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How to efficiently treat municipal solid waste (MSW) has become one of the critical solutions in response to
the call for “carbon neutrality”. Here, the waste polypropylene nonwoven fabric of waste diapers was
converted into hierarchical nanoporous biochar (HPBC) through pre-carbonization and activation
processes as an ideal precursor for supercapacitors (SCs) with excellent performance. The prepared
HPBC-750-4 with an ultrahigh specific surface area (3838.04 m? g™) and abundant heteroatomic
oxygen (13.25%) and nitrogen (1.16%) codoped porous biochar structure. Given its structural advantages,
HPBC-750-4 achieved a specific capacitance of 340.9 F g~* at a current density of 1 A gt in a three-
electrode system. Its capacitance retention rate was above 99.2% after 10 000 cycles at a current density
of 10 A g~%, which indicated an excellent rate capability and long-term cycling stability. Furthermore, the
HPBC-750-4//HPBC-750-4 symmetric SC exhibited a superb energy density of 10.02 W h kg~* with
a power density of 96.15 W kg™ in a 6 M KOH electrolyte. This work not only demonstrates the
enormous potential of waste polypropylene nonwoven fabric in the SC industry but also provides an
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1. Introduction

In response to the “carbon neutrality” policy, renewable energy
sources and corresponding energy storage technologies must be
urgently developed to replace conventional fossil fuels."?
Numerous studies have been conducted on the development of
efficient energy storage materials, among which super-
capacitors (SCs) stand out as the most promising alternative
devices.*>* SCs are widely used in medical devices, portable
electronics, and other renewable energy systems owing to their
long service life, high specific capacity, fast charging and dis-
charging capability, and environmental friendliness.®
Compared with conventional capacitors, the electrodes of SCs
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economically feasible means of managing MSW.

typically have a hierarchical porous structure. Depending on the
electrode material and electrochemical charging and discharg-
ing mechanisms, SCs are subdivided into two categories: elec-
tric  double-layer  capacitors (EDLCs) and Faraday
pseudocapacitors (PCs).® The energy storage of PCs is generated
by a fast and reversible redox reaction at the electrode surface,”
which can obtain a higher specific capacitance and energy
density than EDLCs; however, the practical application of PCs is
limited due to their poor cycling stability, unsatisfactory elec-
trical conductivity, and high manufacturing cost.® The energy
storage of EDLCs stems from the formation of an electric
double layer between the electrode and the electrolyte. By
storing electrical energy on the electrode surface through
physical absorption, EDLCs are characterized by high power
density, high cycling stability, and good rate capability.>*® The
development of new robust electrode materials is crucial based
on the considerable influence of electrode materials on EDLCs
performance.

Typically, electrode materials with hierarchical porous
structures and high specific surface area (SSA) can achieve
a high energy density while maintaining a high power density.
Carbon-based materials, transition metal oxides, and conduc-
tive polymers are basic electrode materials commonly used in
SCs.™ Transition metal oxides and conductive polymers have
relatively good electrical and mechanical properties, but their
high cost, poor cycling performance, and thermal stability limit
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their applications. Carbon-based materials present high
potential in SCs materials due to their structural stability, large
SSA, well-developed pores, and low price.' Carbon dots (zero-
dimensional), carbon nanotubes and carbon fibers (one-
dimensional), graphene (two-dimensional), and three-
dimensional carbon frameworks obtained from the pyrolysis
of waste biomass and organic polymers as precursors have
gained considerable attention as electrode materials.*>"
Amongst them, functionalized porous biochar has gained much
attention owing to it advantages of wide in raw materials, easy
to modify, and high sustainability.*>*¢

Doping with heteroatoms (N, O, P, and S) can further
improve the specific capacitance and cyclic stability of carbon
materials.””*® The presence of heteroatoms affects the electro-
chemical interfacial state and electric double-layer capacitive
properties of carbon materials.” As the most widely used dopant
atom, N has a slightly smaller radius (0.74 A) and larger elec-
tronegativity (3.04) than C atoms (0.77 A and 2.55, respectively).
The extra electrons in the nitrogen atom effectively alter the
electronic band of carbon materials, which results in higher
positive charge density and reduced lattice distortion.'* On
the one hand, doping with N atoms can provide more active
sites for energy storage, compensate for the poor electrical
conductivity due to low graphitization, and maintain the
stability of the original carbon skeleton due to the similar size of
nitrogen and carbon atoms.? On the other hand, the integra-
tion of nitrogen component increases the hydrophilicity of
carbon materials and improves the lubricity of electrode mate-
rials to the electrolyte,> which further improve the capacitance
of EDLCs. Porous biochar materials are generally doped with
nitrogen through two methods. The first method is in situ
nitrogen doping, where the raw material itself contains nitrogen
elements, and nitrogen-doped porous biochar is prepared
directly by pyrolytic carbonization and activation without the
addition of any nitrogen-containing dopant.** The second
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method involves the addition of nitrogen-containing dopants,
such as melamine, urea, polyacrylonitrile, and other chemical
dopants,* to introduce nitrogen to the precursor material for
carbonization and activation. The second method has received
increasing attention in the last decade due to its higher effi-
ciency and generally better electrode performance compared
with the first method.

In this work, to alleviate the environmental burden caused
by municipal disposable diapers,*® we selected waste poly-
propylene (PP) nonwoven fabric derived from diapers as the
carbon source, and urea was used as the nitrogen source to
prepare hierarchical nanoporous biochars (HPBC) through
nitrogen doping, pre-carbonization, and chemical activation
with KOH under a N, inert atmosphere (Fig. 1). The specific
capacitance, rate capability, and cycling stability of the porous
biochar material were then measured to demonstrate its good
potential as an electrode material in EDLCs.

26

2. Experimental section

2.1. Materials and reagents

Discarded baby diapers, which were all used by infants within
one month of age, were collected from a postpartum care center
near Henan University (Kaifeng, Henan). The equipment used
in this study included a tubular furnace (CHY-1200, Henan
Chengyi Equipment Technology Co., Ltd), a multifunctional
crusher (QJ-08B, Shanghai Chaosun Technology Co., Ltd), and
a press machine (YL]-5T, Hefei Kejing Material Technology Co.,
Ltd). Nitrogen gas (N,, 99%, Xinyuan), anhydrous ethanol
(CH3CH,OH, AR, Anhui Ante Food Co., Ltd), KOH (AR, Tianjin
Kemio Chemical Reagent Co., Ltd) as the activating agent, urea
(H,NCONH,, AR, Tianjin Kemio Chemical Reagent Co., Ltd),
nickel foam, polytetrafluoroethylene emulsion (PTFE), and
acetylene black (Force Chem) were used to prepare the working
electrodes (Section 2.4). Deionized water (DI) was used
throughout the experiment.
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Fig. 1 Carbonization and activation processes of PP nonwovens fabrics.
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2.2. Preparation of the N-doped PCBC

The PP nonwoven fabric was removed from dried discarded
baby diapers, cut into small pieces, and then crushed in
a multifunctional crusher. Next, 10 g nonwoven fabric frag-
ments were weighed and placed in a 500 ml beaker. Then,
200 ml urea solution with a concentration of 0.1 g ml™" was
added to the beaker and mixed thoroughly with a glass rod to
ensure that the nonwoven fabric and urea were mixed well. The
beakers were placed in an oven, and the temperature was set to
60 °C to completely impregnate both, followed by an increase in
temperature to 80 °C to dry them, and then set aside. The
impregnated material was then packed into two quartz boats of
the same size and placed in a tubular furnace for pre-
carbonization. After vacuuming, the temperature was raised to
500 °C at a rate of 2 °C min ' under a N, atmosphere. The
material was maintained at 500 °C for 2 h to obtain precar-
bonized products doped with nitrogen and named PCBC.

2.3. Preparation of activated PCBC

The PCBC was rinsed with anhydrous ethanol and filtered using
a Buchner funnel with an organic membrane to remove the
grease and organic matter generated during the pre-
carbonization process. After three rounds of filtration with
anhydrous ethanol, the sample was further filtered using DI.
The washed PCBC was then dried in an 80 °C oven. First,
samples were prepared by mixing PCBC and the activating agent
(KOH) at mass ratios of 1:1, 1:2, and 1:4. Then, the mixture
was transferred to nickel crucibles. The crucibles were then
placed in a tubular furnace, vacuumed, and heated to 750 °C at
a rate of 5 °C min~' under a N, atmosphere. The temperature
was maintained for 2 h, and the products obtained after cooling
naturally to room temperature were named HPBC-750-1, HPBC-
750-2, or HPBC-750-4 based on the activation ratio used.
Second, samples with different activation temperatures were
prepared by mixing PCBC and KOH at a mass ratio of 1:4
(where the electrochemical and physicochemical properties
exhibited by the mass ratio of PCBC and KOH was 1:4 in
Section 3 were deemed the best). The mixture was then placed
in a tubular furnace and heated to 600 °C, 750 °C, or 900 °C at
a rate of 5 °C min~* under a N, atmosphere. The material was
maintained at each temperature for 2 h. After natural cooling to
room temperature, the products obtained were named HPBC-
600-4, HPBC-750-4, or HPBC-900-4.

2.4. Preparation of the HPBC electrodes

To prepare the working electrode, we mixed 80 wt% HPBC active
substance, 10 wt% carbon black, and 10 wt% PTFE in a mortar
using anhydrous ethanol as a solvent. The mixture was then
ground for approximately 10 min until the solvent completely
evaporated, and a roughly shaped electrode was formed. The
small pieces on the mortar wall were collected with tweezers
and attached to the electrode, which was then folded into
a sheet-like electrode material. Then, the sheet electrode
material was evenly coated on a nickel foam (1 x 1 cm?), com-
pacted tightly using a sheet press under a pressure of 15-20 MPa

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for 1-2 min, and dried under vacuum at 60 °C for 12 h to obtain
the final asymmetric working electrode for measurement of the
electrochemical performance. For the two-electrode system, the
working electrode was prepared by coating the active substance,
which had been ground into thin slices, onto a circular nickel
foam with a diameter of 1.1 cm. Cellulose membranes were
then used for the assembly of the symmetric capacitor.

2.5. Electrochemical measurement

In this section, the electrochemical properties of electrode
sheets were measured by cyclic voltammetry (CV), constant-
current charge-discharge (GCD), and electrochemical imped-
ance spectroscopy (EIS) reactions at room temperature on an
electrochemical workstation (CHI760E). In the three-electrode
system, the calomel electrode, platinum wire electrode, and
prepared electrode sheet were used as the reference, counter,
and working electrodes, respectively, with 6 mol L' KOH
solution as the electrolyte. EIS was conducted continuously on
an electrochemical workstation at an open-circuit voltage with
an AC amplitude of 5 mV and a frequency range of 0.1 Hz to 100
kHz. The voltage operating window of CV was set to —1 to 0 V at
different scan rates (5-200 mV s~ '), and the specific capacitance
(Ca, F g71) can be calculated from the CV curves:

A
G= mxsxAV ()
where C, is the mass specific capacitance, AV (V) is the voltage
window of the working electrode, A represents half of the inte-
grated area of the CV curve, m (g) is the mass of the active
material on the electrode, and s (mV s~ ') is the scan rate.

The voltage working window of GCD was set to —1 to 0 V, and
charge and discharge were performed at different current
densities (0.5-20 A g ). The specific capacitance of a single
electrode (Cq4, F g ') can also be calculated according to the
following equation:*

Co= 120 @
where Cy is the specific capacitance, I (A) is the current during
discharge, At (s) is the discharge time, AV (V) is the discharge
voltage window, and m (g) is the mass of the electrode active
material.

Second, to further investigate the electrode materials for
practical applications, we assembled a symmetric SC from
circular electrode sheets in a two-electrode system. The voltage
working window for CV and GCD was set to 0-1.3 V (Section 3.3),
with the same scanning rate and current density as in the three-
electrode system. The specific capacitance of the symmetric
capacitor can be calculated using eqn (3).2® The energy density
(E, W h kg™ ") and power density (P, W kg™ ") of the capacitor can
be obtained from the discharge curve of GCD using eqn (4) and
(5), respectively:

4] At
G= mAV (3)
E—lxcx(w)zxi (4)
g 3.6
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E
P = —x3600 5
A (5)
where C; is the specific capacitance of the entire symmetrical
capacitor, and I (A), At (s), and AV (V) are the same as in eqn (2).
M (g) is the total mass of active material on both electrodes.
The cycle capacitance retention of SCs was obtained from
eqn (6):*
Cyclic retention (%) after nth cycle
specific capacitance at nth cycle

= : - x 100% (6)
specific capacitance at 1st cycle

For the further analysis of the capacitance, the real (C") and
imaginary (C”) parts of the capacitance can be obtained from
the following equations:

,  Z(w)
= zwr v

()

¢y = 28,
W= ®

where Z(w) represents the complex impedance, Z'(w) denotes
the real part of Z(w), and Z"(w) refers to the imaginary part of
Z(w) (w = 27cf). With the use of the peak position of the imag-
inary part of the complex capacitance (C"(w)), the relaxation
time constant (z,) can be calculated using the equation t, = 1/f;,
where f; is the frequency corresponding to the peak position.

2.6. Physicochemical characterization

The thermal decomposition process of raw materials and the
amount of residual carbon at specific temperatures were
examined by thermogravimetric analysis (TGA) using a TGA/
DSC3+ type simultaneous thermal analyzer (Mettler-Toledo,
Switzerland) to study the stability of synthesized electrode
materials at a temperature increase rate of 10 °C min ™" in an air
environment. The stability of the synthesized electrode mate-
rials was investigated by field-emission scanning electron
microscopy (SEM, JSM-7610F) to study the morphology of
microscopic surfaces of the analyzed samples, and energy
diffraction spectroscopy (EDS) was used to investigate the
elemental composition. The crystallinity of samples was
analyzed by X-ray diffraction (XRD, Bruker D8 Advance) with
a scan rate of 2° min~ ' in the range of 5°-60° to obtain dif-
fractograms and determine the crystal structure of all samples.
Raman spectra were collected on a Raman spectrometer
(Renishaw inVia Reflex) with a laser wavelength of 532 nm to
detect defects in the samples.*® The composition and chemical
state of the surface elements of the activated samples were
further characterized by X-ray photoelectron spectroscopy
(XPS). The surface area and pore size distribution of the
samples were analyzed by an automatic SSA and pore size
analyzer (ASAP 2020 Particle Science), via N, adsorption and
desorption measurements. The monolayer adsorption and
multilayer adsorption SSA were calculated by the Langmuir and
Brunauer-Emmett-Teller (BET) methods, respectively. The
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micropore volume, micropore surface area, and external surface
area were calculated using the ¢-plot method. The analysis by
the Barrett-Joyner-Halenda method gives the average pore size,
pore volume, and pore size distribution of mesopores of
a material. In addition, the pore size distribution of micropo-
rous and mesoporous multistage pore materials was calculated
using the nonlocal density functional theory model.

3. Results and discussion

3.1. Physical properties

3.1.1. TGA. To investigate the formation process of nano-
porous biochars and determine its pyrolysis temperature, we
performed TGA (Fig. 3a). Compared with the nonwoven
precursor without urea impregnation, the urea-impregnated
precursor (N-PP) started to lose weight at approximately
141.9 °C. The first stage was the evaporation of surface and
adsorbed water in the N-PP material, with approximately
15.62 wt% water loss. The second stage of weight loss occurred
at approximately 401 °C due to the decomposition of organic
polymers and urea to release volatiles of mass loss, with
approximately 83.03 wt% weight loss. Finally, 1.35 wt% N/O
atoms co-doped with carbon were produced at 900 °C.

Fig. 2 SEM images of samples: (a) HPBC-600-4, (b) HPBC-750-1, (c)
HPBC-750-2, (d) HPBC-750-4, (e) HPBC-900-4. (f)-(h) EDS element
mapping of HPBC-750-4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) TGA curves of N-PP and PP, (b) N, adsorption/desorption
isotherm diagram, and (b) and (c) are the pore size distribution of the
samples.

3.1.2. SEM-EDS. Fig. 2 shows the SEM images of HPBC-T-4
(T = 600, 750, 900) and HPBC-750-x (x = 1, 2, 4). When the
pyrolysis temperature was 600 °C (Fig. 2a), HPBC-600-4 showed
the morphology of a dense bulk material and a smooth surface
and no evident pores. When the pyrolysis reaction temperature
increased to 750 °C, an increasingly developed pore structure of
HPBC-750-x was observed with the increase in KOH ratios
(Fig. 2b-d). The formation of pore structure and carbon frag-
ments was attributed to the addition of KOH during activation.
The specific pore-forming mechanism was further explained in
terms of chemical reactions involved in the active agent (reac-
tions (9)-(12)):

6KOH + 2C = 2K + 3H, + 2K,CO; 9)
K,0 + CO, = K,CO; (10)

K,0 + C = 2K + CO (11)
K,CO; + 2C = 2K + 3CO (12)

The decomposition of urea at high temperatures produces
NH; and CO,, which both contribute to the development of
micro/mesopores.*> HPBC-750-4 formed a hierarchical
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nanoporous structure, which resulted in abundant in micro-
pores and mesopores and provided high-speed channels that
promoted the rapid diffusion of ions. With the further increase
in the pyrolysis temperature to 900 °C (Fig. 2e), the alkaline
activator intensified the erosion of the carbon framework,
which resulted in a fragile carbon skeleton and collapse
phenomenon. As a result, the reduction of the SSA and porosity
of HPBC-900-4 were observed. In addition to the randomly
distributed pores, heteroatoms are key to improving capacitive
performance.*” As shown in Fig. 2f-h, the EDS analysis of HPBC-
750-4 showed a uniform distribution of C, O, and N, which
indicates the successful self-doping of HPBC-750-4.

3.1.3. N, adsorption and desorption. The BET SSA and pore
structure distribution of the samples were detected by the N,
adsorption and desorption curves shown in Fig. 3b. All samples
had hierarchical microporous (1-2 nm) and mesoporous (2-50
nm) structures (Fig. 3c and d), where micropores can provide
a large SSA and pore capacity, which increased the number of
active sites, and mesopores can promote the rapid diffusion of
ions and rapid transfer of substances.** As shown in Fig. 3b,
HPBC-750-1 and HPBC-750-4 exhibited typical type IV isotherms
(0.4 < P/P, < 1), and HPBC-600-4, HPBC-750-2, and HPBC-900-4
showed a combination of types I and IV isotherms. At low
relative pressures (P/P, < 0.05), the isotherms exhibited a rapid
increase in adsorption capacity, which indicated the presence of
abundant micropores.* By contrast, at higher relative pressures
(P/P, > 0.4), adsorption and desorption were not fully reversible,
and a hysteresis effect occurred, which demonstrated an H4-
type hysteresis loop and the presence of a typical mesoporous
structure.** In addition, the steep increase in HPBC-750-1 and
HPBC-750-2 at approximately P/P, = 1 proved the presence of
macropores in the sample.* The gradually increase in the SSA
(1259.47, 2820.86, and 3838.04 m?> g~ ') of HPBC-750-1, HPBC-
750-2, and HPBC-750-4, respectively (Table 1), can be attrib-
uted to the addition of more KOH. The reaction of KOH with
carbon can produce H,, which led to the formation of micro-
porous structures (reaction (9)); in addition, the etchants K,0O
and K,COj; can react with carbon to generate CO and CO,,
which contributed to the generation of micropores and meso-
pores,* respectively. Given the lower activation temperature of
HPBC-600-4, the volatile components generated by the reaction
were not released, and a poor pore structure was observed. With
increasing temperature, the number of micropores and meso-
pores of HPBC-750-4 and HPBC-900-4 increased, but the high

Table 1 Porosity parameters, specific capacitance at 1 A g*l and the capacitance retention rate at 10 A g*1 of the HPBCs

Sper” (M? 27 Smicro (M €71) Smeso (M* g7Y) Vporeb (em® g7 Viniero® (em® g™) Vineso” (cm® g™') Capacity (F g~') Retention rate (%)

Sample

HPBC-600-4 1873.46 972.65 900.8 0.97
HPBC-750-1 1259.47 171.72 1087.75 1.37
HPBC-750-2 2820.86 2053.02 767.84 1.54
HPBC-750-4 3838.04 2634.07 1203.97 3.03
HPBC-900-4 3474.10 3299.78 174.32 3.43

0.42 0.55 450.92 32.2
0.51 0.86 222.76 78.4
1.00 0.54 290.73 72.6
1.37 1.66 340.92 63.9
1.27 2.16 205.76 60.6

¢ Sger is specific surface area by the BET method at P/P, = 0.001-0.05. b Vpore 18 total pore volume at P/Py = 0.99. © Viyicro is micropore volume and is
evaluated by the ¢-plot method. ¢ Vineso is mesopore volume and is evaluated by the BJH method.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature caused the carbon skeleton to be destroyed by KOH
erosion and collapse to form larger pores, which resulted in
a decreased SSA of HPBC-900-4. HPBC-750-4 showed the highest
SSA of 3838.04 m® ¢~ " and a total pore volume of 3.03 cm® g,
which indicate its excellent hierarchical porosity.

3.2. Chemical properties

3.2.1. XRD. The crystallinity of carbon materials is a critical
factor affecting the performance of the SCs. Fig. 4b shows the
crystal structures of all samples. The broad diffraction peaks
near 25° and weak peaks near 45° were attributed to the inter-
layer spacing (002) and planar spacing (100) lattice planes,
respectively, which indicated the presence of certain amor-
phous carbon and graphitized structures in the samples.®®
These weak and broad peaks indicated that all samples were
composed of graphitized carbon atoms and mixed-layer stack-
ing with a well-developed pore structure, but the carbon mate-
rial exhibited a relatively poorly crystalline structure.*” The
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broad peaks reflected by the (002) and (100) crystalline surfaces
exhibited graphitic carbon and interlayer condensation,
respectively, and no additional peaks were found in all samples;
thus, the materials were completely carbonized, and no other
impurities were introduced.* In addition, HPBC-750-4 showed
a distinct high-intensity peak in the small-angle region (26 <
20°), which indicated the presence of high-density micropores,
consistent with the results of SEM and N, adsorption-desorp-
tion isotherm analysis.

3.2.2. Raman spectra. The defects and graphitization of
HPBCs were further characterized through Raman analysis
(Fig. 4c and d). Two distinctive characteristic peaks were
observed in the Raman spectra of the activated carbon mate-
rials, and they represented the D-band (1367 cm™ ") caused by
structural defects in graphite and the G-band (1605 cm™)
generated by in-plane stretching vibration of sp® hybridized
carbon in graphite crystals. Fig. 4c shows the Raman spectra of
the samples with the different mass ratios of PCBC and KOH.
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Fig. 4
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The intensity ratios (In/Ig) of the G- and D-band can be used to
evaluate the degree of graphitization, and the calculated Ip/Ig
values of 0.96, 1.0, and 1.22 for HPBC-750-1, HPBC-750-2, and
HPBC-750-4, respectively, indicated that the increase in the
KOH mass ratio can produce more defect vacancies due to the
deep etching of the carbon skeleton by KOH; as a result,
a gradual increase in the disordered and a decrease in graphi-
tization of the prepared carbon materials was observed.** As
shown in Fig. 4d, the Ip/I; values of HPBC-600-4, HPBC-750-4,
and HPBC-900-4 were 0.81, 1.22, and 0.87, respectively, and
a slight increase in Ip/Ig was observed with the increase acti-
vation temperature, which was related to the increased defect
rate of the prepared carbon materials.** Compared with those of
other HPBC materials, the higher In/I values and defect degree
of HPBC-750-4 resulted in a higher SSA and fine pore structure,
which allowed the activated carbon material to adsorb more
electrolyte ions that increased its specific electric capacity.
3.2.3. XPS. The X-ray photoelectron spectra of the relevant
HPBCs were measured to further investigate the elemental
composition and bonding states of the doped heteroatoms
(Fig. 4e). Typical C 1s, O 1s, and N 1s characteristic peak signals
were observed from the measured XPS spectrum of HPBC-750-4,
which implied the presence of C atoms (85.59%) and abundant
heteroatoms oxygen (13.25%) and nitrogen (1.16%). Table S2
(ESIT) summarizes the elemental contents of carbon, oxygen,

View Article Online
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and nitrogen. The peaks at 284.7, 286.47, and 288.79 eV in the
high-resolution C 1s spectra of HPBC-750-4 (Fig. 4f) corre-
sponded to those caused by C-C (sp> hybridization) and C=C
(79.63%), C-N (11.07%), and C-O (9.3%) groups,** respectively.
The presence of C-N groups indicated the successful self-
doping of nitrogen in the materials. The high-resolution O 1s
spectrum (Fig. 4g) showed that the oxygen-based component
was mainly present in the carbon skeleton in the form of C=0
(531.79 eV), C-OH (533.08 eV), and O0=C-0-C=0 (533.81 €V)
bonds. The spectrum of N 1s (Fig. 4h) can be decomposed into
four different peaks, namely, 397.96, 399.32, 401.15, and
402.42 eV, which corresponded to pyridine nitrogen (N-6),
pyrrole nitrogen (N-5), graphite nitrogen (N-Q), and nitrogen
oxide (N-X), respectively. The microscopic molecular structure
of nanoporous biochar is represented in Fig. 4a. N-6 and N-5,
which can promote energy storage,*” presented relatively high
proportions of 33.26% and 29.03%, respectively (Fig. S1 (ESIT)).
The nitrogen atoms in N-6 can act as electron-absorbing groups
to produce localized electron defects in carbon materials, which
can be used to store charges and increase the capacitance of the
material. N-5 can function as an electron donor-group to
generate “off-domain electrons” in carbon materials, and the
excess electrons produced can make the material more
conductive and reduce the charge transfer resistance.** The
presence of N-Q (7.39%) implied the formation of graphitized
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frameworks, which accelerated the transfer of electrons. Over-
all, the results indicated that PP nonwoven fabrics have been
successfully transformed into functionalized nanoporous bio-
char co-doped with N and O.

3.3. Electrochemical studies

3.3.1. Three-electrode test. The electrochemical perfor-
mance of HPBC-T-4 and HPBC-750-x as electrode materials was
first evaluated in a three-electrode system with 6 M KOH as the
electrolyte. Fig. 5a shows the CV curves of the samples with
different KOH ratios at a scan rate of 5 mV s~ . The CV curve
showed a quasirectangular shape, which indicates a fast elec-
trochemical reaction and the behavior of dominant EDLCs.*
Compared with HPBC-750-1 and HPBC-750-2, HPBC-750-4 had
the largest rectangular area and therefore exhibited the best
capacitive performance. In addition, a small hump in the CV
curve was observed at —0.8 V, which possibly resulted from the
reversible redox reaction of N atom doping. No bending was
observed, and it indicated charge diffusion dynamics and good
reversibility.*® Fig. 5b displays the CV curves of the activated
carbon materials at different activation temperatures. HPBC-
750-4 had a larger area of the CV curve than HPBC-900-4,
which implied its better double-layer capacitance. The CV
curves of HPBC-750-4 all presented desirable rectangular
shapes at different scan rates (Fig. 5¢), which indicated fast ion
transport rates and excellent rate capability.**

The GCD curves of the charge-discharge process (Fig. 5d and
e) were almost straight and roughly symmetric isosceles trian-
gles and further demonstrated the typical double-layer capac-
itor behavior and good charge-discharge reversibility of the
SCs.>* HPBC-600-4 had the longest charge-discharge time,
which implied its maximum specific capacitance; however, its
charge-discharge curves were slightly asymmetric, which
suggests that the HPBC-600-4 electrode was less reversible.*”
Notably, the HPBC-750-4 curve showed less distortion (Fig. 5f),
where all GCD curves had similar triangles as the current
density increased. Fig. 5g (eqn (2)) present the comprehensive
specific capacitance performance of the electrodes calculated
from the GCD curves. Table 1 shows the specific capacitance
values of all the samples at a current density of 1 A g~ ", It was
observed that HPBC-750-4 had a notably high specific capaci-
tance of 340.9 F g~ at 1 A g '. However, when the current
density was increased from 1 A g ' to 10 A g !, HPBC-750-4
exhibited a specific capacitance of 217.9 F g ', with a capaci-
tance retention of 63.9%. This indicates that HPBC-750-4 can
maintain a significant portion of its capacitance even at higher
current densities, making it a promising candidate for high-
performance energy storage applications. During the test of
the cycling stability of HPBC-750-4, after 10000 cycles at
a current density of 10 A g~ (Fig. 5h), the capacitance retention
was 99.23% (derived from eqn (7)) with negligible capacity
decay, which indicated excellent cycling stability and a revers-
ible and efficient charging and discharging behavior. As ex-
pected, the HPBC-750-4 electrode exhibited high current
density and rate capability (Fig. 5i). The high specific capaci-
tance of HPBC-750-4 can be attributed to several reasons: (1) the
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ultrahigh SSA (3838.04 m” ¢~ ') and total pore volume (3.03 cm?
¢~ ") provided more adsorption sites and improved the diffusion
rate of electrolyte ions. The unique hierarchical porous struc-
ture formed favored the volume changes during charge and
discharge.”® (2) Heteroatom doping increased the number of
active sites and thus stored more charge accordingly. The
improved wettability of the electrode promoted sufficient
contact between the electrode material and electrolyte ions.
Furthermore, EIS was used to study the ion diffusion and
charge transfer of different electrode materials. Fig. 6a and
b show the Nyquist plots of the HPBC-750-4 electrode in the
frequency range of 0.01 Hz to 100 kHz. The Nyquist plots con-
sisted of a semicircular part at high frequencies and a linear
part at low frequencies. The diameter of the semicircle corre-
sponds to the charge transfer resistance (R.). The intercept of
the semicircle with the X-axis yielded the diffusion resistance
(Rs) of the active substance with the electrolyte.*” Based on the
equivalent circuit diagram fitting calculations in Fig. S2 (ESIT),
R, corresponding to those of HPBC-750-1, HPBC-750-2, and
HPBC-750-4 samples initially increased and then decreased as
the activator ratio increased (Fig. 6a), with values of 0.059 Q,
0.119 Q, and 0.045 Q, respectively. Thus, the electrode prepared
with an activator ratio of 4 had the lowest R.. For activation
temperatures, the R..s at 600 °C and 750 °C were 0.102 Q and
0.045 Q, respectively. The straight line on the EIS curve in the
low-frequency region corresponds to the Ry of the electrolyte in
the pores of the electrode active material. A large slope was
considered to indicate a low R,.* The slope of the straight line
approximation in the frequency region for the three samples
with different activator ratios was approximately 45°, which
indicates that the prepared carbon material had ideal EDLCs
characteristics. Among the three samples with different pyrol-
ysis temperatures, a smaller semicircle and a steeper straight
line were observed in the Nyquist plot of HPBC-750-4, which
implied its higher electrical conductivity. Combined with the
characteristics of the internal resistance and slope listed in
Table S1 (ESIT), the HPBC-750-4 electrode possessed a lower R,
and Ry values, resulting in improved rate capability and capac-
itive performance. In addition, the Bode curves of the electrode
materials (Fig. S3 (ESIt)) showed that the phase angle of HPBC-
600-4 was 54.8°, which deviated from the ideal state. The phase
angles of HPBC-750-1, HPBC-750-2, HPBC-750-4, and HPBC-
900-4 were 83.5°, 82.5°, 76.9°, and 74.2°, respectively, which

a b
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Fig. 6 (a) AC impedance spectra of HPBC-750-x, (b) AC impedance
spectra of HPBC-T-4.
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were all close to the ideal capacitor phase angle of 90°. Thus,
these samples exhibited a good capacitive behavior.

Based on EIS data, the relationship between capacitance and
frequency was analyzed by the complex model of capacitance,
C(w) = C'(w) + jC"(w).** The relaxation time constant (t,) was
used to evaluate the charge/discharge rate, which can be ob-
tained from the characteristic frequency (fy) and maximum C”
(eqn (7) and (8)) (Fig. S4 (ESIf)). For the HPBC-600-4 electrode,
a distinct peak was not observed, which rendered the determi-
nation of the value of 7, impossible. The values of 7, for the
HPBC-750-1, HPBC-750-2, HPBC-750-4, and HPBC-900-4 elec-
trodes were 8.3, 8.3, 17.8, and 8.3 s, respectively. The value of
real part (C'(w)) at low frequencies represents the maximum
capacity of the electrode during constant current discharge. A
small slope allowed HPBC-750-4 to attain a fast ion diffusion
rate.

3.3.2.
mance of HPBC-750-4 in practical applications, we assembled
a symmetric SC HPBC-750-4//HPBC-750-4 (Fig. 7a) using 6 M
KOH as the electrolyte. CV test was performed to verify the rate
performance of the symmetric SC in the voltage window of 0-
1.8 V at a scan rate of 50 mV s~ (Fig. 7b). The anode current
appeared in the CV curve when the voltage window was
increased to 1.3 V, which indicates that the symmetric SC can
work stably in the voltage window of 0-1.3 V. Fig. 7c and d show
the results of CV and constant GCD tests, respectively. The CV
curves maintained a rectangular-like shape at different scan
rates, which proved the good capacitive performance of the

Symmetric electrode test. To evaluate the perfor-

material. The GCD curves showed an isosceles triangle shape at
different current densities, which indicated the good multipli-
cative and fast reversible charging and discharging

© 2023 The Author(s). Published by the Royal Society of Chemistry

performances of the symmetric SC.** The specific capacitance of
the symmetrical SC reached 259 F g~' at a current density of
1 A g~ " and maintained over 100 F g "' at a current density of
20 A g~ ' (Fig. 7€). To observe the overall performance of HPBC-
750-4//HPBC-750-4, we calculated the relationship between
energy density and power density based on the GCD curves
using eqn (4) and (5), respectively (Fig. 7f). The energy density
reached 10.02 W h kg™ " at a power density of 96.15 W kg~ " and
remained at 4.36 W h kg~ " when the power density changed to
2000 W kg ', which proved its good electrochemical perfor-
mance and application prospects.

4. Conclusions

In summary, a series of nitrogen-doped nanoporous biochar
materials was prepared from waste nonwoven fabrics through
pre-carbonization coupled with pyrolytic activation using urea
as the nitrogen source and KOH as the activator. The effect of
pyrolysis temperature and KOH on the physicochemical prop-
erties and electrochemical performance of the obtained nano-
porous biochars was investigated. The specific capacitance of
HPBC-750-4 reached 340.9 F g ' at a current density of
1 Ag ", and its retention rate was higher than 99.23% after 10
000 cycles at a current density of 10 A g '. In addition, the
assembled HPBC-750-4//HPBC-750-4 symmetrical SC also
exhibited an energy density of 10.02 W h kg~ * when the power
density was 96.15 W kg™ " in 6 M KOH electrolyte, which indi-
cated a good overall SC performance. This work not only
provides a simple and environmentally friendly pathway for the
synthesis of highly active and low-cost SCs using waste
nonwoven fabrics as precursors but also opens up a new circular
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economy for recycling waste diaper components and reducing
the burden of urban environmental pollution.
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