Journal of Colloid and Interface Science 627 (2022) 978-991

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier.com/locate/jcis

Waste-based nanoarchitectonics with face masks as valuable starting
material for high-performance supercapacitors

L)

Check for
updates

Joanna Srefiscek-Nazzal ?, Jarostaw Serafin *, Adrianna Kamifiska?, Anna Dymerska “*, Ewa Mijowska ¢,
Beata Michalkiewicz °

2 West Pomeranian University of Technology in Szczecin, Faculty of Chemical Technology and Engineering, Department of Catalytic and Sorbent Materials Engineering, Piastow Ave.
42, 71-065 Szczecin, Poland

b Department of Inorganic and Organic Chemistry, University of Barcelona, Marti i Franqueés, 1-11, 08028 Barcelona, Spain

¢ Department of Nanomaterials Physicochemistry, Faculty of Chemical Technology and Engineering, West Pomeranian University of Technology, Szczecin, Piastow Ave. 42,

71-065 Szczecin, Poland

GRAPHICAL ABSTRACT

—»“,—p

Surgical mask Activated carbon Supercapacitors

ARTICLE INFO ABSTRACT
Article history: Surgical face masks waste is a source of microplastics (polymer fibres) and inorganic and organic com-
Received 9 May 2022 pounds potentially hazardous for aquatic organisms during degradation in water. The monthly use of face

Revised 8 July 2022
Accepted 17 July 2022
Available online 21 July 2022

masks in the world is about 129 billion for 7.8 billion people. Therefore, in this contribution the utiliza-
tion of hazardous surgical face masks waste for fabrication of carbon-based electrode materials via KOH-
activation and carbonization was investigated. The micro-mesoporous materials were obtained with
specific surface areas in the range of 460 - 969 m?/g and a total pore volume of 0.311 - 0.635 cm?/g.
The optimal sample showed superior electrochemical performance as an electrode material in superca-
pacitor in the three-electrode system, attaining 651.1F/g at 0.1 Ag~! and outstanding capacitance reten-
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Supercapacitor tion of 98 % after a test cycle involving 50’000 cycles. It should be emphasized that capacitance retention
Hazardous disposable face masks waste is one of the most crucial requirements for materials used as the electrodes in the supercapacitor devices.
COVID-19 In this strategy, potentially contaminated face masks, common pandemic waste, is recycled into highly

valuable carbon material which can serve in practical applications overcoming the global energy crisis.
What is more, all microorganisms, including coronaviruses that may be on/in the masks, are completely
inactivated during KOH-activation and carbonization.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

The demands for disposable face masks have increased since
I the beginning of the pandemic and have led to the subsequent gen-
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hazardous for aquatic organisms during degradation in water [1].
The problem is huge because the monthly use of face masks in
the world is about 129 billion for 7.8 billion people [2]. The daily
use of protective face masks creates environmental problems. In
a natural environment, the degradation and fragmentation pro-
cesses of face masks took place. The mask is degraded into smaller
pieces: smaller than 5 mm - microplastics and smaller than
100 nm - nanoplastics [3] and possesses a potential risk.

So far, standard technologies for the treatment of hazardous
waste materials are mainly based on thermal processes such as
incineration, steam treatment (autoclaving), plasma treatment
and microwave treatment [4]. Considering the available technolog-
ical options for the treatment of waste from contaminated
polypropylene (PP) masks, waste incineration combined with
waste heat recovery is an option that allows the recovery of the
chemical energy content of plastics for utility purposes. However,
the technology of applying heat recovery combustion has some
drawbacks related to concerns about releasing harmful toxins into
the environment, which adversely affect both the environment and
human health [5]. In contrast, autoclaving this type of waste only
heats the waste to a temperature sufficient to kill pathogens. As
a result, autoclaved waste is often reprocessed by incineration,
which makes autoclave processing unnecessary, as it unnecessarily
increases disposal costs [6].

Therefore, it is imperative to plan the appropriate disposal of
face mask waste by adopting a suitable method that will transform
mask waste into useful materials with a higher added value. For
example, Yu et al. [7] reported the possibility of catalytic car-
bonization of bondwaste masks (WMs) into high-value carbon
nanomaterials. Received results showed that the resultant prod-
ucts were CNTs / Ni hybrids, and the highest carbon yield was
64.4 g/ 100 g'WMs. As a result of the synergistic effect of CNTs
and Ni, the as-fabricated hybrids exhibited outstanding microwave
absorption capacity of strong reflection loss of —56.3 dB and broad-
band width of 4.3 GHz at the thickness of 2.0 mm.

By contrast, Jung et al [8] obtained valuable fuel by carrying out
a thermo-chemical process assisted with CO,. The authors have
used the carbonization from the disposable mask to study the pro-
duction of syngas and C1-2 hydrocarbons (HCs). To enhance syngas
and C1-2 HCs formations, multi-stage carbonization was used for
more C—H and C—C bond ions of the disposable mask. Catalytic
pyrolysis over Ni/SiO, further boosted H, and CH, formations
due to its capability for dehydrogenation. What is more, in the
presence of CO,, catalytic pyrolysis additionally produced CO.
Hence, the thermo-chemical conversion of disposable face masks
and CO, might be an environmentally benign way to remove
COVID-19 plastic waste, creating value-added products.

Also, Xu et al. [9] transformed the waste from the masks into
useful fuels and chemicals. The authors have developed a carbon
foam microwave plasma process, utilizing plasma discharge to
generate surface temperatures exceeding~3000 K in an N, atmo-
sphere, to convert face mask wastes into gases like C;H4, Hj, CO,
CH4, and C3H6.

In addition, there was a report by Liu et al. [10] in which the
authors showed a new way to prepare carbon nanosheets from
waste polypropylene (PP) using a combined catalyst of sulfur and
ferrocene. Currently, processing plastic waste into two-
dimensional carbon nanosheets is considered as a promising way
to solve these problems due to the high carbon content of plastic
waste. Activated Carbon Nanosheets (ACNS), after activation treat-
ment, exhibited a well-defined hierarchical porous structure. In
addition, they were characterized by a large specific surface
(3200 m?g~') and a significant pore volume (3.71 cm®g~"). In addi-
tion, the ACNS-based electrode provides a high specific capacity of
349F/g at 0.5 A/g. The fabricated symmetric supercapacitor mani-
fests a high energy density of 23 W h kg! at 225 W kg~ .
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Aboul-Enein and Awadallah have also used waste plastic
polypropylene as a carbon source to synthesize high-quality car-
bon nanomaterials (CNMs) in a two-step process. Lanthanum oxide
(Lap,03) was used as a promising support of active metals in the
thermocatalytic breakdown of hydrocarbons. Monometallic cata-
lysts 50 % Ni and bimetallic 40 % Ni / 10 % Cu on the La,03 support
with a total metal content of 50 % by weight were prepared and
tested to decompose no condensable gases obtained from the car-
bonization of PP to produce nanomaterials. A fact worth the exam-
ples of research presented above show that promising strategies
for the treatment and recycling of plastic waste are being devel-
oped, which is especially valuable because plastics have a high car-
bon content, what is an ideal way to transform this type of waste
into important products in the form of carbon materials [11].

The conventional energy sources - fossil fuels such as coal, nat-
ural gas, and petroleum are waning as the demand rises [12]. These
resources are natural but their formation in a natural environment
takes hundreds of thousands of years [13,14]. Therefore, they are
considered non-renewable and non-sustainable [15]. Considering
these issues, there is a serious need for an effective constant energy
supply at a low cost and a way to store it. One of the simple and
quick methods is to use electrochemical energy as a power source.
The batteries, electrochemical capacitors, and fuel cell devices
were found to be promising for the conversion and storage of elec-
trochemical energy [16,17]. Carbon materials with high surface
area and pore volume were considered good electrode materials
for electric capacitors because of their very good chemical and
thermal stability and low cost [18]. The most investigated carbona-
ceous materials have been graphene, carbon nanofibers, carbon
nanotubes, activated carbons, carbon aerogels, nano-sized carbons
[19,20]. Recently, fullerene crystals-derived carbon tubes have
been also studied as electrode material for high-rate performance
supercapacitors [21].

Commonly available carbon precursors can be applied as start-
ing materials for carbonaceous materials production exhibiting
high capacitance and good rate capability [9]. Therefore, for this
aim, sustainable and commonly available raw materials have been
investigated for the fabrication of various carbonaceous materials
mainly for supercapacitor applications. Bio - waste such as oil
palm leaf [15], palm kernel shells [15], olive bagasse [22], coconut
shell [23], hemp straw [24], coconut husk [25], rice husk [26],
lumpy bracket [27], lignin [28], kapok flower [29], common poly-
pody [30,31], spent dregs [32], nutshells [33], pomegranate peel
[34], pitch [35] have been reported.

Huan Liu and co-workers [36] published lotus leaf stem (bio-
mass) derived O—N—S co-doped carbon for supercapacitor devices
with an excellent capacitance of 425F/g at a current density of 0.5
A/g in a 3-el system and 295F/g at a current density of 0.1 A/g with
outstanding rate capability with high retention (84 %) while
increasing current density from 0.2 to 20 A/g, and outstanding
recyclability with 97.8 % retention after 10'000 charge-discharge
cycles at 10 A/g in a 2-el system with KOH as an electrolyte. They
have also achieved excellent recyclability of 93.3 % after 10,000
cycles at the same current density using Na,SO,4 solution as an
electrolyte. The advantages of their material arise from a 3D hier-
archical structure with high surface area and optimized pore size
distribution. Moreover, O—N—S co-doping and nanosized graphitic
structure lead to a large accessible surface for charge storage, short
ion diffusion distance, rapid charge transfer and low internal resis-
tance, which are favourable characteristics for energy storage.
Another group - X. Liang et. Al. [37] has also published biomass
waste-derived carbon for supercapacitors. The porous carbon
obtained by KOH activation foxtail grasses seeds. The as-
prepared nitrogen- and sulphur-doped hierarchical porous carbon
(NSPC) with an appropriate specific surface area (819 m2g™!),
interconnected porous structure and rich heteroatoms, exhibits
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high gravimetric (358.0 Fg~') and volumetric (243.4 Fem™!) capac-
ities at 0.5 Ag~! and also impressive cycling stability. Karaman C.
et al. [38] reported graphene-like porous carbon networks derived
from orange-peel wastes (GPCs) for energy storage. The electro-
chemical behaviour of GPCs was evaluated in a 6.0 M KOH aqueous
electrolyte in a 3-el electrochemical system. The specific capaci-
tance of 425Fg~! was explained due to its synergistic properties,
including an excellent specific surface area (1150 m?g ™!, a large
pore volume and a finely tuned 3D porous architecture. Another
bio-material-based supercapacitor device was made from waste
lignin 325F-g~! /1 A.g”! (between — 1 to 0 V) [39], and cellulose
162F-g~! (at 0.5 A-g”! between — 1 and 0 V) [40].

Today, more and more attention is focused on polymeric every-
day products, which can be given a second life for applications
including energy storage. For example, carbon derived from waste
PET bottles, which exhibit a specific capacitance of 413 Fg~! (at 1
A-g”!, in the voltage window from — 1 to 0 V) [41], slightly lower
capacitance has shown carbon from expanded polystyrene foam
327F.g~! (1 A-g™!, in the voltage window from — 0.2 to 0.8 V)
[42]. Lastly, carbon material made from waste face masks was used
as an electrode material for energy storage, which exhibits capac-
itance of 328.9F.g~' (at 1 A-g~! in the working range between — 0.8
and 0 V) [43]. However, there is still plenty of room for researchers
to boost the electrochemical performance of the supercapacitor
devices based on biomass/recycled derived products.

Disposable face masks are mainly used in highly contaminated
areas, for example, medical centres, public places, and public trans-
portation, which are at high risk of coronavirus contamination. The
novelty of the work is to transform the potential dangerous waste
into value-added products: carbon electrode materials in superca-
pacitor with excellent capacitance and retention after 50 000
cycles.

In our study, all the biological hazardous waste will be neutral-
ized because the carbon source is treated with saturated KOH solu-
tion and high temperature. The carbon-based electrode materials
were obtained by chemical activation followed by carbonization.
The temperature of carbonization was changed from 650 to
800 °C every 50°to study the influence of the texture on the elec-
trochemical behaviour of the capacitor. Therefore, this facile strat-
egy serves as a route for the utilization of potentially contaminated
face masks - common coronavirus waste.

Furthermore, to the best of our knowledge, the fabricated car-
bon materials derived from wasted masks have not been tested
in current state of the art as electrode material in supercapacitors
in their pristine form without any further elemental functionaliza-
tion. There is a very recent report on carbon-derived samples from
wasted masks but the carbonization process was supported by sul-
fur doping [43]. Additionally, our electrodes indicated boosted
electrochemical performance in supercapacitors in respect to state
of the art.

2. Materials and methods

2.1. Preparation of carbon-based electrode materials from a disposable
mask

Disposable surgical face masks were manufactured by AP PROP-
ERTY S.A. (Poland). The disposable masks were impregnated with a
saturated KOH solution in a mass ratio of disposable masks: KOH
1: 1 for 3 h at room temperature. After impregnation, the material
was dried in a laboratory drier for 19 h at a temperature of 150 °C.
After drying, the grounded material was carbonized in a tube fur-
nace. The temperature range was from 650 to 800 °C with a step
of 50 °C under nitrogen flow of 18 L/h. Next, the carbonized
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product was washed with distilled water to remove the residual
KOH until neutral pH. Then the samples were flooded with1 M
hydrochloric acid and washed again until neutral pH. Finally, the
obtained carbon-based electrode material was dried at 200 °C for
19 h. The names of the samples correspond to the carbonization
temperature.

Fig. 1 shows a schematic synthesis of activated carbons.

2.2. Electrochemical capacitor assembly

All obtained material was measured in two- and as well as in
three-electrode system for detailed investigation of mechanism
and reaction during energy storage.

2.2.1. Preparation of material for electrodes

Electrode material for a two- (2-el), as well as three-electrode
system (3-el) was prepared by mixing 100.0 mg of active material,
20.0 mgof acetylene black (20 wt%) and 10.0 mg Kynar Flex poly
(vinylidene fluoride) (PVDF) (10 wt%). These components have
been mixed with acetone and homogenized with use of Benchmark
D1000 Homogenizer for at least 60 s. After that, the mixture was
transferred to a glassy crystallizer and dried forming a powder.

2.2.2. Construction of the two electrode system

The working electrodes (WE) for the 2-el were fabricated with
9.1 mg of electrode material (described in section 2.2.1) for each
electrode. Next, the materials were pressed to form tablets with
diameter of 15.0 mm via Mechanical Tablet Press Machine. Next,
the electrodes were dried for 24 h in a vacuum oven (15 mbar,
100 °C). The dried working electrodes (WE) were weighted and
assembled in a type CR2032 button cell, with a double layer of sep-
arators (cellulose and glass separator) and 6 M KOH as an elec-
trolyte. It was pressed via Oil Hydraulic Press Machine
(~100 MPa) to seal the cell.

2.2.3. Construction of the three electrode system

The WE for the 3-el was produced by pressing ~ 3.0 mg of elec-
trode material with a few drops of anhydrous acetone at the sur-
face of a circle-shaped nickel foam with diameter of 15 mm.
Next, the electrode was dried for 24 h in a vacuum oven (15 mbar,
100 °C). The system was also composed by Mercury Oxide Stan-
dard Electrode (MOSE: Hg|HgO, with 1 M KOH as an electrolyte)
as the reference electrode (RE) and Stainless Steel Mesh as the
counter electrode (CE). 6 M KOH served as the electrolyte.

2.3. Textural characterization of carbon-based electrode materials

The textural characterization of the samples was performed
using N, adsorption at —-196 °C in a volumetric QUADRASORB evo™
apparatus. In order to remove impurities, before the adsorption
measurements, the samples were outgassed at the temperature
of 250 °C for 12 h with a temperature increase of 10 °C /min at
the constant operation of the pump under reduced pressure. For
this purpose, a MasterPrep apparatus coupled with a computer
was used. The parameters characterizing the porous structure were
determined from the N, sorption isotherms:

a) the specific surface area (Sgey) was calculated from the BET
equation in the partial pressure range p/po = 0.05 - 0.2

b) the total pore volume (V) was determined on the basis of
the maximum adsorption of nitrogen at p/po value = 0.99

c) the micropore volume (Vy,;c), was established using the DFT
(density functional theory) method: N5 at —196 °C on carbon
for slit/cylinder/sphere pores, quenched solid density func-
tional theory (QSDFT) adsorption branch method
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Fig. 1. Schematic visualization of synthesis route of the activated carbons.

The Thermo-Gravimetric Analysis (TGA) was performed using a
TA Instruments SDT Q600 under the air atmosphere with a heating
ramp of 10 °C min~! in the range between room temperature and
700 °C min~".

For the determination of the structure of the carbon framework
of prepared carbon materials, Raman spectroscopy was used. The
analyses were performed using an apparatus Renishaw InVia. A
laser induced the material samples with a wavelength of 785 nm.

Surface morphology images of all prepared materials were char-
acterized by SEM instrument Zeiss Neon40 Crossbeam Station
instrument at 5.0 kV equipped with a field emission source. The
sample preparation for scanning electron microscopy (SEM)
involved sprinkling the powder sample on a double-sided carbon
tape mounted on the SEM stub.

2.4. Electrochemical tests

EC-Lab VMP3 (BioLogic Science Instruments, France) was used to
characterise the electrochemical properties of all samples. For this
purpose, following electrochemical techniques were performed:
Cyclic Voltammetry (CV) at scan rates of 2, 5, 10, 20, 50, and
100 mV-s~!, Galvanostatic Cycling with Potential Limitation (GCPL)
at current densities of 0.1, 0.6, 1.0, 6.5, and 13.0 A-g” !, and Poten-
tiostatic Electrochemical Impedance Spectroscopy (PEIS) at the
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frequency range between 10 mHz and 200 kHz, with an alternating
current amplitude (AC signal) of 10 mV. Furthermore, the stability
test was performed as the charge-discharge test under the con-
stant current density of 2 A-g~! for 50’000 cycles. All electrochem-
ical measurements were performed at room temperature in 6 M
KOH as an electrolyte in the potential window between 0.0
and + 0.8 V.

3. Results and discussion

3.1. Characterization of disposable mask and carbon-based electrode
materials by XRD method

The X-ray diffraction (XRD) patterns of the disposable mask and
carbon-based electrode materials were investigated with an X-ray
diffractometer (X'Pert-PRO, Panalytical,) monochromatic Cu Ko
radiation (A = 0.154 nm).

The crystal structure of the face masks was investigated by XRD
method (Fig. 2). The sharp reflections a (111), (131) 20 = 14.1°,
16.9°, 18.6°, 21.2°, 22.0° corresponding to the (110), (040),
(130) diffraction planes were assigned to the a-monoclinic phase
of polypropylene [44,45] confirming the presence the crystal struc-
ture. The two broad bands cantered around 26 = 25.5° and 28.5°
associated with diffraction of the (060) and (220) planes also
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Fig. 2. XRD pattern of the disposable mask.

confirmed the presence of o-monoclinic phase [45]. The broad
peaks revealed presence also amorphous carbon structure. A very
good visible amorphous halo also confirmed partial amorphous-
ness of the polypropylene present in disposable face mask.

Fig. S1 presents XRD pattern of carbon-based electrode materi-
als revealed only two broad peaks centred at around 20 = 23° and
43°, corresponding to the the (002) and (10) planes. The broad
peaks indicated amorphous carbon structure. After carbonization
the polypropylene structure was completely damaged and acti-
vated carbon was obtained.

3.2. Textural characterization of carbon-based electrode materials
from a disposable mask

The SEM micrographs of carbons derived from disposable face
masks are shown in Fig. S2. SEM images give an insight into the
structure and shape of the material. The thin, flake-like particles
are presented in each sample. The samples showed even structure
having extensive surface modification with small porous surface
development and craters due to the leaching of an activating agent
[46]. It is clearly seen that the polypropylene fibres (Fig. S2a) were
completely damaged after the carbonization.

In order to evaluate the textural properties of the carbon-based
electrode materials, N, adsorption-desorption studies were car-
ried. The values of specific surface areas, total pore volume, micro-
pore volume, and mesopore volume were presented in Table 1.

There are no values characterising the disposable face masks in
the Table 1 because the porosity of the mask was so low that it was
impossible to obtain the isotherm data or even data points for the
BET method. On the basis of the mass of the sample and manual
sorptometer can be assumed that surface area of the face mask

Table 1
The values of the textural parameters of carbon-based electrode materials.

Carbon-based electrode materials SBET Viot Vinic
[m/g] [em®/g] [em®/g]
600 460 0311 0.173
650 685 0.436 0.245
700 752 0.556 0.176
750 969 0.635 0214
800 746 0.430 0.279

982

Journal of Colloid and Interface Science 627 (2022) 978-991

was below 1 m?/g. The activation by KOH and carbonization of
the face mask boosted porosity fabricating materials suitable for
electrode applications.

The specific surface area of carbon materials increased with the
carbonization temperature from 600 °C to 750 °C, achieved the
maximum value of 969 m?/g and then decreased to 800 °C. These
specific surface area values ranged from 460 m?/g to 969 m?/g.
As a result of the thermal treatment of the disposable face masks,
the specific surface area was changed and the total volume of pores
and micropores. The total pore volume was calculated assuming
the complete filling of pores by N, at p / po = 0.99, it increased as
the carbonization temperature increased to 750 °C and ranged
from 0.311 cm®/g to 0.635 cm®/g. The most developed porous
structure was observed for carbon-based electrode material
obtained at the temperature of 750 °C. For the sample 750 Sggr
and Vi values are also the highest.

The specific surface area was increased with heat treatment
because the degree of carbon source oxidation was higher at higher
temperatures. In this way the micopores and mesopores pore vol-
ume was growing with the temperature up to 750 °C. At 800 °C,
oxidation intensity was too high to further develop the micro-
and mesopores. The oxidation of the face masks waste at 800 °C
was very intensive and mainly macropores were produced which
led to a lowering micro- and mesopores volume (see Table 1)
and consequently a decrease of specific surface area N, adsorp-
tion-desorption isotherms at the temperature of —196 °C are pre-
sented in Fig. S3.

The isotherms are combinations of I- type characteristics for
microporous materials and IV- type characteristics for mesoporous
materials defined by the International Union of Pure and Applied
Chemistry. For low values of p/py the nitrogen adsorption
increased very fast what is typical for microporous materials. That
indicated the presence of both micro and mesopores in the mate-
rial, which can be additionally confirmed based on the pore size
distribution. The hysteresis loop is defined as the H3 type, which
suggests that they are slit pores indicating the presence of non-
uniform, slit-shaped pores. This type is often found with micro-
mesoporous carbon [47].

The pore size distribution is presented in Fig. 3. The applied
method allowed to calculate pore size distribution to pore diame-
ter 50 nm but the pores with a diameter higher than 14 nm were
not observed. All samples exhibited pores smaller than 2 nm. Pores
in the range of 2 - 12 nm were also observed. The highest share of
mesopores was observed for 700 and 750 samples.

0.20 - — 600
— 650
— 700
— 750
E‘) 0.15 800
g
g
o=
g
Q
= 0.10
=)
>
o
0.05
0.00

Pore width [nm]

Fig. 3. Carbons pore size distribution determined by DFT method on the basis of N,
adsorption isotherms.
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Fig. 4. CV plots of the 2-el cell with 6 M KOH as the electrolyte for all samples at scan rate of (a) 2, (b) 5, (c) 10, (d) 20, (e) 50, and (f) 100 mV/s, respectively.

The results showed that the temperature of the activation pro-
cess has a strong effect on the texture of carbon derived from dis-
posable face masks. The carbon-based electrode materials obtained
by treating KOH and carbonization at N, showed high micro-
mesopores content, higher surface area and high total pore volume
due to intercalation of active K molecules with carbon lattices and
carbon matrix than when using other activators [48-50].
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Raman spectra of the four studied samples are presented in
Fig. S4. All spectra have two peaks, typical for carbon material,
around 1350 cm™! (p-band) and 1584 cm~' (G-band). A lower
Raman mode (p-band) is associated with disordered carbon such
as non-crystalline structures and defective structures. At a higher
Raman mode (G-band), the order-layered graphite with
sp?-hybridized carbon atoms vibration is assigned. In all tested
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samples, the intensity of the D band is dominant than that of the G
band, which indicates the presence of defected carbons in the sam-
ples [51,52]. Sample quality is assessed using the ratio of D and G
band intensities (Ip/Ig). A lower Ip/lg value indicates a higher
degree of graphitization. The determined values of the Ip/I; ratio
given in Fig. S4 ranged from 1.07 to 1.26 and were similar to the
values of other carbon materials [53]. Carbon 650 (Ip/Ig = 1.07)
prepared at 650 °C is more structured than the carbon 750
(Ip/lg = 1.26). XRD analysis of the carbons confirmed the results
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of Raman spectroscopy. The XRD profiles (not presented here)
revealed a predominantly amorphous structure. Moreover, Raman
of the commercially available mask was measured (Fig. S5). The
mask was divided into 3 layers: outer-, middle- and interlayer
and measured individually (see inset of Fig. S5). All obtained spec-
tra were perfectly matched to the polypropylene profile without
any shifts. The main peaks are located at 172, 265, 329, 395, 454,
540, 597, 778, 813, 843, 900, 977, 1001, 1044, 1094, 1157, 1219,
1324, 1352, 1465 and peaks at the range 2848-2973 cm™'. In the

2.0

5 mV/s

0.5

0.0

j (Ag)

-0.5

—600
—650
—700
—— 750

——800
2.5

T T T T T T T T T T T
1.1 -1.0 -09 -0.8 -0.7 -06 -0.5 -0.4 -0.3 -02 -0.1 0.0 0.1
Ewe (V)

-2.0

2

8.0

20 mV/s

6.0 +

4.0

2.0 4

0.0

i (Wg)

-2.0

-4.0 4

-6.0

—— 800
0:0

-8.0 : :
1.0 0.8

06 -0.4 -0.2
Ewe (V)

30.0
25.0 +
20.0
15.0
10.0
5.0
0.0
-5.0 4
-10.0
-15.0
-20.0 +
-25.0
-30.0

100 mV/s

i (Ag)

06 -0.4
Ewe (V)

-1.0 -0.8 -0.2 0.0

Fig. 5. CV plots of the 3-el cell with 6 M KOH as the electrolyte for all samples at the scan rate of (a) 2, (b) 5, (¢) 10, (d) 20, (e) 50, (f) 100 mV/s, respectively.
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outer layer plot, 3 new peaks arose at 680, 750 and 1539 cm !,
which can be due to the presence of blue dye in this section [54].
The carbon content and thermal stability in all samples were
studied by the Thermogravimetric Analysis (TGA) (Fig. S6). The
measurements were conducted with an airflow of 100 cm®/min
air, in the temperature range from 17 to 700 °C and a heating rate
of 10 °C/min). The 1st stage corresponds to the first weight loss of
8.7 wt% (in sample 750) to 16.0 wt% (in 700), in the range from
room temperature to ~ 58 °C, which was caused by the desorption
of humidity. A further plateau presents the 2nd stage. The 3rd
stage is a second weight loss with a huge mass decrease in the tem-
perature between 263 and 478 °C (sample 750) and 311 to 523 °C
(sample 650), which was due to the combustion of carbon species.
The 4th stage is depicted as the final plateau. It refers to the ash
content in samples, which was found to be ~ 19.3, 14.3, 12.6,
7.6, and 2.4 wt% for 650, 750, 600, 800, and 700, respectively.
The results were used to calculate the carbon content in the sam-
ples. Which was found to be the highest (80.5 wt%) sample car-
bonized at 800 °C and the lowest (69.5 wt%) carbonized at
650 °C. For comparison, the TGA of the commercially available
pristine protective mask was also conducted. In the 1st stage, the
mask shows the plateau indicating thermal stability up
to ~ 150 °C. Further, the material was partially oxidized which is
indicated by a slight mass increase of 2.0 wt% between ~ 150
and 220 °C. The intense decrease in mass starts at ~ 220 °C and
the complete combustion of material was detected at ~ 470 °C.
In the sample made with a pristine mask, there was no residual
ash, which is in full agreement with the literature analysis of
polypropylene [55].

3.3. Electrochemical results and discussion

3.3.1. Cyclic Voltammetry

The electrochemical properties of the activated carbons were
firstly investigated in a two-electrode system composed of 2 iden-
tical working electrodes (WE) containing active material and with
a separator between them and a 6 M KOH as an electrolyte. Fig. 4
presents the results of the CV technique conducted in the 2-el at
different scan rates of 2, 5, 10, 20, 50, and 100 mV-s~!, in the poten-
tial window between 0.0 and + 0.8 V. The CV plots at low scan rates
(from 2 to 20 mV-s~!) show almost rectangular shapes, what is
expected for the proper capacitor devices with the subtle faradays
edges at the ends of the voltage scan range. The curves do not show
any evident redox peaks, indicating the predominant role of classi-
cal double-layer capacitive behavior. At the highest scan rate (50
and 100 mV-s~') the curves show a flattening effect and begin to
create an eye-like shape, which proves a gradual decrease in capac-
itive properties.

Table 2
The specific capacitance in the 2-el for all obtained samples.

Journal of Colloid and Interface Science 627 (2022) 978-991

Further, the electrochemical performance of the samples was
also investigated in a three-electrode system. Fig. 5 shows the
results of the CV technique performed in the 3-el at 2, 5, 10, 20,
50, and 100 mV-s~! scan rate, in the potential window between
0.0 and —1.0 V vs MOSE. It is clearly seen that the CV curves have
shown slight deviations from the perfect shape. In addition, sharp
edges indicate a decrease in capacitive behavior.

3.3.2. Galvanostatic cycling with potential Limitation

The results of specific capacitance (C;) are presented in Table 2
and Table 3 for 2-el and 3-el systems, respectively. They were cal-
culated according to the equation (1):

c[f] -3 -2 i 1)

Z " m, dE ~ Z 'dE
where C, [F-g~!] is specific capacitance, m, [mg] is a total mass of
active material, dtg;s [s] is a discharge time, I [A] is applied current,
dE [V] is the change of potential and Z is a parameter with respect to
the type of system (Z = 0.5 for a 2-el, and Z = 1 for a 3-el cell).

The highest specific capacitance at a current density of 0.1 A-g~!
was achieved by 650, 700 and 750 samples with the values of 132,
139 and 139 in 2-el and 569, 559 and 651F/g in 3-el, respectively.
In general, the electric double-layer capacitance (EDLC) increases
along with the increase in BET surface area (Sggr) of the samples
as one of the most important parameters in electrochemical per-
formance. Additionally, the pore size distribution of the active
material matching the size of electrolyte ions is also a key charac-
teristic boosting the device’s capacitance. In the sample carbonized
at 700 °C new pores aroused with the width of ~ 5-6, 7-8, 9,
11 nm, which were not present in the sample carbonized at
750 °C. Those pores are additional channels for electrolyte ions
diffusion. Considering its pore size and Sgegr of 750 samples
(969 m?/g), its capacitance is the most boosted.

Charging and discharging plots measured in a 2-el are pre-
sented in Fig. 6. This technique was conducted in imposed current
density: 0.1, 0.6, 1.0, 6.5, and 13.0 A-g !, respectively, in the poten-
tial window between 0.0 and + 0.8 V. The specific capacitance of
the material was obtained from the galvanostatic cycling with
potential limitations (GCPL) test at a variable constant current
and then calculated with respect to equation (1) below. All results
were presented in a plot showing the dependence of capacitance vs
current density (Fig. 6f). In the low current density (from 0.1 to 6.5
A-g71), the charge-discharge curves have shown an almost sym-
metrical, triangle shape, expected for capacitive-like behavior.
The triangular form confirmed that none of the redox reactions
proceeded during the work of the devices. An increase in the cur-
rent density, analogically to the scan rates in the case of CV mea-
surement, leads to a decrease in the ion migration to the

Electrochemical parameters in the 2-el (0.1 A/g)

Sample 600 650 700 750 800
dtgs [s] 184.34 202.61 213.12 213.35 204.78
Cs [F/g] 119.8 131.7 1385 138.7 133.1
Table 3
The specific capacitance in the 3-el for all obtained samples.
Electrochemical parameters in the 3-el (0.1 A/g)
Sample 600 650 700 750 800
dtg;s [s] 1520 2362 2320 2702 1875
Cs [F/g] 366.4 569.2 559.0 651.1 451.8

985



J. Srefiscek-Nazzal, Jarostaw Serafin, A. Kamifiska et al.

a)
0.9
] 0.13 A/g ——600
0.8 —650
—700
0.7 —1750
1 —800
0.6
S 054
g
04
0.3
0.2
0.1
0.0 T T T T T T T T
0 50 100 150 200 250 300 350 400 450
time (s)
C) L ] 1.3A/g —600
0.8 - —650
J —700
0.7 — 750
——800
0.6
S 05
2
3 04
0.3
0.2 4
0.1
00 T T T T T T
0 5 10 15 20 25 30 35
time (s)
e)
0.9
] 13.0 Alg ——600
0.8 —650
] L1 ——700
0.7 —750
1 ——800
0.6
S 054
2
5 0.4
0.3
0.2
0.1
00 T T T T T
0.0 05 1.0 15 2.0 25 3.0

time (s)

Journal of Colloid and Interface Science 627 (2022) 978-991
b)
0.9
0.65 Alg ——600
0.8 4 —650
—700
0.7 - — 750
——800
0.6
So05-
g
3 04
0.3
0.2
0.1 4
00 T T T T T T T
0 10 20 30 40 50 60 70 80
time (s)
0.9
d) 6.5A1g ——600
0. ——650

time (s)
——600
140 + ——650
——700
120 —— 750
—— 800
100
=)
T 80-
[72]
© 60
40 4
20 4
0 T T T T T T T
0 2 4 6 8 10 12 14
j (A/g)

Fig. 6. Charging-discharging curves for the 2-el cell conducted at (a) 0.1, (b) 0.6, (c) 1.0, (d) 6.5, and (e) 13.0 A-g~ " current densities, (f) specific capacitance vs different current

densities for all samples.

diffusion layer, which in consequence decreases the rate of the far-

adaic process.

The same plots measured in a 3-el are presented in Fig. 7. In this
case, the measurements were carried out in imposed current den-
sity: 0.1 A-g™!, in the potential window between 0.0 and 1.0 V vs
MOSE. The shape of the GCPL plot is almost ideally triangular,

but the sample carbonized at 650 °C shows the highest IR drop,
corresponding to the interface resistance.

The values of the C; of all the samples measured in 3-el mea-
surements are higher than that obtained in a 2-el cell. Therefore,
the remaining electrochemical results will be presented in details

for 3-el.
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To obtain information about charge transfer and to study
double-layer structure, electrochemical impedance spectroscopy
in potentiostatic mode (PEIS) was conducted in the frequency
range: 200 kHz and 10 mHz, with 10 mV of alternating current
amplitude (AC signal). Fig. 8 a and b show the results, which were
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fitted with the equivalent circuit of R1 + Q2/R2. Table 4 presents
calculated parameters based on these measurements. This equiva-
lent circuit consists of an electrolyte resistance R1 [Q2], a charge
transfer resistance R2 [Q] and a constant phase element (CPE) Q
[F*s@ - D], The first point on a real axis (at the highest frequency
(HF) of measurement), is the sum of the resistance of the elec-
trolyte and all the switches connected in series and is presented
as R1. The diameter of this semicircle is the value of the charge
transfer resistance (R2). The Nyquist diagram of Q-element (CPE)
corresponds to a straight line in positive imaginary part (-Im
(Z) > 0) with angle -art/2 with the 0X axis. The faradic impedance
of the CPE decreases with increasing frequency. In this situation, o
is the dispersion coefficient, which is a unitless number with the
value 0 < o < 1, where o = 1 corresponds to ideal capacitive beha-
viour. The schematic interpretation of the (PEIS) diagram is present
in Fig. 8 c. Equivalent series resistance (ESR), or so-called internal
resistance, is the value that determines the loss of energy in a sim-
ple electronic circuit consisting of a resistor and an ideal capacitor.
The presentation of ESR at the Nyquist plot is a sum of R1 and R2
resistances. The rest of the Nyquist plot corresponds to the lower
frequency (LF) and goes into a straight line, which corresponds to
the capacitive element. Extrapolating the linear range to the 0X
axis allows the calculation of the value of the equivalent dis-
tributed resistance (EDR) according to transmission line theory to
check the behaviour of a supercapacitor when a pulsed current
flows through it [56,57].

b
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Fig. 8. Results of the PEIS measurement: (a) Nyquist plot for the all obtained samples, with the insert of the applied equivalent circuit electrical scheme (R1 + Q2/R2), (b)
magnification of the EIS Nyquist in the HF region with Z-fit applied (Z-fit labe), c) schematic illustration of EIS interpretation and d) Bode plot (phase angle-frequency).
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Table 4
Analysis of the electrochemical parameters obtained via PEIS measurements.

Journal of Colloid and Interface Science 627 (2022) 978-991

Analysis of the EIS Nyquist in the 2-el

Sample 600 650 700 750 800
R1 [Q] 0.14 0.09 0.16 0.30 0.32
Q2 [Fs*1] 40.27 x10°° 27.76 x10°° 68.45 x10°° 78.72 x10°° 54.10x10°°
o 0.909 0.955 0.871 0.851 0.889
R2 [Q] 17.65 5.61 8.26 2.91 2.97
ESR [Q] 17.79 5.70 8.42 3.21 3.29
EDR [Q] 21.21 7.97 11.99 7.31 8.83
Xo 2042 7.67 10.59 493 4.36
Xmax 41.63 15.64 22.58 12.24 13.19
Slope [Q/ Q] 341 10.42 5.05 10.79 8.75
arctang(slope) 73.65 84.52 78.79 84.71 83.48
Table 5
Specific energy and power of materials.
Analysis of the energy density and power density for the 1.2 mA g~!
Sample 600 650 700 750 800
E [%h] 19.17 21.07 2217 22.19 21.30
P [%] 0.97 3.04 2.06 5.40 5.27

The Nyquist PEIS plots for all tested wasted mask-derived mate-
rials have a similar shape, which starts with semicircles. The over-
all geometry of plots is suitable for a material with capacitive
characteristics (Fig. 8 a, b). Moreover, the plots start at almost
the same value of real resistance (R1), with the maximum differ-
ence of 0.23 Q (Table 4), indicating almost identical parameters
for carrying out the process, i.e. electrolyte and current connector
resistance. The main difference is the size of the half-circle, which
is attributed to a change in the value of R2. The lowest R2 has the
samples carbonized at 750, and 800 °C with the values of 2.91, and
2.97 Q, respectively, indicating the most favourable capacitive
behaviour. These results are in agreement with ESR and EDR val-
ues, in which samples carbonized at 750 and 800 °C have the low-
est values of 3.2, 329 Q (ESR) and 7.31, 883 Q (EDR),
correspondingly. These PEIS analyses confirm low internal resis-
tance of the system, which indicates the outstanding performance
of the mask-derived carbon as supercapacitor devices.

Moreover, PEIS results are also presented as a Bode plot (Fig. 8
d). In the ideal capacitors, the maximum phase angle occurs at 90°.
The phase angle of 72.2, and 71.5° (for 600, and 650 samples,
respectively) are the closest value to the perfect 90° angle. Next
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g’ 100 5 Li-ion
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qu) 10 A Pb acid
14 EDLC
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1 10 100 1000 10000 100000
Ps (W/g)

Fig. 9. Ragone plot showing specific energy vs specific power plot for all
synthesized samples (stars) in comparison to common electrical energy storage
devices.
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samples indicate the following angles: 63.3, 47.6, and 45.6° for
700, 800, and 750, respectively. Therefore, ion charge transfer
through the electrode/electrolyte interface is the most efficient in
the carbon activated at 600 °C.

3.3.3. Ragone plot

The Ragone plot is used to compare the working range of the
energy density and the specific power for the various energy stor-
age devices. These parameters were calculated using the following
equations, (2, 3) and are presented in Table 5.

Wh, [IxdU xdt

E—]=—7—"— (2)
g mg
w U?

Fs {E} " M, x 4 x ESR 3

where Es is the specific energy and Ps is the specific power, other
parameters are corresponding to the discharge step.

The graphic relationships between specific energy vs specific
power are shown as a Ragone plot in Fig. 9.
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Fig. 10. Stability of the specific capacitance during cycling test (for 50’000 cycles)
conducted at the current density of 2 A-g~ .
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Table 6

Comparison of specific capacitance of different recycled carbon-based supercapacitors.
Material Source of carbon ilA/g] Cs [F/g] Ref.
O—N—S co-doped carbon lotus leaf stem 0.5 425 [36]
nitrogen- and sulphur-doped carbon foxtail grasses seeds 0.5 358 [37]
graphene-like porous carbon networks orange-peel 0.5 425 [38]
Porous carbon Cellulose 0.5 162 [40]
Porous carbon Lignin 1.0 325 [39]
Porous carbon bottle (PET) 1.0 413 [41]
Porous carbon Polystyrene foam (PS) 1.0 327 [42]
Porous carbon Protective mask (PP) 1.0 329 [43]
Porous carbon protective mask (PP) 0.1 651 Our work

3.3.4. Stability test

Furthermore, for a complete description of the electrode mate-
rial, the stability tests have been conducted. The material used in
supercapacitors should exhibit as high-power capacity as possible
and high durability during long-lasting operation. In other words,
the goal is to have the lowest possible difference in capacity.

To test the performance of electrode material the charge-dis-
charge test was conducted under the constant current density of
2 A-g~! for 50000 cycles. The results are presented in Fig. 10.
The specific capacitance retention of all materials is excellent.
Almost constant values through as many as 50’000 repetitions
indicate that there is reversible charging and discharging at the
interface between the electrode and the electrolyte.

Furthermore, in order to verify the electrochemical potential of
our materials used in supercapacitors the comparison to the
respective reports in state-of-the-art is presented in Table 6. Our
outstanding performance can be due to our materials’ optimal tex-
tural characteristics, allowing the best working condition in super-
capacitors (SC devices).

4. Conclusions

Carbon-based electrode materials were prepared from poten-
tially contaminated disposable face masks — waste which is cur-
rently produced in enormous amounts because of the ongoing
coronavirus pandemic — COVID-19. The material synthesized
showed an enhanced specific surface area and the presence of
micro- and mesopores. The macropores’ volumes were much larger
than the micropores. It was shown that the temperature of the car-
bonization at the constant ratio of KOH reagent to carbon source
greatly affected the textural properties of the materials.

The influence of the temperature during the carbonization pro-
cess in the range between 600 and 800 °C on electrochemical per-
formance as electrode materials in SC has been revealed. It is worth
mentioning that the mass loading during the test was at around
10 mg per device, which is a great advantage, as it is known, that
this parameter is one of the most important obstacles during EDLC
design. Moreover, every sample has exhibited great performance
during the stability test, keeping stable charge-discharge capabil-
ity over as many as 50’000 cycles, which is one of the requirements
for materials used as electrodes in the supercapacitors devices.

In conclusion, the positive results from this present study have
established the feasibility of carbon-based electrode materials pro-
duction from potentially contaminated disposable face masks
combined with absolutely destroying all microorganisms, includ-
ing coronaviruses. Activated carbon prepared from contaminated
disposable face masks was characterized by a large surface area,
high total pore volume, and good charge-holding capacity. There-
fore, these properties make it suitable material for the carbon elec-
trode of supercapacitors. The optimal electrode material has
resulted in the performance of a supercapacitor (SC) device with
excellent parameters such as specific capacitance attaining
651.1F/g at 0.1 Ag™!, specific energy of 22.19 Wh kg~ !, and power
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density of 5.40 Wkg~! at current density = 1.2 mA g~ ! in a voltage
window of 0-0.8 V. Furthermore, the outstanding capacitance
retention of 98 % was obtained after a test cycle involving 50'000
cycles.
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