNFs-N film with
lateral size of tens of centimeters is assembled by
microfibers which are composed of interconnected
carbon spheres with N content of 6. 3%. The
CNFs-N exhibits a low series resistance of 0. 27 Q
and specific capacitance of 124 F e g 'at1 A« g!
the
supercapacitor device. The specific capacitance can
maintain 92% of the initial value after the CNFs-N
is being cycled for 10 000 times at 10 A » g '. The

when served as binder-free electrodes in

good specific capacitance and cycling life and the
feasibility in scaling the size of CNFs-N promise an
candidate  for  high

attractive performance

supercapacitors.
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