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ABSTRACT

Demand for battery and supercapacitor materials rapidly increases as energy storage deployments accelerate. Waste-based
supercapacitors have become a point of interest to accommodate growing demand and awareness of environmentally friendly products.
This work aims to examine how doping with sulfur and nitrogen affects the morphology and structure of porous carbon synthesized
from waste medical masks and the electrochemical performances of the prepared electrodes. Nitrogen- and sulfur-doped porous carbon
(a-C:NS) is successfully obtained by solvothermal and hydrothermal processes in an autoclave followed by chemical activation using
potassium hydroxide (KOH) and a carbonization procedure. Sulfur- and nitrogen-doping increase the yield compared to the directly
carbonized process of the waste medical mask. The a-C:NS sample has a porous feature, showing the presence of S, N, O, and dominant C
elements and the formation of C-S and C-N bonds. The supercapacitor electrode prepared from a-C:NS shows an electric double layer
capacitor (EDLC)-like characteristic with a high specific capacitance (Cs) of ~300 F/g at the scanning rate of 5 mV/s. This study shows a

possible route to transform polypropylene waste into functional materials for supercapacitor electrodes.

Keywords: Amorphous carbon, Supercapacitor, Waste, Medical Mask, Nitrogen- and sulfur- doping.

1. INTRODUCTION

As energy storage deployments accelerate, demand for
supercapacitor devices significantly increases. Waste-
derived carbon has become part of interest among
materials candidates for supercapacitor electrodes as it
provides an environmentally friendly route. Waste medical
masks are a waste that has increased drastically along with
the need to wear masks to avoid viral transmission.
Medical-mask wastes cannot be recycled and are primarily
treated in landfills like ordinary wastes, thus becoming an
environmental problem [1,2]. Therefore, treatments are
required for the remediation of this waste. One of the
treatment technologies that recently attracted significant
interest is transforming it into functional materials. Hence,
it will enrich the value of medical mask wastes through
safe reprocessing and utilization [3].

Advantageously, the medical mask is mainly made of
polypropylene (PP), which is rich in carbon and has a lot of
fibers and porosity, which, therefore, can be utilized to
prepare porous carbon [3-5]. Porous carbon is amorphous
carbon that has a high specific surface area, excellent
porosity, and chemical stability, which is potentially
applied in water treatment, air purification, catalysts and
buffers, sensor, and energy storage technology, e.g,
batteries and supercapacitors [6-8]. This compound can be

produced through several methods, such as (i) activation
treatment, including chemical and physical activations; (ii)
catalytic activation of carbon sources using metal or
organic-metal mixture; (iii) carbonization process of
polymers that can be carbonized and pyrolyzed; and (iv)
carbonization of aerogel polymer synthesized in
supercritical dry condition [8]. Moreover, both synthetic
polymers, such as phenol-formaldehyde, polyacrylonitrile
resins, and plastic waste, and natural polymers, such as
wood, coconut shell, biomass, and organic waste, can be
utilized as carbon sources to obtain porous carbon
materials [9-13]. Broad choice of raw materials makes
porous carbon a functional material that is
environmentally friendly and highly economically efficient
[8,9].

Porous carbon materials are broadly applied in energy-
storage technologies and sustainable environmental
practices due to their large specific surface area, high
degrees of porosity, good stability, and high conductivity
[10-13]. Demands for porous carbon in energy storage
technology have significantly increased along with the
rapid development of electronic products. Supercapacitors
based on porous carbon have been promising energy
storage systems in recent years owing to their superior
power density and extended cyclic capability [13,14].
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The transformation of plastic waste into functional carbon
materials has attracted extensive interest [3-5]. The
carbonization of polypropylene has been studied in Ref.
[15]. Using a chemical template in the preparation process
brings a limited product, creating difficulty for application
prospects. The solvothermal method combined with
activation treatment has been proposed to prepare porous
carbon from polypropylene [3,5]. This method introduces
sulfur doping and increases the carbon yield. The resulting
porous carbon presents good capacitive capability, 328.9
Fgl at 1 Ag?, with an energy density of 10.4 Whkg,
power density of 600 W.kg!, and capacitance retention
rate of 81.1% after 3000 cycles [3]. In the case of porous
carbon made from wood powders, nitrogen doping has
successfully resulted in ultrahigh yield and good capacitive
performance [16].

Due to the multi-step synthesis process in transforming PP
wastes to porous carbon, low-yield products have become
a challenge. Heteroatom doping is then proposed to
overcome this problem. Introduction of heteroatom
doping, like boron (B), nitrogen (N), sulfur (S), and
phosphor (P), generates hierarchical porous structures
[17], which is expected to be a reassuring porous
architecture as it can accelerate the electrolyte ions
transport [18,19]. Although porous carbon materials from
PP waste have been studied [3], the influence of
heteroatom doping on the porous architecture and its
capacitive performance has yet to be investigated. Here, we
introduce nitrogen and the sulfonation procedure to
realize heteroatom doping of N and S. Nitrogen doping is
expected to enhance carbon materials' electrical
conductivity, wettability, and chemical stability [20].
Nitrogen and sulfur as heteroatom doping are expected to
produce hierarchical porous and improve electrochemical
properties, thus ultimately boosting the capacitive
performance of the resulting porous carbon materials.

2. METHODOLOGY

Methods applied in this study include five stages, namely
(i) solvothermal process: synthesis of sulfur-doped porous
carbon (a-C:S), (ii) hydrothermal route: introduction of N
doping into a-C:S, (iii) chemical activation process, (iv)
carbonization process, and (v) preparation of
supercapacitor electrodes from the resulting sample and
testing its electrochemical performance. A flowchart of the
employed method is illustrated in Fig. 1.

2.1. Synthesis a-C:S via a Solvothermal Process

The waste medical mask is cut into small pieces with a size
of 0.5x0.5 cm, then 500 mg of the cut mask is mixed with
10 mL of sulfuric acid (H2S04 98%) in an autoclave and
heated at the temperature of 200 °C for 6 h. The resulting
solid is then washed with chloride acid (HCl 1 M) once
followed with distilled water until the pH is 7 (neutral). It
is then dried at 100 °C for 12 h.

Nitrogen doping via a
hydrothermal process
by the addition of 7
mL NH,OH

Solvothermal process
in H,50, solution
inside an autoclave

Waste Medical Mask

to form sulfur-doped a-C to form sulfur- and nitrogen-
(0-C:5) doped a-C (a-C:SN)

Carbonization at 700
Cfor2hin N,
atmosphere

Preparation of o-C:SN-
based supercapacitor
electrodes

Chemical activation
using KOH solution

ta form porous a-C:SN

Electrochemical test:
Cyclic voltammetry

Figure 1. A schematic diagram of the methods employed in this
study.

2.2. Introduction of N Doping Into a-C:S Via A
Hydrothermal Route

N doping is added to a-C:S via hydrothermal processes to
form N- and S-doped amorphous carbon (a-C:NS). 500 mg
of the obtained powder is mixed with 500 mL of distilled
water and stirred for 1 h, followed by ultrasonication for
1.5 h. 7 mL of ammonia (NH4OH 25%) is added, and the
hydrothermal process is carried out in an autoclave at 200
°C for 3 h. The resulting solid is then washed with HC1 1 M,
followed by distilled water until it reaches neutral pH, and
then dried at 100 °C for 12 h.

2.3. Chemical Activation Process

The chemical activation process is employed by mixing a-
C:NS powders obtained in the second step with distilled
water and potassium hydroxide (KOH) with a mass ratio of
1:1:3. The mixed solution is stirred and heated at 80 °C for
4 h. The resulting product is then washed with HCL 1 M,
followed by distilled water until it reaches neutral pH;
then, itis dried at 100 °C for 12 h.

2.4. Carbonization Process

The a-C:NS powders obtained in step (2.3) are carbonized
at 750 °C for 2 h in the N2 atmosphere. This process is
performed in a horizontal furnace with a heating rate of 5
°C/minute and a gas flow of 0.1 L/minute. The resulting
sample was washed with HCl 1 M, followed by distilled
water until pH reached 7, then dried at 100 °C for 12 h. The
third and fourth steps are conducted to yield a-C:SN with a
more porous structure.

The final product is then characterized using an X-ray
Diffractometer (XRD) to examine phase and amorphous
features, Fourier Transform Infrared (FTIR) to evaluate
chemical bonds, and Scanning Electron Microscopy with
Energy Dispersive X-ray (SEM-EDX) to observe the
morphology of a-C:NS. The mass loss behavior of samples
during the heating process in the Nz atmosphere is
investigated by Thermogravimetric Analysis (TGA). Raman
spectroscopy and  Synchrotron Radiation X-ray
Photoelectron Spectroscopy (SR-XPS) are used to study the
structure of samples in more detail. The surface area and
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pore size are analyzed using the Brunauer-Emmett-Teller
(BET) method.

2.5. Preparation of Supercapacitor Electrodes and
Electrochemical Test

The supercapacitor electrode is prepared by mixing a-
C:NS, resulting in step (2.4), with polyvinyl alcohol (PVA)
binder and acetylene black with the mass ratio of 8:1:1.
The formed paste is then coated on nickel foam with a size
of 1x1 cm and then dried at the temperature of 100 °C for
12 h. Furthermore, the resulting electrode is pressed and
tested for its electrochemical performance using Cyclic
Voltammetry (CV) with KOH 6 M as electrolytes, graphite
rod as counter electrode, and saturated calomel electrode
(SCE) as a reference.

The specific capacitance (Cs) of the three electrodes setup
is estimated using Eq. 1 (21).

[1dv
T 20Emv (1)
C represents the specific capacitance (F/g), | IdV is an area
of the CV curve, m is the total mass of active materials of
the electrode (g), v describes the scan rate (mV/s), and AE
is the potential window (Volt).

3. RESULTS AND DISCUSSION

Figure 2 presents XRD patterns of wastes medical masks
and a-C:NS within 26 range of 10-90°. Wastes medical
mask show a characteristic pattern of PP (JCPDS card no.
66-1214), having peaks mostly between 13°-29° [22,23].
Meanwhile, the a-C:NS displays broad and weak intensity
peaks at ~25° and ~43°, implying an amorphous feature of
graphitic carbon [24,25]. This result confirms a phase
transformation from PP to amorphous carbon.

The transformation of PP to amorphous carbon is also
clearly observed in FTIR spectra, as shown in Fig. 3.
Wastes medical mask shows a typical FTIR spectrum of PP
at ~1380, ~997, and ~971 cm [3]. Moreover, the
transmittance peaks of isotactic PP also appear at
wavenumbers between 1250 and 800 cm [7]. New
characteristic peaks corresponding to -OH, C=0, and C=C
bonds are observed in the a-C:NS sample. Another peak at
~1180 cm! appears in the spectrum and is related to a
sulfonic acid group that incorporates into the carbon chain
of the mask [3].
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Figure 2. XRD patterns of wastes medical mask containing PP
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Figure 5. XPS: (a) wide and (b) C1 spectrum of the a-C:SN
sample.

The employment of sulfur and nitrogen doping influences
the yield of the sample produced. Thermal analysis using
TGA shows that the mask begins to be significantly
decomposed at 400 °C and is completely gone at 480 °C
(Fig. 4). The a-C:NS sample, on the other hand, shows two
steps of mass loss and a gradual degradation which
indicate a progressive change to carbon-based materials.
Below 200 °C, the mass loss is possibly due to a reduction
in water content and a loss of sulfonate functional groups
[3,5]. The decomposition of remaining raw materials then
took place up to 1000 °C. Although the samples vanish at
the highest applied temperature, the carbon yield is nearly
30% at ~700 °C (setup temperature of the carbonization
process). It means that the S and N doping via

solvothermal and hydrothermal methods enhance the
sample yield compared to when the mask was just burned
in the N2 atmosphere.

To analyze bonds and hybridization states of the obtained
a-C:NS, synchrotron X-ray photoemission spectroscopy
(XPS) measurement was employed at beamline 3.2, SLR],
Thailand. The XPS wide spectrum of a-C:NS (Fig. 5)
confirms the present of Cls, O1s, S2s, S2p, and N1s peaks.
The S1s peak could not be observed due to a limit in the
photon energy of the apparatus. Deconvolution of the C1s
XPS spectrum results in two peaks at 284.5 and 287.4 eV,
which are assigned to the C=C bond with sp? hybridization
and C-O bond, respectively [26]. One can see that the C=C
bond is dominant having a relative percentage of ~77%.

Figure 6 shows SEM images of the a-C:NS. Porous tube-like
particles are observed. By closely looking at the particle
(Fig. 6b), significant amounts of nano- to micro-sized
porous appear at the surface of the particles, and they
seem to be connected. This structure implies the existence
of hierarchical pores within a particle [7]. SEM with EDX
also confirms the presence of C, O, N, and S elements in the
sample with the relative %wt of 53.2%, 39.9%, 3,9%, and
2.9%, respectively. These elements are distributed evenly,
as shown in the elemental mapping of Fig. 5c. The %wt of
0 and S is comparable with the previous report by Hu and
Lin, 2021 [3], which shows remarkable potential for
supercapacitor applications even though without the
addition of N doping.

()

B ey

2ot

e Element Wt% At%
CK 53.21 60.71

o NK 03.98 03.89

L OK 39.87 34.15
SK 02.94 01.26

* Matrix Correction ZAF

1 lo

s

100 200 300 400 500 600 7.00 800 900 1000 1.00 1200 13.00
Energy - keV

(D

Figure 6. SEM images of the a-C:SN sample: (a) with the magnification of 500x, (b) a close view of porous particles, (c) elemental
mapping of (a) showing the presence of C, N, O, and S elements, and (d) relative wt% and at% of each element estimated using EDX.

BET was performed to estimate pores size and specific
surface area with a degassing time of 1 h. The full
isotherm curve of a-C:NS looks like the type-IV of IUPAC
BET adsorption even though the close loop is not
achieved (not shown here). It was found that the a-C:NS
sample has a specific surface area of 50.2 m2/g, pore

volume of 0.05 cc/g, and pore size of approximately 2.2
nm. The pore size is commensurable to the reported S-
doped porous carbon [3], but its specific surface area is
smaller. N doping could possibly affect pore formations.
Further study by varying N doping is necessary to
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understand the role of N doping in the specific surface
area of samples.

The Raman spectrum of a-C:NS is illustrated in Fig. 7,
showing the present of D- and G- peaks, a characteristic
of carbon-based compounds. The D-peak is related to a
disordered structure or defects, while the G-peak
corresponds to graphitic structure with sp2 hybridization
[27]. The D- and G-peak are observed at the Raman shift
of 1333.4 and 1591.9 cm, respectively. The ratio of D-
and G-peak, Ip/Ig, is approximately 1, indicating that the
defects' concentration is relatively equal to that of
graphitic structures. The absence of a 2D peak indeed
confirms an amorphous characteristic and the observed
SEM images.
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Figure 7. The Raman spectrum of a-C:NS shows the presence
of D- and G-peaks.
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Figure 8. Cyclic voltammetry (CV) curve of the a-C:NS
electrode at different scan rates.

After successfully synthesizing a-C:NS, we then prepared
the electrode and examined the cyclic voltammetry (CV)
curve. Figure 8 presents the CV curve of the a-C:NS-
based electrode. All curves show an asymmetric
rectangular-like shape or acute triangle shape between -
1.0 V and 0 V, indicating an EDLC-like feature. Some
reasons probably cause the asymmetric shape, namely
the sample has a low active surface area and uneven
material distribution, as well as the use of nickel foam as
a current collector in the KOH solution resulting in a
reaction to form Ni(OH)2, which causes changes in the
shape of the curve due to redox reactions [28]. Among
these reasons, a low active surface area is confirmed
from the results of the BET analysis.
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The area of CV curves is enhanced by decreasing the scan
rate, indicating an increase in the specific capacitance by
reducing the scan rate. Applying Eq. 1, the estimated Cs
at 5 mV/s is ~315 FgL. The value is consistent with that
reported in S-doped porous carbon [3].

4. SUMMARY

Dual doping (S and N) of hierarchical porous carbon (a-
C:NS) is successfully synthesized from waste medical
masks. The transformation phase from PP to amorphous
carbon is confirmed using XRD and FTIR. Functional
groups of C=C, C=0, and C-0 are present in the obtained
a-C:NS. S and N doping increases the amount of carbon
yield produced. Supporting the FTIR data, XPS analysis
confirms the existence of a dominant C=C bond with sp?
hybridization and C-O/C-S bond in the samples. The a-
C:NS particles have a tube-like structure with significant
porous at their surface. The nano-sized porous with the
approximate size of 2 nm are connected, forming a
hierarchical structure. Moreover, SEM-EDX signifies the
C, O, N, and S elements exist and are distributed evenly in
the samples. The Raman spectrum shows a typical
carbon-based compound having D- and G-peak, in which
the number of defects is relatively equal to that of
graphitic structures. The CV curve of the a-C:NS
electrode shows an asymmetric rectangular-like shape,
indicating an EDLC-like characteristic with a specific
capacitance of ~315 Fglat 5 mV/s. This study shows
that introducing heteroatom doping of N and S generates
a high yield in transforming waste masks to a-C:NS that
can potentially be applied as supercapacitor electrodes.
Further study of current charging-discharging behaviors
is necessary to confirm the retention rate of the
electrode.
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