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Abstract

In this paper, waste hollow fiber filter membrane is used as a carbon source and KOH as an activator under an atmosphere
of protective argon gas to prepare hollow fiber filter membrane-based porous carbon material ZKC-T via a high-temperature
pyrolysis activation method. Hollow fiber filter membrane-based porous carbon ZKC-T was found to consist of amorphous
carbon, with an irregular three-dimensional network interconnecting pore structure, specific surface area of up to 2934 m* g™,
and a reasonable pore size distribution. Cyclic voltammetry and constant current charge and discharge tests showed that the
hollow fiber filter-based porous carbon material ZKC-700 has excellent electrochemical performance. The carbon material
shows a specific capacitance of up to 289 F g~! at a current density of 1 A g~!in 6 M KOH electrolyte. In addition, the mate-
rial shows good cycle stability; after S000 charge and discharge cycles, the capacitance retention rate is as high as 92.8%.
The hollow fiber filter membrane-based porous carbon prepared by this method exhibits excellent electrochemical properties.
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1 Introduction

Since the introduction of supercapacitors, research into
supercapacitor electrode materials has been prevalent
[1-8]. Electrode materials are the core component of
supercapacitors. Carbon materials have become one of the
most widely used electrode materials in current research
based on their low cost, environmental protection, and
high efficiency [9-15]. Studies have shown that the spe-
cific surface area and pore size distribution of a mate-
rial are important factors that can affect the performance
of carbon materials. Therefore, it is highly important in
the research for carbon materials to find a more effective
preparation method to regulate the specific surface area
and pore size distribution of materials. Jiang et al. used
CaCO; as a template to successfully prepare polytetra-
fluoroethylene waste into porous carbon through a tem-
plate carbonization method. For a PTFE:CaCO;:CO (NH,)
, mass ratio of 2:1:2, the specific surface area was deter-
mined to be 1048.2 m? g~!, and the specific capacitance
of the PTFE composite was found to be 237.8 Fg~ ' at a
current density of 1 A g~!. These results show that the car-
bonization temperature and raw material mass ratio play a
crucial role in regulating pore structure [16]. Zhang et al.
used waste polystyrene foam as a carbon source and silica
particles to create a rich porous structure. A Friedel-Crafts
reaction was successfully used to produce a porous car-
bon material with a 3D network structure. The prepared
material showed a specific surface area of 620 m? g~! and
a uniform mesopore distribution in the bulk phase. The
specific capacitance of the prepared porous carbon mate-
rial was determined to be 208 F g~! at a current density
of 1 Ag ![17].

As we all know, the accumulation of polymer products
can lead to environmental pollution and resource waste.
Therefore, recycling policies have been adopted to recover
polymer waste and reprocess it into useful products. The
hollow fiber filter membrane is a common separation
membrane, with certain selective permeability, which is
widely utilized in the field of water purification. The hol-
low fiber filter membrane needs to be replaced regularly,
and the replaced hollow fiber filter results in polymer
waste, which can easily cause harm to the environment.
This chapter uses waste hollow fiber filter membrane as
a carbon source, which mainly contains polypropylene.
Hollow fiber filter membrane-based porous carbon mate-
rial, ZKC-T, was prepared by a high temperature chemical
activation method using argon gas as protective gas and
KOH as activator. The crystal structure, microstructure
and composition of the fiber ZKC-T was characterized and
analysed, and the effects of different carbonization temper-
atures and activator concentrations on the electrochemical
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performance of the hollow fiber filter membrane-based
porous carbon material were studied. This research can
make full use of resources and reduce environmental pol-
lution, and provides an experimental basis for the research
and development of solid waste polymer-based porous car-
bon electrode materials.

2 Experimental

2.1 Preparation of hollow fiber filter
membrane-based porous carbon material

2.1.1 Preparation for carbonization

A discarded hollow fiber filter membrane was cut into strips
and placed into a porcelain boat. This boat was then placed
into a tube furnace, wherein argon gas was passed as a pro-
tective gas before raising the temperature to 600° C at a rate
of 5 °C/min. The temperature was kept constant at 600° C
for 2 h. After natural cooling, the product was collected,
and black carbonization powder was obtained by grinding.

2.1.2 Preparation of hollow fiber filter membrane-based
porous carbon material

The obtained carbonization and KOH activator were evenly
mixed and fully ground, and, then, placed into a tube furnace
under an atmosphere of protective argon gas before being
heated to a target temperature at a rate of 3 °C/min. The
temperature was then maintained at a constant value for 2 h.
After cooling to room temperature naturally, the black solid
product was stirred and washed with 1 M hydrochloric acid
solution, and then the sample was repeatedly washed with
ultrapure water until it became neutral and filtered. Finally,
after vacuum drying at 80 °C for 12 h, a porous carbon mate-
rial based on hollow fiber filter membranes was obtained.

2.2 Structural performance characterization

The microstructure and morphology of the porous car-
bon materials were characterized by transmission electron
microscopy (JEM-1200EX, JEOL). The crystal structure was
characterized by X-ray diffraction (RINT-2000, Nippon Sci-
ence). The molecular vibration, rotation, and material prop-
erties of the carbon materials were characterized by Raman
spectroscopy (JY-HR800, Horiba Scientific Group). X-ray
photoelectron spectroscopy (ESCALAB 250Xi, Thermo
Fisher Scientific) was used to identify the functional groups
and elemental compositions on the surfaces of the carbon
materials. The pore structure and pore size distribution of
the carbon material was characterized by N, adsorption/des-
orption tests (Tristar IT 3020, Mike Instruments, USA). The
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N, adsorption amount under different relative pressures P/P,
was measured at 77 K and determined by the BET method,
where the specific surface, Sy, was calculated using the
BET method. The BJH method was used to fit the isotherm
for the nitrogen adsorption/desorption and the pore diameter
distribution curve.

2.3 Electrochemical performance test

The preparation of the working electrode was carried out as
follows: First, 4 mg of hollow fiber filter membrane-based
porous carbon material was weighed out and mixed uni-
formly with acetylene black and polytetrafluoroethylene at
a mass ratio of 8: 1.5: 0.5. Then, this mixture was made into
a slurry with absolute ethanol, uniformly spread out onto a
1 cm X 1 cm nickel foam, and then vacuum dried at 80 °C for
24 h. Next, the nickel foam was pressed by the tablet press
for 1.5 min at 15 MPa to prepare the electrode.

For the electrochemical performance testing process, test
was carried out using a three-electrode system consisting of
hollow fiber filter membrane-based porous carbon material
as the working electrode, a 1.5 cm? platinum plate electrode
as the counter electrode, and a calomel electrode as the ref-
erence electrode. The electrolyte was 6 M KOH solution.
Cyclic voltammetry is a test method that can be used to
characterize the reaction on an electrode surface and enable
discussion for the mechanism of the electrode reaction. The
voltage was set in the range of — 1 V and 0 V and the scan-
ning rate was varied from 5 mV s~! to 200 mV s~!. The
specific capacitance C (F g~!) was calculated based on the
following formula:

_J1av

=2 1
2 - vmAV M

where I (A cm™2) is the current density, AV (V) is the volt-
age window, m (g) represents the weight of the active mate-
rials in the working electrode, and v (mV s™1) refers to the
scanning rate.

The current charging and discharging test is a test method
that is used to investigate the potential change with time
under constant current, study the performance of electrodes
and capacitors, and calculate the specific capacitance. The
constant current charge—discharge was tested under a voltage
range of — 1 to O V and a charge—discharge current range of
0.5 mA to 20 mA. The specific capacitance C (F g~!) can be
expressed by the following formula:

I At 5
T m-AV )

where I (A) is the charge and discharge current, AV (V) is
the voltage change during the discharge time, At (s) is the

discharge time, and m (g) is the mass of the porous carbon
material on the working electrode.

AC impedance is a test method that involves disturbing
capacitors with a small amplitude AC signals followed by
observation of the system’s reaction to such disturbances
from the steady state. It can also be used to measure the AC
impedance of electrodes, which can then enable calculation
of the electrochemical parameters of the electrodes. The AC
impedance was measured in the frequency range of 0.01 Hz
to 100 kHz with an AC amplitude of 5 mV.

3 Results and discussion

Figure 1 shows the XRD spectrum for the porous carbon
material ZKC-T obtained at different carbonization tem-
peratures. It can be seen from the figure that there are two
distinct diffraction peaks in the 26 diffraction angle range
of 10° to 90°, which are located at 21.8° and 43.4°, respec-
tively. This corresponds to the (002) crystal plane and (101)
crystal plane of graphite. Compared with standard graphite
260~26.6°, the (002) diffraction peak for the porous carbon
material ZKC-T is located at 21.8°. Therefore, a significant
shift phenomenon (moving to a low diffraction angle) is
observed. According to the Bragg formula (2desind= 1),
this phenomenon occurs because the interlayer spacing of
the (002) crystal plane is increased [18, 19]. This is mainly
because during the chemical activation process of pyrolysis
at high temperature, the generated K atoms enter the graph-
ite microcrystalline graphite layers, resulting in an increase
in the interlayer spacing. Thus, the porous carbon material
ZKC-T is confirmed to have an amorphous structure. At the
same time, a low intensity diffraction peak is observed at
43.3°, indicating that a carbon nanosheet structure is con-
tained within the porous carbon material ZKC-T [20].

To further investigate the structure and degree of disorder
for the porous carbon material ZKC-T, the porous carbon
material ZKC-T was characterized by Raman spectroscopy.

(002)
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Fig. 1 X-ray diffraction spectra for ZKC-T
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Fig.2 Raman spectroscopy of ZKC-T

Figure 2 shows the Raman spectrum for the porous car-
bon material ZKC-T (600/700/800/900). In the wavenum-
ber interval of 1000~ 1800 cm™!, it can be seen that the
Raman curve for the porous carbon material ZKC-T con-
tains two typical peaks. They correspond to the D band at
approximately 1347 cm™! and the G band at approximately
1589 cm™!, respectively. The D band reflects the disorder
in the disordered carbon or lattice structure, while the G
band reflects the in-plane stretching vibration of the sp>
hybrid carbon atom E,, phonon [21]. The Iy value is com-
monly used to calculate the intensity relationship for the two
peaks. The larger the Ijy/I; value, the higher the degree of
structural disorder of the carbon material and the lower the

Fig.3 TEM (a, b) of hollow
fiber filter membrane-based
porous carbon ZKC-700 (ruler:
a 100 nm, b 50 nm)

Fig.4 N, adsorption/desorption

degree of graphitization [22]. The I,/I; values for the hol-
low fiber membrane-based porous carbon ZKC-600, ZKC-
700, ZKC-800, and ZKC-900 were determined to be 1.427,
1.416, 1.411, and 1.371, respectively. As the carbonization
temperature increases, the I/ value decreases, indicating
that the graphite layer defects in the carbon material are
gradually reduced and that the degree of graphitization is
gradually increased.

To observe the internal micro-channel structure and size
of the porous carbon material ZKC-T, TEM techniques were
used for characterization and analysis. Figure 3a, b shows
transmission electron micrographs of the porous carbon
material ZKC-700 at different high magnifications. It can
be observed that the carbon material ZKC-700 shows good
light permeability. The dense and rich light points indicate
that the material has a dense pore structure. Figure 3b shows
a partially enlarged image of Fig. 3a. It can be seen that the
carbon material ZKC-700 has a very high degree of dis-
order, indicating that the carbon material ZKC-700 has an
amorphous structure. This is due to the etching effect of
KOH on the carbon material during the high-temperature
pyrolysis activation process, which results in an increase
in lattice defects and the formation of a rich and disordered

pore structure.

The N, adsorption/desorption curve for ZKC-T is shown
in Fig. 4a, it can be seen that the N, adsorption/desorption
curve for ZKC-T conforms to the I4+1V type isothermal
temperature line defined by the International Union of Pure
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and Applied Chemistry (IUPAC). This indicates that the
material is rich in micro-mesopores [23, 24]. For a relative
pressure below 0.01, the adsorption of N, is mainly car-
ried out by micropores, and the adsorption amount increases
significantly, which means that the ZKC-T material consists
of a rich micropore structure. For a relative pressure close
to 0.4, a more obvious "hysteresis loop" appears, indicating
that there is a certain mesoporous structure in the material.
The curve for the ZKC-900 material shows a more typical
"hysteresis loop", which is much larger than the "hyster-
esis loop" found in the ZKC-600, ZKC-700, and ZKC-800
materials, indicating that there are relatively many more
mesoporous structures in the BZTC-900. In the stage where
the relative pressure (P/P,) changes from the low-pressure
region to the high-pressure region, the XDC-T curve shows
a typical steady upward trend. This is due to the increase in
P/P,, which forces N, into the interior of the porous carbon
layer/multilayer N, adsorption. For a relative pressure close
to 1.0, the N, adsorption capacity of ZKC-700 increases
significantly, indicating that there are large pores in the
hollow fiber membrane-based porous carbon ZKC-T. Fig-
ure 4b shows the pore size distribution diagram for ZKC-T.
It can be seen that the material contains a large number of
micro-mesopores, which are mainly concentrated near 2 nm
in size; this is mainly due to the activation of KOH dur-
ing the pyrolysis activation process at high temperature. At
the same time, ZKC -900 also shows a peak approximately
3.6 nm, which indicates that a large number of mesoporous
structures exist in the material ZKC-900. As shown in
Table 1, the average pore size in ZKC-T (600/700/800/900)
is 1.95 nm, 2.01 nm, 2.01 nm, and 2.86 nm, because the
ionic radius in the electrolyte is less than 0.4 nm. Therefore,
this type of pore size enables the electrolyte ions to access an
efficient transmission channel and is beneficial to the genera-
tion of electric double layer capacitance [25]. The specific
surface area of ZKC-T (600/700/800/900) was determined
to be 856 m* g1, 2934 m? g7, 2582 m?> g7!, 1701 m? g7,
respectively. The specific surface area for ZKC-600, ZKC-
700, ZKC-800 and ZKC-900 shows the trend of an initial
increase followed by a decrease. This is because high tem-
perature plays a positive role in the activation of KOH dur-
ing the high-temperature pyrolysis activation process, which
helps to increase the specific surface area. However, as the

Table 1 Summary of BET information for ZKC-T

Samples SBET Total pore volume  Average
(m? g’l) (cm® g’l) pore sizes
(nm)
ZKC-600 856 0.42 1.95
ZKC-700 2934 1.48 2.01
ZKC-800 2482 1.30 2.01
ZKC-900 1701 1.21 2.86

temperature continues to increase, the increased pore size
will lead to a collapse of the internal pores in the carbon
material, resulting in a decrease in specific surface area.

X-ray photoelectron spectroscopy (XPS) was used to ana-
lyse the surface elements, content and surface functional
groups for the porous carbon material ZKC-700. The full
XPS spectrum for ZKC-700 is shown in Fig. 5a, with three
characteristic peaks observed, corresponding to Cls, Nls,
and Ols, respectively. The C, N and O content accounted for
88.29%, 3.73% and 7.98% of the total content, respectively.
Numerous studies have shown that nitrogen and oxygen
functional groups can participate in redox reactions to form
pseudo capacitors. Nitrogen and oxygen functional groups
can improve the wettability and electrical conductivity of a
material and facilitate the formation of an electric double
layer [26, 27]. The Cls spectrum of the porous carbon mate-
rial ZKC-700 is shown in Fig. 5b, and three peaks can be fit-
ted to the data. The strongest peaks are found to be located at
284.5 eV and 285.1 eV, corresponding to C=C and C-C/C-
N [28-30], respectively; the peaks located at 286.4 eV corre-
spond to C-O [31, 32]. Figure 5c shows the N1s spectrum for
ZKC-700, which can be fitted to four main peaks. The peaks
at 398.4 eV, 399.8 eV, 400.7 eV, and 402.1 eV correspond
to N-6 (pyridinic-N), N-5 (pyrrolic-N), NQ (quaternary-N),
and N-x (pyridine-N-oxide) [33-35], respectively. Figure 5d
shows the Ols spectrum for ZKC-700, which can be fit to
three characteristic peaks. The peaks at 531.4 eV, 532.5 eV,
and 533.6 eV correspond to C=0 (ester), C=0 (carboxyl),
and O-C=0, respectively [36, 37].

Figure 6a shows the CV curve obtained for hollow
fiber filter-based porous carbon ZKC-T prepared at differ-
ent carbonization temperatures in a 6 M KOH electrolyte
at a scan rate of 10 mV s~!. It can be seen from Fig. 6a
that there is a certain redox bump in the CV curve for the
porous carbon material ZKC-T. This is due to the nitro-
gen and oxygen functional groups present in the ZKC-T
[38]. The CV curve for ZKC-700 was calculated, and its
graphic integral area was found to be the largest; so, the
porous carbon material ZKC-700 shows the best specific
capacitance. Figure 6b shows the GCD curve measured for
the porous carbon material ZKC-T in a 6 M KOH electro-
lyte with a current density of 1 A g=!. It can be seen from
the figure that, except for the material ZKC-600, all the
other samples show an "isosceles triangle" shape, indi-
cating good symmetry. A small part of the curve devi-
ates from the linear relationship, which corresponds to
the redox uplift in Fig. 6a. According to the GCD curve
calculation, the specific capacitances for the porous car-
bon materials ZKC-600, ZKC-700, ZKC-800, and ZKC-
900 are 262 F g~!, 280 F ¢!, 230 F g™! and 204 F g™,
respectively, at a current density of 1 A g=!. It can be seen
that the specific capacitance of the porous carbon mate-
rial ZKC-700 is larger, which is the same as the result
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obtained from the CV curve shown in Fig. 6a. Figure 6¢
shows the specific capacitance calculated at different cur-
rent densities at different carbonization temperatures and
calculated according to the GCD curve. It can be seen
from this comparison that the capacitance performance
of the porous carbon material ZKC-700 is significantly
higher than that of the other carbon materials prepared at
different temperatures, which is mainly due to a high spe-
cific surface area of 2934 m* g~!, abundant nitrogen and
oxygen, and reasonable pore size structure. This helps the
electrolyte to be immersed into the carbon material more
smoothly, which is beneficial to the rapid transfer of elec-
trolyte ions; thus, the specific surface area of the carbon
material is used efficiently, which results in an improve-
ment in the electrochemical performance of the material.
As the current density is increased from 1 A g~ to 10 A
g~ !, the specific capacitance for ZKC-700 decays from 289
F g~!t0 240 F g7!, and the specific capacitance attenuation
rate of this material is determined to be 17%. This proves
that the porous carbon material ZKC-700 has a good rate
performance. The Nernst diagram for ZKC-T is shown
in Fig. 6d. In the low frequency region, except for ZKC-
600, the curves for ZKC-700, ZKC-800, and ZKC-900
are nearly perpendicular to the horizontal axis, indicating
that the porous carbon material ZKC-T shows excellent
capacitor behaviour. At the same time, in the high fre-
quency region, the AC series resistance (AC-ESR) for the
porous carbon materials ZKC-600, ZKC-700, ZKC-800,
and ZKC-900 was determined to be 0.97 Q, 0.73 Q, 0.86

Fig. 7 Electrochemical perfor-

Q, and 1.14 Q, respectively. The half-ring structure in the
high-frequency region is due to the existence of a pseudo
charge transfer resistance. The smaller half-circle indicates
faster charge transfer [39].

Figure 7a shows the CV curve measured for the porous
carbon material ZKC-700 at different scan rates. It can be
observed that the CV curves obtained for the porous carbon
ZKC-700 at different scan rates all show a rectangular-like
outline. The CV curves measured for materials at different
scan rates exhibit good capacitance performance. Figure 7b
shows the GCD curve obtained for porous carbon ZKC-700
at different current densities. It is not difficult to see that
the GCD curves under different current densities maintain
the shape of an isosceles triangle, indicating that the porous
carbon ZKC-700 has excellent capacitance performance and
electrochemical reversibility [40]. Figure 7 (c) shows the
results from a cycle life test. At a current density of 1 A g,
after 5000 charge and discharge cycles, the ZKC-700 has a
capacitance retention rate of 92.8%, and the material exhibits
excellent stability.

The effect of activator concentration on the capacitance
performance of ZKC-700 during activation was further
investigated. Figure 8a shows the CV curve measured for
hollow fiber filter-based porous carbon ZKC-700-H at a scan
rate of 10 mV s~ !. It can be seen from Fig. 8a that there is
a certain redox bump in the CV curve for the porous carbon
material ZKC-T, which is mainly attributed to the nitrogen
and oxygen surface functional groups present in the porous
carbon material ZKC-T. The CV curve for ZKC-700-1:4
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was calculated and its graphic integral area was determined
to be the largest; so, ZKC-700-1:4 shows the largest specific
capacitance value. Figure 8b shows the GCD curve for the
porous carbon material ZKC-700-H in a 6 M KOH electro-
lyte at a current density of 1 A g=!. It can be seen from the
figure that except for the material ZKC-700-1:4, the rest of
the samples show an "isosceles triangle" shape, indicating
good symmetry, which shows that the porous carbon mate-
rial ZKC-700-H has excellent electrochemical reversibility.
According to the GCD curve calculation, at a current den-
sity of 1 A g™, the specific capacitances of the porous car-
bon materials ZKC-700-1:1, ZKC-700-1:2, ZKC-700-1:3,
ZKC-700-1:4 are 249 F ¢~!, 268 F g~!, 280 F g™!, and 297
F g~!, respectively, which shows that the specific capaci-
tance of ZKC-700-1:4 is larger. This shows that the CV
curve results in Fig. 8a are the same. Figure 8c shows the
trend graph for the change in specific capacitance at differ-
ent current densities calculated from the GCD curve. After
comparison, the specific capacitance value of the carbon
material ZKC-700-1:4 was found to be the largest, but as
the current density increases, the specific capacitance value
of the ZKC-700-1:4 attenuates more, and even appears to be
lower than that for ZKC-700-1:3. This is largely due to the
shortened charge and discharge time at high current densi-
ties, resulting in electrolyte ions not having enough time to
enter the internal pores of the carbon material, and the con-
tribution of pseudo capacitance to capacitance. The Nernst
diagram for ZKC-700-H is shown in Fig. 8d. In the low fre-
quency region, the curves for ZKC-700-1:2, ZKC-700-1:3,
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and ZKC-700-1:4 are found to be almost perpendicular to
the horizontal axis, with only the curve for ZKC-700-1:4
showing a slight inclination, indicating that the porous car-
bon material ZKC-700-H shows excellent capacitor behav-
iour. At the same time, in the high frequency region, the AC
series resistance (AC-ESR) for the porous carbon materials
ZKC-700-1:1, ZKC-700-1:2, ZKC-700-1:3, ZKC-700-1:4
was determined to be 0.87 Q, 0.82 Q, 0.73 Q, and 0.95 Q,
respectively. It can be seen that the porous carbon material
ZKC-700-1:3 shows the smallest AC series resistance value
and a very small pseudo charge transfer resistance.

4 Conclusion

In this paper, a waste hollow fiber filter membrane was used
as a carbon source to prepare a hollow fiber filter-based
porous carbon material ZKC-T by pre-carbonization-KOH
activation. With the help of a series of characterization meth-
ods, the porous carbon material ZKC-T was determined to be
composed of amorphous carbon. The porous carbon mate-
rial ZKC-700 shows a specific surface area of up to 2934
m? g~!. The porous carbon ZKC-T is mainly composed of a
micro-mesoporous structure, which contributes to efficient
transport of electrolyte ions and improved electrochemical
performance. The material exhibits excellent electrochemi-
cal performance. In a 6 M KOH electrolyte, the specific
capacitance for ZKC-700 was found to be as high as 289 F
g~ ! at a current density of 1 A g~!. This material shows a
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good rate performance. As the current density was increased
from 1 A g7'to 10 A g7, the specific capacitance decreased
from 289 F g~! to 240 F g~!, with an attenuation rate of only
17%. After 5000 cycles of constant current charge and dis-
charge, the specific capacitance retention rate for ZKC-700
was found to be 92.8%, indicating excellent stability. We
believe that the application of solid waste polymer materi-
als in the preparation of high-performance electrode carbon
materials has certain potential value and can help alleviate
the white pollution problem.
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