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Upcycling of surgical facemasks
into carbon based thin film
electrode for supercapacitor
technology
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Polypropylene (PP), a commonly used plastic, is used for making the outer layers of a surgical face
mask. In 2020, around 3 billion surgical face masks were disposed into the environment, causing a
huge threat to wildlife, aquatic life, and ecosystems. In this work, we have reported the sulfonation
technique for stabilizing the surgical face masks and their conversion into carbon nanoparticles for
application as a supercapacitor electrode. The electrode is fabricated by preparing a slurry paste of
carbon nanoparticles and pasting it on a conductive wearable fabric. To investigate the performance of
the carbon thin film electrode, electrochemical techniques are employed. The Cyclic Voltammetry (CV)
analysis performed at different scan rates in a 6 molar KOH electrolyte reveals that the carbon thin
film acts as a positive electrode. At 4 A g%, the electrode shows a specific capacitance of 366.22 Fg™*
and 100% retention of specific capacitance for 8000 cycles. A two-electrode asymmetric device is
fabricated using carbon thin film as the positive electrode, NiO thin film as the negative electrode, and
a KOH separator between two electrodes. The device shows a specific capacitance of 113.73 Fg! at
1.3 Agland glows ared LED for 6 min. This work is a step towards upcycling the waste produced from
surgical face masks used during the COVID-19 pandemic and its application for energy storage.

The waste material produced by households and industries causes detrimental damage to the environment, wild-
life, aquatic animals, and human health'. The toxic materials present in these wastes affect the living organisms
in soil, water, and air. However, recent developments have led to the exploitation of these waste materials into
useful resources®. In 2019, the COVID-19 pandemic struck the world and one of the precautionary measures
was using surgical face masks. This led to a massive surge in the production of face masks around the globe®.
The surgical face masks are single-use materials made from polypropylene (PP). The PP is a type of plastic and
extensive consumption of these masks has added to the issue of global plastic waste’. According to an estimate
by National Geographic Magazine, in 2020, more than 3 billion masks were disposed of daily and the trend
persisted for the following 2 years®. All these PP-based surgical face masks when dumped into the environment
cause serious threats to ecosystems. Thus, there is a need to address this issue and find effective solutions for
recycling or upcycling these used face masks for sustainable development. One such solution is their conversion
into carbon-based nanomaterials (CNMs). The most commonly used CNMs are graphene, activated carbon,
and carbon nanotubes (CNTs) and their production from wastes has various potential applications. CNMs have
extremely good morphological, chemical, mechanical, and electrical properties which significantly increase their
application for developing sensors, supercapacitors, transistors, photo-electric devices, etc.”. Moreover, CNMs
are produced easily, efficiently, and cost-effectively using various synthesis techniques'®!’. Polypropylene (PP)
has been reduced to CNMs via various chemical methods!'>!*. The production of CNMs from wastes (masks)
will significantly reduce the quantity of these wastes in the environment and help to clean the environment and
ecosystems.

In this work, we have reported the sulfonation technique for stabilizing the face masks and their conversion
into carbon nanoparticles for application as a supercapacitor electrode. The standard characterization tools
are used to examine the morphology, constituent elements, and functional groups present in the synthesized
materials. The electrochemical performance of the fabricated electrodes and their supercapacitor application is
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analyzed using CV, Galvanostatic Charge or Discharge (GCD), and Electrochemical Impedance Spectroscopy
(EIS). The electrodes are fabricated on a wearable cotton fabric. The carbon thin film electrode shows good
electrochemical performance i.e., specific capacitance, cyclic stability, capacitance retention, etc. This work is a
step towards upcycling the waste produced from the facial masks used during the COVID-19 pandemic and its
application in supercapacitor technology. The research will aid in the development of energy storage devices as
well as environmental remediation. The carbon thin film electrode reported depicts good capacitive behavior in
comparison to some previously published works.

Experiment

Chemicals. The chemical and materials used during the synthesis procedure were surgical face masks, sul-
phuric acid (H,SO,) (98%, SDFCL), potassium hydroxide (KOH) (97%, RANKEM), nickel nitrate hexahydrate
(Ni(NO3),-6H,0) (98%, Alfa Aesar), ammonium hydroxide (NH,OH) (25%, Emplura), N-Methyl-2-pyrrolidone
(NMP) (99.9%, Spectrochem), polyvinyl alcohol (PVA) (99%, Sigma-Aldrich), ethanol, and DI (De-ionized)
water. The chemicals were used as received. However, the surgical masks were cleaned using ethanol and DI
water before their application.

Synthesis of carbon nanoparticles from surgical face masks. The two outer layers of a surgical face
mask are used during the synthesis. The outer layers of a face mask are made of polypropylene, which is a good
source of carbon. The outer layers were cut into small pieces (1 g) and put into 25 mL of concentrated H,SO, in
a glass beaker. The beaker was then placed in a muffle furnace and heated at 155 °C for 1.5 h. After heating, the
sulphuric acid was removed from the beaker, and the sample (black mass) was obtained. The sample was washed
with DI water till its pH becomes neutral. The sample was then dried overnight and again heated for 3 h at a
temperature of 800 °C in the presence of nitrogen. The sample now obtained was ground with KOH in a 1:2 ratio
and heated at 700 °C for 1 h. The final obtained material was then centrifuged, dried, and grounded to produce
carbon powder. Figure 1 diagrammatically represents the step-by-step synthesis procedure.

Fabrication of carbon-based thin film electrode. The conductive cotton fabric (CF) is used as a flex-
ible substrate for fabricating electrodes (Fig. Sa under supplementary information). The as-synthesized carbon
powder is mixed with PVA in a ratio of 1:9 in a beaker. To this mixture, NMP solvent was added drop-wise,
heated and stirred continuously until a uniform and slurry black paste is obtained. The paste is then applied over
CF and heated at 95 °C to form the final carbon electrode. The fabricated carbon electrode is shown in Fig. Sb
(under supplementary information).

Fabrication of nickel oxide (NiO) thin film electrode. The sol-gel method is an easy and cheap
method used for the synthesis of nanoparticles. A 2.0 M solution of ammonium hydroxide (NH,OH) in DI
water is poured drop-wise into a 0.5 M solution of nickel nitrate hexahydrate in DI water. The solution mixture
is stirred at 100 °C for 4 h and left for 24 h aging. The sample is centrifuged at 7000 rpm using DI water and
ethanol, annealed for 2 h at a temperature of 200 °C. Finally, the sample is ground and reduced to light-green
NiO nanoparticles.

For preparing the NiO electrode, a slurry paste is prepared by mixing NiO nanoparticles, graphite powder,
and PVA in a ratio of 8:1:1. The NMP is added dropwise into this mixture and continuously heated until a slurry
paste is obtained. The prepared NiO paste is then applied on CF and heated on the hot plate to form NiO thin
film electrode (Fig. Sc under supplementary information).
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Figure 1. Step-by-step synthesis route of carbon nanoparticles.
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Results and discussion

Morphology and chemical composition. Carbon nanoparticles. 'The morphology and chemical com-
position of the produced carbon is analyzed using standard characterization tools. The FESEM image shown
in Fig. 2a depicts the surface morphology of the nanoparticles along with the particle size distribution. Using
Image] software, the average size of the carbon particles is found to be 29 nm. Nanomaterials have been used
extensively for the fabrication of supercapacitor electrodes. The nanomaterials show high specific capacitance
and good electrochemical performance, as they offer more surface area for energy storage'*. Moreover, the na-
nomaterials possess good mechanical properties which help in attaining high coulomb efficiency and mechani-
cal integrity while performing the cyclic stability tests'. The carbon nanoparticles are in the form of flakes and
possess smooth morphology. Figure 2b shows the EDS spectra along with the elemental mapping and weight %
of the nanoparticles. The EDS spectra show a peak with maximum intensity for C(K). The elemental mapping
along with atomic and weight% ratios further clarify the synthesis of carbon nanoparticles.

FTIR technique is a useful analytical method for the identification of constituents and helps in investigat-
ing the functional groups present in the material. Figure 2c is the FTIR spectra of the carbon. The broadband
between 3100 and 3400 cm ™’ signifies the presence of the -OH group of water molecules (moisture) whereas the
band at 2500-3000 cm™ indicates the presence of an aliphatic ~CH stretching'®'”. The transitions at 2316 and
1510 cm™ indicate the C=C stretching whereas the peak at 2090 cm™ is due to the interaction of sulphur with
the face mask developed during the sulphonation process'®. The peak at 1029 cm™ denotes stretching vibra-
tions of C=0". The XPS survey spectra in Fig. 2d clearly show the standard peaks for C(1s) and O(1s) at 284.4
and 532.4 eV, respectively. Moreover, the high-resolution spectra shown in Fig. S1 (supplementary informa-
tion) indicate that the peak for C(1s) is for the sp* hybridized C=C, C-C, and C=0 bonds®. Thus, XPS further
confirms the results obtained from FTIR spectra. Hence, the FESEM, EDS, FTIR, and XPS studies confirm the
formation of carbon nanoparticles.

NiO nanoparticles. 'The FESEM image of the NiO nanoparticles as shown in Fig. 3a indicates that the particles
possess uniform distribution and are spherical. The morphology of the nanoparticles i.e., shape, size, surface
area, etc. plays a crucial role in determining the electrochemical performance of an electrode?'-?. The FTIR
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Figure 2. (a) FESEM image, (b) EDS spectra and mapping, (c) FTIR spectra, and (d) XPS spectra of the
synthesized carbon.
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Figure 3. (a) FESEM image, (b) FTIR spectra, and (c) EDS spectra of NiO nanoparticles along with (d)
mapping of O, and (e) mapping of Ni.

spectra in Fig. 3b show different peaks. The transition at 3636 cm™ is for the ~-OH bond vibrations whereas the
peak at 1401 cm™ denotes N-O stretching mode or adsorbed NO™ produced from the precursors®*. The C-O-C
bond vibrations and adsorbed CO;*" ions (due to adsorbed CO,) are denoted by the transitions at 1173 cm™ and
1048 cm™, respectively. Further, the peaks at 878 cm™ and 500 cm™ denote Ni-OH group vibrations and Ni-O
stretching vibrations. Thus, FTIR results indicate the synthesis of NiO nanoparticles. Moreover, the EDS spectra
in Fig. 3c show peaks for the Ni and O along with their weight and atomic percentages. The elemental mapping
of the nanoparticles in Fig. 3d and e further confirms the synthesis of NiO nanoparticles.

Electrochemical characterizations. The CHI600E instrument is used during the electrochemical study
of the fabricated thin film electrodes. The three-electrode configuration is applied to perform the electrochemi-
cal analysis using Saturated Calomel Electrode (SCE) as the reference electrode, fabricated thin film as the work-
ing electrode, and platinum (Pt) counter electrode. The electrolyte is a 6.0 M solution of KOH in DI water and all
the electrochemical characterizations are carried at room temperature. Using CV and GCD curves, the specific
capacitance is calculated according to equations®®:

Area
C=—F—— (1)
nmAVVs
CcC=1I At (2)
=] X ——
mx AV

where, “C” corresponds to the specific capacitance calculated in Farad gram™ (F g™!), “n=1 or 2 for asymmetric
and symmetric supercapacitor, “V,” denotes scan rate, “AV” denotes potential range, “I” is the discharge current
in Amperes (A), “At” denotes discharging time in seconds (s), and “m” is the mass of the active electrode mate-
rial. The “Area” in Eq. (1) is the area under the CV curve at a particular scan rate.

The energy density and power density of the electrodes are calculated using the following equations?:
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E= %C(AV)Z (3)
P @)
At

where “E” and “P” denote energy and power density.

Carbon thin film electrode. Figure 4a represents the CV curves of the fabricated carbon thin film electrode.
The CV measurements are carried at 5 to 200 mV s™! scan rate over 0 to 0.6 V of the potential range. In each CV
curve, there is a prominent redox peak which suggests that the capacitance of the thin film electrode follows the
redox mechanism. The shape of the CV profiles of carbon electrode displayed faradaic-dominated CV profiles
which can be classified as Type C curves®?. The oxidation-reduction peaks are due to the redox reaction by
the presence of structural defects and residual functional groups (-OH, COOH, etc.) with electrolyte ions?.
Moreover, the peak current increases linearly with an increase in the scan rate, and the area under the curve
also increases. This suggests the highly capacitive nature of electrode along with rapid electron/ion transport
and interfacial faradic redox reactions. The symmetrical nature of the CV curves also suggests good electron
and ion conduction of the electrode. Since the CV curves are only present in the positive potential region, the
carbon thin film electrode can be used as a positive electrode for the supercapacitor application. Table S1 (sup-
plementary information) represents the specific capacitance of the carbon thin film electrode calculated from
the CV curves using Eq. (1).

The relation between peak current (i,) and scan rate (v) is determined according to Eq. (4) to understand the
behavior of the electrode®.

ip = av®

(5)
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Figure 4. (a) CV, (b) GCD, (c) EIS, and (d) cyclic stability of the carbon thin film electrode.
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where i denotes the peak current in amperes, “v” is the scan rate in mV s, and “a” and “b” are variable
parameters. The parameter “b” serves as the slope of the curve between log i, and log v. For the surface-controlled
process, the value of b=1, and for the battery-type behavior, b=0.5. The value of b is 0.74 for anodic peak currents
and 0.65 for cathodic peak currents, signifying a diffusion-controlled process (Fig. S2 (supplementary infor-
mation))®. In addition to this, Dunn’s method is used to study the charge storage mechanism of the electrode.
Figure S3 (supplementary information) shows that the storage is mostly controlled by the diffusion process and
the result is in agreement with the value of “b” calculated for the electrode.

At various current density, the GCD test performed for the electrode in the potential range of 0 to 0.45 V is
shown in Fig. 4b. Using m =0.0005 g in Eq. (1), the obtained specific capacitance values are 366.22, 361.33, 360.88,
351.11, 346.66, 348.44, 337.77, 326.66, 320, 306.66, 302.22, and 288.88 F g at 4, 6, 8 10, 12, 16, 20, 30, 40, 60,
80, and 100 A g/, respectively. The ions of the electrolyte diffuse easily into the electrode at low current density,
due to which the entire electrode material takes part in the charging and discharging process®. Thus, explaining
high values of specific capacitance. However, at high values of current density, the diffusion of ions into the whole
electrode material is not possible due to the diffusion effect. As a result, the charging and discharging process only
takes place at the electrode surface, which decreases the specific capacitance. The IR drop in the GCD curves is
due to the resistance offered by the active electrode material, electrolyte, and the interface between electrode and
electrolyte. The IR drop cannot be avoided in the supercapacitors. The specific capacitance reduces from 366.22
to 288.88 F g™! as the current density changes from 4 to 100 A g*. The electrode shows good capacitive behavior
and high specific capacitance retention (79%) as the current density increases. Mostly, the specific capacitance
of carbon is around 300 to 400 F g~! and the specific capacitance of the fabricated thin film electrode is in good
agreement with the expected values™.

The electrical response of the thin film electrode is studied using a non-destructive EIS characterization tech-
nique. The EIS measurements were carried in the 0.01 to 10° Hz frequency range and at 5 mV AC perturbation.
Figure 4c represents the Nyquist plot obtained from the EIS results and the intercept along Z” gives the value of
bulk resistance (Ry). The Ry, is the total resistance offered by the electrolyte, active material on the electrode, and
resistance due to the interface between active material and substrate®. The value of R,, obtained from Fig. 4c is
1 Q, which reveals good conductivity of the electrode®. Moreover, the Bode phase angle plot for the electrode
is also shown in Fig. S4 (supplementary information). To investigate the use of carbon thin film electrode for
supercapacitor applications, cyclic stability studies were performed at 0.06 A (120 A g™'). The cyclic stability
shown in Fig. 4d illustrates that for 8000 cycles, the electrode retains 100% of its capacitance. Efficient cyclic
stability can be explained due to an increase in the wettability of the electrode, which helps in maintaining the
specific capacitance over various cycles®.

The carbon thin film electrode prepared from the waste facial mask has shown good electrochemical proper-
ties and can be used as a supercapacitor electrode. The comparison of the current work with previously reported
works with 6.0 M KOH as an electrolyte is shown in Table 1. The comparison study reveals that the current work
reports carbon thin film electrode with better stability and higher specific capacitance.

-1

NiO thin film electrode. The electrochemical performance of NiO thin film electrode is analyzed using CV,
GCD, and EIS characterization. The CV curves in Fig. 5a are obtained at 5 to 100 mV s™" of scan rate and — 1.2
to 0 V of potential range. The capacitance of the NiO thin film electrode again follows the redox mechanism as
suggested by prominent redox peaks. With an increase in scan rate, the peak current increases, which is due to

Waste material Specific capacitance (F g™!) | Cyclic stability Ref.
Coconut shell 228 at5mVs! 93% after 3000 cycles 3
Watermelon rind 3334at1Ag! 96.8% after 10,000 cycles 3
Tea waste buds 332at1Ag! 97.8% after 100,000 cycles | 3¢
Withered rose flower 350at1Ag! 96.5% after 15,000 cycles ¥
Plastic waste (polyethylene terephthalate) 169at0.2 A g™’ 90.6% after 5000 cycles 38
Mangosteen peels 357at1Ag! 94.5% after 130,000 cycles | **
Shrimp shells 175at0.5 A g™! 94%, 1000 cycles o
Cigarette filter 153.8at1 A g™’ Slight increase, 6000 cycles | *!
Rose 208at0.5A g™ 99%, 25,000 cycles 2
Bamboo fiber 258at0.1 A g™ 92% after 3000 cycles s
Bamboo shoot 209at0.5Ag™! 95% after 10,000 cycles a“
Tree bark 236at0.5Ag™! 70.8% after 5000 cycles s
Ginkgo leaves 323at0.5A g™ 92.7% after 12,000 cycles N
Polyethylene 100at0.5Ag™! 97.1% after 10,000 cycles 7
Polystyrene 208at1Ag! 94.3% after 5000 cycles 8
Face mask 3289at1Ag™! 81.1% after 3000 cycles e
Face mask 366.2at4 A g 100% after 8000 cycles Current work

Table 1. Comparison of the electrochemical performance of the fabricated carbon thin film electrode with
other reported works.
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Figure 5. Electrochemical characterization of NiO thin film electrode. (a) CV at 5 to 100 mV s7%, (b) GCD at
6.25t0 62.5 A g!, () EIS, and (d) cyclic stability.

the highly capacitive nature and rapid electron and ion transport mechanism. The thin film electrode acts as a
negative electrode due to the presence of CV curves in the negative potential region. Using Eq. (1), the specific
capacitance of the electrode calculated from the CV curves is represented in Table S2 (supplementary informa-
tion). From Dunn’s method, the charge storage mechanism of the electrode is found to be diffusion-controlled
(Fig. S5 (supplementary information)). Moreover, using Eq. (4), the b value is 0.7 for anodic peak currents and
0.5 for the cathodic peak currents (Fig. S6 (supplementary information)). This again confirms the diffusion-
controlled charge storage mechanism of the electrode.

The GCD tests performed in — 0.8 to 0 V at various current density are shown in Fig. 5b. The shape of the
GCD curve is due to the characteristics of the active electrode material. The deviation of the GCD curves from
the normal shape is due to the battery-type behavior of the electrode®®>'. Using 7 =0.00048 g in Eq. (1), the
values of specific capacitance are 4987.5, 4570, 3387.5, 2100, 1277, 1200, 1100, 900, 350, and 150 F g™* at 6.25,
8.3,10.4, 12.5, 14.6, 16.6, 20.83, 31.25, 41.66, and 62.5 A g!, respectively. The IR drop in the GCD tests is high
for the electrode which suggests that more resistance is offered by the setup and various electrodes with high
IR drop have been reported with good supercapacitor applications®>**. The EIS measurement for NiO thin film
electrode is carried in 6 molar KOH electrolyte at 5 mV for the frequency range of 1 to 10° Hz. Figure 5c shows
the Nyquist plot obtained from the results. The value of R, obtained from the plot is 1.8 Q, which shows that
the electrode possesses good electrical conductivity. The bulk resistance of the NiO thin film electrode is higher
than the carbon thin film electrode, which explains the high IR drop and more rapid decrease in the specific
capacitance with increasing current density. The Bode phase angle plot of the electrode is shown in Fig. S7 (sup-
plementary information). To test the performance of the electrode, the cyclic stability test shown in Fig. 5d is
performed at 0.025 A (52.08 A g™!). The electrode is capable of retaining 95% of its specific capacitance for 8000
cycles, which shows that the electrode can be used for supercapacitor applications. The average specific capaci-
tance of the fabricated NiO thin film electrode is approximately equal to its theoretical value®.
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Therefore, the electrochemical analysis of both carbon and NiO thin film electrodes reveals that the electrodes
possess good electrical performance suitable for supercapacitor applications.

Supercapacitor applications

For investigating the supercapacitor applications, a two-electrode set-up is used to perform the electrochemical
characterization techniques. A 6.0 M KOH solution is utilized as an electrolyte whereas NiO thin film electrode
is used as the working electrode and a carbon thin film is used as the counter electrode (short with reference
electrode). The CV measurements are performed at a scan rate of 5 to 100 mV s™' and — 1.4 to 0 V is taken as a
potential range. The CV curves for the supercapacitor are shown in Fig. 6a. The specific capacitance of the device
calculated using Eq. (1) is represented in Table S3 (Supplementary Information). As the scan rate increases, the
peak current increases, which denotes that the capacitance of the supercapacitor follows the redox mechanism.
Figure 6b shows the GCD curves obtained in 0 to 1.5 V of potential range at various current density. Using
m=0.001 g in Eq. (1), the speciﬁc capacitance is 113.73, 109.8, 110.93, 104, 100, 95.46, 92, 83, 76, 70, 66, 58.33,
53.33,48,46.66 and 36 F g1 at 1.3, 2, 2.6, 3.3, 4, 5.3, 6.6, 10, 13.3, 16.6, 20, 23.3, 26.6, 30, 33.3, and 40 A g/,
respectively. The decrease in the specific capacitance with increasing current density can be explained due to
the diffusion effect. The specific capacitance of the device decreases from 113.73 to 36 F g™! as the current den-
sity increases from 1.3 to 40 A g™! with a 68% reduction in the specific capacitance of the supercapacitor. The
rate performance of the device is shown in Fig. 6c. The cyclic stability test (Fig. 6d) performed at 0.05 A for the
supercapacitor shows 83% specific capacitance retention over 8000 cycles. The EIS measurement for the two-
electrode supercapacitor is carried in 6.0 M KOH electrolyte at 5 mV for the frequency range of 1 to 10° Hz. The
corresponding Nyquist plot is shown in Fig. 6e. The value of R, obtained from the plot is 1.73 2, which shows
that the device has good electrical conductivity. Moreover, the Bode phase angle plot for the device is shown in
Fig. S8 (supplementary information).

Using Eq. (3), the calculated values of energy density are 35.54, 34.31, 33, 32.5, 31.25, 29.83, 28.75, 25.93,
23.75,21.87,20.62, 18.22, 16.66, 15, 14.5, and 11.25 Wh Kg™! at the current density of 1.3, 2, 2.6, 3.3, 4, 5.3, 6.6,
10, 13.3, 16.6, 20, 23.3, 26.6, 30, 33.3, and 40 A g/, respectively. The graph between specific capacitance and
energy density is shown in Fig. 7a. Moreover, the power density values are 1.5, 2.25, 3, 3.75, 4.5, 6, 7.5, 11.25, 15,
18.75,22.45, 26.24, 30, 33.75, 37.3, and 45 KW Kg! for the similar current density. A graph between the energy
density and power density called the Ragone plot for the supercapacitor device is shown in Fig. 7b. The Ragone
plot depicts that there is a decrease in the energy density with increasing power density, which suggests that the
device can be used as a supercapacitor™.

The practical application of the supercapacitor device with fabricated electrodes is also carried out in this
work. The supercapacitor device is prepared with a positive carbon thin film electrode, a negative NiO thin film
electrode, and a KOH separator. The KOH separator is prepared by mixing KOH and PVA in a particular ratio in
DI water. The solution is then subjected to heat treatment and continue stirring until a clear solution is obtained.
The solution is then poured into a petri dish and left for overnight drying, forming a KOH separator. The separa-
tor is then placed in between the two electrodes and the device is held using pins. The separator is placed such
that the two electrodes should not touch each other which otherwise will result in short-circuiting the device.
The prepared supercapacitor device is shown in Fig. S9 (Supplementary Information).

Two supercapacitor devices were connected in series and charged using a battery. The battery is then removed
and a multimeter is connected across the combination to measure the potential. The potential across the com-
bination is around 2.5 V as shown in Fig. 8a and the video is also recorded for the measurement. Similarly, the
combination is again charged using a battery, and a red LED was connected across the terminals after removing
the battery. The combination can glow the LED as shown in Fig. 8b and the video is again recorded for the practi-
cal demonstration. The red LED is successfully functional for 6 min with a full glow for 4 min i.e., the intensity
starts to decrease after 4 min. The practical demonstration successfully advocates the application of fabricated
carbon and NiO thin film electrodes for supercapacitor application.

The mechanism governing the working of the supercapacitor device is diagrammatically shown in Fig. 8c. The
KOH electrolyte present contains both positive and negative charge ions i.e., K* and OH". During the charging
process, the carbon thin film electrode develops a positive charge and NiO thin film electrode develops a nega-
tive charge. As a result, the K* ions move toward NiO thin film electrode whereas OH™ ions move toward the
carbon thin film electrode. Hence, a thin layer of ions is developed on the inner side of both electrodes leading
to the formation of the electrostatic double layer. Thus, a single supercapacitor device is comparable to a series
combination of two capacitors, which explains the high specific capacitance of a supercapacitor as compared to
capacitors. Similarly, the discharging process is the reverse of the charging process.

Further, the b value for both thin film electrodes is close to 0.5, which suggests that the charging and dis-
charging are governed by the diffusion process. The value of R, for both the electrodes is low i.e., 1.0 and 1.8 Q,
suggesting good conductivity of the electrodes. This helps in the smooth charging and discharging of the device.

Conclusion

In this work, the upcycling of the surgical facial mask waste produced during the COVID-19 pandemic into the
carbon thin film supercapacitor electrode is reported. The carbon thin film is fabricated by preparing a slurry
paste and depositing it on a wearable conductive fabric. The electrochemical performance is analyzed ina 6 M
KOH electrolyte. The carbon thin film acts as a positive electrode with a specific capacitance of 366.2 F g™ at 2
A g™'. The carbon thin film electrode shows good cyclic stability with 100% specific capacitance retention for
8000 cycles. A separate NiO thin film electrode is prepared to be used as a negative electrode having 4987.5 F g™!
specific capacitance at 6.25 A g™'. The NiO thin film electrode shows 95% specific capacitance retention after 8000
cycles. The supercapacitor device with NiO thin film as the working electrode, carbon thin film as the counter
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Figure 6. (a) CV study performed at 5 to 100 mV s7, (b) GCD tests performed at 1.3 to 40 A g', (c) Rate
performance, (d) cyclic stability, and (e) EIS study of the device.

electrode (reference electrode being short), and 6 M KOH as an electrolyte, displays 113.73 F g™* of specific
capacitance at 1.3 A g current density. The supercapacitor retains 83% of its specific capacitance for 8000 cycles
during the cyclic stability test. The supercapacitor device with the fabricated electrodes and KOH separator glows
ared LED for 6 min. The work aims to advance sustainable development by attempting to mitigate the adverse
effect of facial mask waste disposal on the environment.

Scientific Reports |  (2023) 13:12146 |

https://doi.org/10.1038/s41598-023-37499-x

nature portfolio



www.nature.com/scientificreports/

200
180 (a) 34% (b)

~ ‘l
T 160 - 30 -

[

< 140 § Ng

g 254 \. _n

g 120 z \

= ] ]

£ 1004 ""'-‘_ g ow e

< 3| = S

S} ™~ 2 u

e Mo % 15 - Sm_g

- L}

2 60 TR g \.
- ——a—y E 10

404 e
20- &
0 T T T T T T T T 0 T T T T
0 S 10 15 20 25 30 35 40 45 0 10 20 30 40 50
Energy Density (A g") Power Density (KW/Kg)

Figure 7. (a) Specific capacitance vs energy density and (b) Ragone’s plot of the supercapacitor device.

Electrolyte

Anions .
Cations

Conductive Fabric
(Substrate)

Figure 8. (a) Practical demonstration with the multimeter, (b) glowing red LED, and (c) working mechanism
of the supercapacitor.

Scientific Reports |  (2023) 13:12146 | https://doi.org/10.1038/541598-023-37499-x nature portfolio



www.nature.com/scientificreports/

Data availability
The raw/processed data required to reproduce these findings will be available on the reasonable request.

Received: 21 April 2023; Accepted: 22 June 2023
Published online: 27 July 2023

References

1.

Alabi, O. A., Ologbonjaye, K. L., Awosolu, O. & Alalade, O. E. Public and environmental health effects of plastic wastes disposal:
A review. J. Toxicol. Risk Assess. 5(021), 1-13 (2019).

2. Zhuo, C. & Levendis, Y. A. Upcycling waste plastics into carbon nanomaterials: A review. J. Appl. Polym. Sci. 131, 4 (2014).

3. Adyel, T. M. Accumulation of plastic waste during COVID-19. Science 369(6509), 1314-1315 (2020).

4. Silva, A. L. P. et al. Increased plastic pollution due to COVID-19 pandemic: Challenges and recommendations. Chem. Eng. J. 405,
126683 (2021).

5. Benson, N. U,, Bassey, D. E. & Palanisami, T. COVID pollution: Impact of COVID-19 pandemic on global plastic waste footprint.
Heliyon 7(2), 06343 (2021).

6. Peng, Y., Wu, P, Schartup, A. T. & Zhang, Y. Plastic waste release caused by COVID-19 and its fate in the global ocean. Proc. Natl.
Acad. Sci. 118(47), e2111530118 (2021).

7. Hantoko, D. et al. Challenges and practices on waste management and disposal during COVID-19 pandemic. J. Environ. Manage.
286, 112140 (2021).

8. Selvaranjan, K., Navaratnam, S., Rajeev, P. & Ravintherakumaran, N. Environmental challenges induced by extensive use of face
masks during COVID-19: A review and potential solutions. Environ. Chall. 3, 100039 (2021).

9. Dresselhaus, M. S. & Terrones, M. Carbon-based nanomaterials from a historical perspective. Proc. IEEE 101(7), 1522-1535 (2013).

10. Choi, W., Lahiri, I, Seelaboyina, R. & Kang, Y. S. Synthesis of graphene and its applications: A review. Crit. Rev. Solid State Mater.
Sci. 35(1), 52-71 (2010).

11. Prasek, J. et al. Methods for carbon nanotubes synthesis. . Mater. Chem. 21(40), 15872-15884 (2011).

12. Cui, L., Wang, X., Chen, N., Ji, B. & Qu, L. Trash to treasure: Converting plastic waste into a useful graphene foil. Nanoscale 9(26),
9089-9094 (2017).

13. Mishra, N. et al. Pyrolysis of waste polypropylene for the synthesis of carbon nanotubes. J. Anal. Appl. Pyrol. 94, 91-98 (2012).

14. Pang, H,, Cao, X., Zhu, L. & Zheng, M. Nanomaterials for Supercapacitors Synthesis of Functional Nanomaterials for Electrochemical
Energy Storage (Springer, 2020).

15. Jana, M., Sil, A. & Ray, S. Morphology of carbon nanostructures and their electrochemical performance for lithium ion battery. J.
Phys. Chem. Solids 75(1), 60-67 (2014).

16. Zeng, Z. et al. A fluorescence-electrochemical study of carbon nanodots (CNDs) in bio-and photoelectronic applications and
energy gap investigation. Phys. Chem. Chem. Phys. 19(30), 20101-20109 (2017).

17. Saka, C. BET, TG-DTG, FT-IR, SEM, iodine number analysis and preparation of activated carbon from acorn shell by chemical
activation with ZnClI2. J. Anal. Appl. Pyrol. 95, 21-24 (2012).

18. Maass, D. et al. Biomining of iron-containing nanoparticles from coal tailings. Appl. Microbiol. Biotechnol. 103, 7231-7240 (2019).

19. Khalid, B., Meng, Q., Akram, R. & Cao, B. Effects of KOH activation on surface area, porosity and desalination performance of
coconut carbon electrodes. Desalin. Water Treat. 57(5), 2195-2202 (2016).

20. Jia, X., Li, ]. & Wang, E. One-pot green synthesis of optically pH-sensitive carbon dots with upconversion luminescence. Nanoscale
4(18), 5572-5575 (2012).

21. Saha, S. et al. Effect of particle morphology on the electrochemical performance of hydrothermally synthesized NiMn,O,. Elec-
trochim. Acta 353, 136515 (2020).

22. Uke, S.J., Chaudhari, G. N., Bodade, A. B. & Mardikar, S. P. Morphology dependant electrochemical performance of hydrothermally
synthesized NiCo,0, nanomorphs. Mater. Sci. Energy Technol. 3, 289-298 (2020).

23. Banerjee, A. N., Anitha, V. C. & Joo, S. W. Improved electrochemical properties of morphology-controlled titania/titanate nano-
structures prepared by in-situ hydrothermal surface modification of self-source Ti substrate for high-performance supercapacitors.
Sci. Rep. 7(1), 1-20 (2017).

24. Prerna, A. S. et al. Morphological and optical characterization of sol-gel synthesized Ni-doped ZnO nanoparticles. Integr. Fer-
roelectr. 205(1), 1-13 (2020).

25. Mandal, M. et al. Simple and cost-effective synthesis of activated carbon anchored by functionalized multiwalled carbon nanotubes
for high-performance supercapacitor electrodes with high energy density and power density. J. Electron. Mater. 50, 2879-2889
(2021).

26. Verma, S. et al. Sol-gel synthesized carbon nanoparticles as supercapacitor electrodes with ultralong cycling stability. Fullerenes
Nanotubes Carbon Nanostruct. 29(12), 1045-1052 (2021).

27. Gogotsi, Y. & Penner, R. M. Energy storage in nanomaterials—capacitive, pseudocapacitive, or battery-like?. ACS Nano 12(3),
2081-2083 (2018).

28. Chen, S., Zhu, ], Zhou, H. & Wang, X. One-step synthesis of low defect density carbon nanotube-doped Ni(OH), nanosheets with
improved electrochemical performances. RSC Adv. 1(3), 484-489 (2011).

29. Chang, Z., Li, T., Li, G. & Wang, K. One-pot in-situ synthesis of Ni (OH),-NiFe,O, nanosheet arrays on nickel foam as binder-free
electrodes for supercapacitors. J. Mater. Sci. Mater. Electron. 30, 600-608 (2019).

30. Obreja, V. V. Supercapacitors specialities-Materials review. in AIP Conference Proceedings, vol. 1597, no. 1, 98-120. (American
Institute of Physics, 2014).

31. Yazar, S., Arvas, M. B,, Yilmaz, S. M. & Sahin, Y. Effects of pyridinic N of carboxylic acid on the polymerization of polyaniline and
its supercapacitor performances. J. Energy Storage 55, 105740 (2022).

32. Yazar, S., Arvas, M. B. & Sahin, Y. S, N and Cl separately doped graphene oxide/polyaniline composites for hybrid supercapacitor
electrode. J. Electrochem. Soc. 169(12), 120536 (2023).

33. Padha, B., Verma, S. & Arya, S. Fabric-based wearable self-powered asymmetric supercapacitor comprising lead-free perovskite
piezoelectrodes. Adv. Mater. Technol. 7(10), 2200079 (2022).

34. Mj, J., Wang, X. R, Fan, R. J., Qu, W. H. & Li, W. C. Coconut-shell-based porous carbons with a tunable micro/mesopore ratio for
high-performance supercapacitors. Energy Fuels 26(8), 5321-5329 (2012).

35. Mo, R. J. et al. Activated carbon from nitrogen rich watermelon rind for high-performance supercapacitors. RSC Adv. 6(64),
59333-59342 (2016).

36. Khan, A. et al. A new biomass derived rod-like porous carbon from tea-waste as inexpensive and sustainable energy material for
advanced supercapacitor application. Electrochim. Acta 335, 135588 (2020).

37. Khan, A., Arumugam Senthil, R., Pan, J., Sun, Y. & Liu, X. Hierarchically porous biomass carbon derived from natural withered
rose flowers as high-performance material for advanced supercapacitors. Batteries Supercaps 3(8), 731-737 (2020).

38. Wen, Y. et al. Porous carbon nanosheet with high surface area derived from waste poly (ethylene terephthalate) for supercapacitor
applications. J. Appl. Polym. Sci. 137(5), 48338 (2020).

Scientific Reports |  (2023) 13:12146 | https://doi.org/10.1038/s41598-023-37499-x nature portfolio



www.nature.com/scientificreports/

39. Yang, V. et al. Highly ordered hierarchical porous carbon derived from biomass waste mangosteen peel as superior cathode mate-
rial for high performance supercapacitor. J. Electroanal. Chem. 855, 113616 (2019).

40. Qu, J. et al. Nitrogen, oxygen and phosphorus decorated porous carbons derived from shrimp shells for supercapacitors. Electro-
chim. Acta 176, 982-988 (2015).

41. Lee, M., Kim, G. P, Song, H. D., Park, S. & Yi, J. Preparation of energy storage material derived from a used cigarette filter for a
supercapacitor electrode. Nanotechnology 25(34), 345601 (2014).

42. Zhao, C., Huang, Y., Zhao, C., Shao, X. & Zhu, Z. Rose-derived 3D carbon nanosheets for high cyclability and extended voltage
supercapacitors. Electrochim. Acta 291, 287-296 (2018).

43. Yang, C. S., Jang, Y. S. & Jeong, H. K. Bamboo-based activated carbon for supercapacitor applications. Curr. Appl. Phys. 14(12),
1616-1620 (2014).

44. Huang, G., Wang, Y., Zhang, T., Wu, X. & Cai, J. High-performance hierarchical N-doped porous carbons from hydrothermally
carbonized bamboo shoot shells for symmetric supercapacitors. J. Taiwan Inst. Chem. Eng. 96, 672-680 (2019).

45. Yu, F et al. Plane tree bark-derived mesopore-dominant hierarchical carbon for high-voltage supercapacitors. Appl. Surf. Sci. 507,
145190 (2020).

46. Wang, Y. et al. Nitrogen-doped porous carbon derived from ginkgo leaves with remarkable supercapacitance performance. Diam.
Relat. Mater. 98, 107475 (2019).

47. Lian, Y. et al. Polyethylene waste carbons with a mesoporous network towards highly efficient supercapacitors. Chem. Eng. J. 366,
313-320 (2019).

48. Zhang, Y. et al. Porous carbon derived from waste polystyrene foam for supercapacitor. J. Mater. Sci. 53, 12115-12122 (2018).

49. Hu, X. & Lin, Z. Transforming waste polypropylene face masks into S-doped porous carbon as the cathode electrode for superca-
pacitors. Ionics 27, 2169-2179 (2021).

50. Wang, Y. et al. Intercalating ultrathin MoO; nanobelts into MXene film with ultrahigh volumetric capacitance and excellent
deformation for high-energy-density devices. Nano-Micro Lett. 12, 1-14 (2020).

51. Wu, Q. S. et al. New 3D porous silver nanopolycluster as a highly effective supercapacitor electrode: Synthesis and study of the
optical and electrochemical properties. Inorg. Chem. 60(3), 15231532 (2021).

52. Ujjain, S. K., Bhatia, R., Ahuja, P. & Attri, P. Highly conductive aromatic functionalized multi-walled carbon nanotube for inkjet
printable high performance supercapacitor electrodes. PLoS ONE 10(7), 0131475 (2015).

53. Sun, W,, Zhang, Y. & Yang, E. A high-performance symmetric Supercapacitor from porous activated carbon under compression.
Energ. Technol. 9(5), 2100068 (2021).

54. Shireesha, K. & Chidurala, S. C. Impact of hybridization on specific capacitance in hybrid NiO/V,0;@ graphene composites as
advanced supercapacitor electrode materials. Appl. Surf. Sci. Adv. 12, 100329 (2022).

55. Verma, S., Padha, B. & Arya, S. Thermoelectric-powered supercapacitors based on Ni-Mn nanowires driven by quadripartite
electrolyte. ACS Appl. Energy Mater. 5(7), 9090-9100 (2022).

Author contributions

A.A.: Conceptualization, methodology, writing, reviewing and editing.S.V.: Methodology, writing, reviewing
and editing. PM.: Methodology, writing, reviewing and editing.A.K.S.: Writing, reviewing and editing.S.A.:
Conceptualization, supervision, Methodology, writing, reviewing and editing.

Funding

The corresponding author acknowledges the Science and Engineering Research Board (SERB), India for the
support (File no. EEQ/2021/000172). This work was also supported by JK Science Technology & Innovation
Council, Department of Science and Technology, JKUT.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-37499-x.

Correspondence and requests for materials should be addressed to S.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:12146 | https://doi.org/10.1038/s41598-023-37499-x nature portfolio


https://doi.org/10.1038/s41598-023-37499-x
https://doi.org/10.1038/s41598-023-37499-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Upcycling of surgical facemasks into carbon based thin film electrode for supercapacitor technology
	Experiment
	Chemicals. 
	Synthesis of carbon nanoparticles from surgical face masks. 
	Fabrication of carbon-based thin film electrode. 
	Fabrication of nickel oxide (NiO) thin film electrode. 

	Results and discussion
	Morphology and chemical composition. 
	Carbon nanoparticles. 
	NiO nanoparticles. 

	Electrochemical characterizations. 
	Carbon thin film electrode. 
	NiO thin film electrode. 


	Supercapacitor applications
	Conclusion
	References


