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ABSTRACT: In this work, we produced high yield quantized
nitrogen-doped graphene nanodiscs from waste tires via a one-step
process under high pressure and temperature using a homemade
stainless steel reactor without using any chemical additives.
Reaction temperature played a vital role in the preparation
process. By increasing the temperature to a level between 600 and
1100 °C, the carbon atoms rearranged themselves to build a mixed
graphene structure of nanodiscs and quantum dots. The obtained > 0% @
graphene exhibits excellent capacitance and long life cycle stability 200°¢ \

as an electrode in supercapacitor devices. The specific capacitance ' /- 2
rose to 161.24 F/g with a high power density of 733.3 W/kg, and : : ; =.

the energy density reached 27.1 Wh/kg. The finding of this work is : =00 noooc

not only to provide a solution to get rid of hazardous materials but

also to give awareness of turning these hazardous materials into a cost-effective and economical nanomaterial; in another, this
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approach sheds light on the promising power uses of waste.

1. INTRODUCTION

Every year, millions of tires are discarded worldwide, and these
amounts increased by increasing vehicle development. Some
people get rid of waste tires by burning them up. This process is
not only dangerous, but it also releases harmful gases and
contributes significantly to air pollution. Many researchers
reported different techniques to produce activated carbon from
tires with the aid of varying catalysts."”” Types and amounts of
the catalyst affect the surface area and pore size of the activated
carbon and affect the carbon yield. Using potassium hydroxide
as a catalyst, the intercalation of metallic potassium into the
carbon network led to pore development, which accelerated the
carbon losses.” Generally, raw tires consist of around 52% of
rubber mixed between synthetic and natural rubber, oil, and
organic and non-organic filler.* Recently, Li et al.” reported the
fabrication of 3D graphene with an electrical conductivity of
18.26 S/cm from tires using a potassium hydroxide-assisted
pyrolysis technique at different temperatures under an argon
atmosphere. Bonnia et al.’ fabricated graphene oxide using a
modified Hummer’s method followed by thermal exfoliation
under nitrogen gas to produce graphene. Carbon-based dots
(CBD) can be synthesized from tire wastes in more than one
step using multiple chemicals.”

Nitrogen-doped graphene (NG) has a larger surface area,
decreasing the resistance and increasing the electrical con-
ductivity. Therefore, if we can find an economical way to use
waste tires to produce a large scale of high-quality graphene,
then there can be a market for it. Having more minor defects and
being low cost, graphene will make a change in the industry as
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advanced electronics depend mainly on graphene for energy
storage, solar cells, water treatment, etc.’ Different methods
have been developed for graphene fabrication. Among them is
chemical vapor deposition (CVD) that produces high-quality
single and multilayer graphene with small amounts.” The
oxidation—reduction method, which involved oxidation of
graphite to graphene oxide (GO)'® and then reduced the GO
to graphene, is considered a low-cost technique. Still, the end
product has a high level of defects and contains a high oxygen
content."'

Energy storage devices took the world’s attention as the
variety of energy sources, so obtaining high efficiency energy
storage devices with low cost and at the same time resolving
environmental pollution is a great goal.

Supercapacitors are promising energy storage devices, and
they are expected to replace lithium-ion batteries in the future.
Supercapacitors have huge power densities comparable to
batteries with high energy storage, unlike supercapacitors.'*~"*
Many researches focused on the fabrication of supercapacitors
from biowaste materials like carbon waste to produce high-
performance porous electrodes. Liu et al.">~'” produced porous
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carbon from carbon waste. Wong et al.'® produced porous

carbon from tea waste by using several steps from carbonization
and activation using KOH and mixing them with a metal oxide
to enhance the specific capacitance of the supercapacitor. In our
early works, we demonstrated the fabrication of graphene oxide
decorated with metal oxide nanoparticles.'”*° We fabricated
low-cost, high quality, and large-scale nitrogen-doped graphene
nanodiscs (N-GNDs) using a one-step process from waste tires
in this work. The produced graphene could be applied as an
active electrode material for supercapacitor devices.

2. EXPERIMENTAL WORK

2.1. Graphene Nanodisc Preparation. A weight of 14 g of
the grinded waste tires was introduced in a stainless steel reactor
(homemade), which has a strong cup head and is closed by four
cap stainless steel screws, as shown in Scheme 1. Then, this

Scheme 1. Schematic Diagram for the Fabrication Process of
N-GNDs from Waste Tires up to the Production of
Supercapacitor Devices
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reactor was placed in a muffle furnace (Carbolite BWF 12/13
1200 °C Lab Furnace). The treated temperature varied from
600 to 1100 °C with a rate of 10 °C/min during the temperature
increase. The preparation conditions for the differently prepared
samples are presented in Table 1. After that, the reactor was left

Table 1. Preparation Conditions for Graphene Nanodiscs
and Yield

sample ID temperature (°C) time (hours) yield (%)
CwW1 600 3 38
CW2 750 3 37
CW3 900 3 36.4
Cw4 1100 3 35.3

to cool to room temperature in the muffle furnace, and the
obtained black nanopowders were grinded by a ball mill
(Planetary Micro Mill PULVERISETTE 7). The final powder
yield was calculated as the produced nanopowder in grams
divided by the introduced raw material (14 g) where there is no
addition during the fabrication procedure. Yield efficiency
slightly decreased as the curing temperature increased,
indicating good tightness of the reactor to prevent any external
air from burning the reactor’s carbon content.

2.2. Electrochemical Measurements. The working
electrode was prepared by mixing a slurry from the active
graphene material (90 wt %), carbon black (5 wt %), and
polyvinylidene fluoride (S wt %) using 1-methyl-2-pyrrolidi-
none as the solvent. A supporting nickel sheet with a thickness of
0.1 mm (1 cm®) was covered by the slurry and then dried at 70
°C overnight. The mass density of the active material was about

1—2 mg/cm® Na,So, electrolyte solutions (3 M) were used for
electrochemical measurement, which was performed at room
temperature using a potentiostat computer controller (Met-
rohm Autolab, model 870701), including galvanostatic charge—
discharge (GCD), cyclic voltammetry (CV), and electro-
chemical impedance spectroscopy (EIS) within a potential
range from 0 to 1 V and increasing the sweep rate from 5 to 200
mV/s. For CV measurements, the charge—discharge process
was performed at different current densities ranging from 1 to 20
A/g. The specific capacitance was determined from GCD by’

41 X At
m X AV (1

and the energy and power density were calculated from™*

£ o CX AV?
2 X 3.6 ()

_ E X 3600

P=—x 3)

where I, At, m, and AV represent the current density, discharge
time, mass for two electrodes, and potential window,
respectively.

3. RESULTS AND DISCUSSION

3.1. Raman Spectroscopy Analysis. Raman analysis is
considered a non-destructive and rapid technique to investigate
comprehensive properties of the graphitic materials like the
disorder degree, which can be calculated from the ratio of I;/Ip.
The D band corresponds to the first-order scattering of sp*
hybridized disordered carbon materials. The G band is due to
the Raman active vibrational mode E2g observed for the
crystallinity of the graphitized carbon network.”” There are three
central regions for the Raman spectra. The measured data are
CW, CW1, CW2, CW3, and CW4. The first region lies between
200 and 800 cm ™" and is shown in Figure S1a,b. The CW sample
shows a high hump at the start of the measurement. There are
three peaks at 281.5, 321.5, and 640 cm™" that correspond to the
Ag, Blg, and B2g modes of the CuO structure, respectively.”
With increasing the heat treatment to higher temperatures, the
position and intensities of these peaks changed as a blue shift of
the Ag and Blg has been detected. This could happen due to the
ZnQO’s existence in raw materials* converted to ZnS$ at higher
temperatures, as shown in Figure S1b. The second region lies
between 1300 and 2000 cm™’, as shown in Figure 1, and is
characterized by D and G bands at 1326—1357 and 1526—1592
cm™, respectively. Table SI summarizes the numerical values
for D, G, and 2D bands and their related intensities as well as the
ratio of Iy/I and L,/I. The least values of I;,/Ij; are recorded
for CW3 and CW1 with values of 0.948 and 0.974, respectively,
and the highest one for CW4 and CW2 with values of 1.54 and
1.27, respectively. The intensity of the G peak increases
dramatically by increasing the temperature to reach the
maximum for the CW4 sample treated at 1100 °C. This
indicates that, by increasing the heat treatment, the crystallinity
increases.”® The crystallite size (L,) in nanometers is calculated
from the general equation:”’

-1
L,(nm) = (2.4 X 10‘“’)/14(1—1)]
Ig (4)

where 4 is the laser excitation wavelength (514.5 nm).
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Figure 1. Raman spectra of CW, CW1, CW2, CW3, and CW4 between
1200 and 3000 cm ™.,

The crystallite sizes are calculated and summarized in Table
S1. The maximum crystallite size of 17.8 is recorded for the
sample treated at 900 °C (CW3), while the minimum value of
10.9 nm is recorded for CW?2 treated at 750 °C. This sample
(CW2) recorded a maximum value of I,,/I; of 0.653, indicating
more defects with a lower number of GND layers. In contrast,
sample CW4 recorded the minimum I;/I; values of 0.26,
indicating lower defects with a high number of layers, as
indicated in high-resolution transmission electron microscopy
(HRTEM) in Figure 2. There is more than one band detected
between G and 2D bands. The first one that appeared at around
1733 cm™ !, which is related to M, and another peak that occurs
at about 1860 cm™'are associated with a similar fashion of M
mode (M mode has two peaks, one around 1733 cm ™" and then
another around 1860 cm™'),”® which refers to the strong
stacking between graphene layers.””*" Another peak related to
iTOTA appeared at around 2245 cm™,*" which ensures the high
stacking between graphene layers and is observed to decrease
with increasing graphene layers. These peaks appeared
obviously in CW1 and CW?2 and almost vanished at CW3 and
CW4. D + G mode appeared at around 2947 cm™', which is
related to size: as the size increases, the intensity of this band
increases.”®

3.2. Transmission Electron Microscopy Analysis. TEM
images for CW2, CW3, and CW4 are shown in Figure 2, which
are heat-treated at 750, 900, and 1100 °C, respectively. The two
samples at lower-treated temperatures (CW2 and CW3) exhibit
round discs in the range between 30 and 50 nm, while at a higher
temperature, the diameters of the round discs increase to about
50—70 nm. At higher resolution for sample CW2, as shown in
Figure 2c, nanoparticles of sizes 5S—7 nm are circled in yellow,
referred to as zinc oxide (converted to ZnS at higher
temperatures) and CuO in the raw materials, as will be discussed
in XRD results. These nanoparticles are decreased in the sample
treated at 900 °C (CW3) (Figure 2f) and sample treated at 1100

Figure 2. TEM images of sample CW2 (a—c) and HRTEM, (d, e) for
sample CW3 and (f) HRTEM, and TEM of sample CW4 (g, h) and
HRTEM (i). The inset of panel (b) shows the fringes and d-spacing of
graphene.

°C (CWH4), as shown in Figure 2i. Also, the number of layers
shown in Scheme 1 is about 5 for CW2, decreased to 3 in CW3,
and increased to about 25 in CW4. This thickening in the layers
either at lower temperature (750 °C) or at 1100 °C yielded
stable graphene nanodiscs with higher PL, while thinner
graphene nanodiscs yielded lower PL, as clearly detected in
Figure 5. The inset of Figure 2b shows the fringes of GNDs with
a d-spacing value of 0.23 nm.”

3.3. Crystal Structure Analysis. The crystal structure
changing with temperature is recorded by X-ray diffraction
patterns (XRD), as shown in Figure 3 for all samples shown in
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Figure 3. XRD patterns for raw waste tire (CW) and all treated samples
at 600 °C (CW1), 750 °C (CW2), 900 °C (CW3), and 1100 °C
(CW4). (Asterisks (*) represent the graphitic structure, “G” represents
graphene, “#” represents ZnS, and A represents CuO).
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Table 1. The waste tire structure (raw material) consists of
natural rubber, SBR (styrene butadiene rubber), and carbon
black used as a filler to add some amounts of zinc oxide, nitrogen
source, and small values for silica. The broad peak in the raw
material (CW) represents SBR.** The peaks at around 26 = 44
and 64° represent the carbon structure (JCPDS card no. 01-075-
1621) as when adding carbon black to rubber as a filler can turn
carbon from an amorphous structure to a crystalline
structure.””* In the raw material (CW), the peaks around 26
of 36.6, 37.6, 56, 64, and 77° correspond to the planes of (002),
(111), (202), (113), and (222), respectively, which represent
the CuO structure (JCPDS card no. 45-0937). Some of these
planes continued after heat treating the samples, such as (111)
with higher intensity, and others decreased or vanished. Planes
of (100), (002), and (101) are crystallographic representations
at 26 = 31.8, 34.5, and 36.3°, respectively, which correspond to
the Wurtzite phase of the ZnO structure (JCDPS card no. 36-
1451). By increasing the curing temperature in the closed system
and in the presence of sulfur, which rubber contains, zinc oxide
turned to zinc sulfide. The 26 values around 28, 47, and 56°
correspond to planes of (010), (110), and (020), respectively,
which represent the Wutzrite zinc sulfide (JCPDS card no. 36-
1450). The broaden peak at around 26 = 20° representing the
SBR started to shift by increasing the temperature around 26 =
25°.°° This means that the carbon atoms began to rearrange
themselves to produce graphene layers.36 For sample CW4, it
shows the appearance of the graphite structure (peaks around 26
=26.2,43.8,51, 55, and 72.5°), which represent planes of (002),
(101), (004), (103), and (104), respectively (graphite 2H,
JCPDS card no. 01-075-1621). From the XRD patterns in
Figure 3 and TEM images in Figure 2, they investigate that the
waste tires under pressure and temperature started to lose
hydrogen atoms. The carbon began to form a graphene quantum
dot structure at 600 °C. At 900 °C, all of the carbon atoms are
transferred to GQD, the multiple structures started to create
nanodiscs, and these discs started to recombine to confirm
multilayer discs, as shown in Scheme 2. At 1100 °C, the number

Scheme 2. Schematic Representation of the Proposed
Growth Process

of layers increased, which could behave as an artificial graphite
structure consisting of a multidisc structure. The peak around
21.3° may be related to a highly crystalline graphene structure.
XRD of CW4 revealed that it is composed of the graphene/
GNDs/graphite structure.’”

Figure S2 shows different TEM and HRTEM of samples
CWI1, CW3, and CW4 and selected area electron diffraction
(SAED) measurement for sample CW3 that reveals the

polycrystalline nature combined with amorphous rings, as
shown in the XRD results of the same samples.

3.4. X-ray Photoelectron Spectroscopy Analysis. The
elemental chemical states and the chemical composition of
GQDs can be detected by X-ray photoelectron spectroscopy
(XPS). From the survey spectra of CW3 (Figure 4E), the
prominent graphitic Cls appears at 284.8 eV, the Ols peak
appears at 532.9 eV, and also, there are small amounts of N1s,
Si2p, and Zn2p, which occur at 400, 104, and 1022.43 eV,
respectively. The atomic ratio of O/C is 15%. The
deconvolution of Cls (Figure 4A) shows that there are three
distinctive peaks that may contribute to the carbon 1s core level
region, and the major peak appears at 284.17 eV corresponding
to C—C (sp*hybridized, graphitic structure).”*™* This
accounts for 78.21% of all carbon intensities. The second peak
at 286.1 eV reflects C—N and C=N bonds and represents
9.48% of all carbon intensities.”' ~** The third peak at 288 eV
represents the carboxylate group (O—C=0),*"*** represent-
ing ~12.31% of all carbon intensities. In O1s (Figure 4B), three
prominent peaks appear at 532.67, 531.15, and 533.17 eV,
attributed to Si—O—Si, C—O, and C=0, respectively.43_47
In N1s (Figure 4C), the detected peak at 399.58 eV represents
the pyrrolic N41. Zn2p (Figure 4D) has three peaks at binding
energies of 1021.99 and 1023.18 eV assigned to Zn2p,,, and
1045.14 eV for Zn2p,,, which represents the zinc sulfide
structure.*®

3.5. Fourier Transform Infrared Spectroscopy Anal-
ysis. Investigating chemical bonds and related chemical groups
using Fourier transform infrared (FT-IR) spectroscopy helped
us detect the produced nanopowders’ expected chemical
structure. In Figure S3a, which represents FT-IR of the raw
material, the peaks of styrene butadiene rubber (SBR) and
natural rubber (NR)*” appear at 684 and 2921 cm™". These two
peaks disappeared in the treated samples, as shown in Figure
S3b, which means a complete decomposition of rubber to the
carbon structure. Other peaks appear in Figure S3a at 1389 and
3460 cm™" that are related to the hydroxyl group and disappear
in the prepared samples, as shown in Figure S3b, which indicates
that the dehydration/polymerization process occurred for the
prepared samples.’” As shown in Figure S3b, all samples exhibit
a characteristic peak at around 1587 cm™" corresponding to C=
C (aromatic, sp?)** and another peak related to C—O—C>"**
appeared at about 1100 cm ™. It is apparent that, by increasing
the temperature, the intensity of the C=C peak increased and
C—O—C decreased, and no peaks for the OH group are
detected, although it appears in the as-received sample (CW).
The peak around 593 cm™! represents Cu—O ,>% and it is shifted
to a lower wavenumber for fabricated powders, which appears
around 470 cm™.

3.6. Optical Absorption and Photoluminescence
Study. The absorbance and photoluminescence (PL) measure-
ments were carried out to understand the influence of
temperature on the optical properties of graphene nanodiscs.
Figure SA shows the optical absorption spectra (left) and
photoluminescence spectra (right) of graphene nanodiscs CW1,
CW2, CW3, and CW4 upon excitation at 290 nm. The samples
displayed a strong emission peak at about 345 nm. The insets
display the photographs of the excited samples that exhibit blue
PL emissions. The highest PL emission intensity was shown for
sample CW2 (treated at 750 °C) followed by CW1 (treated at
600 °C). Samples CW3 and CW4 showed the lowest emission
intensity. The decrease in intensity for CW3 and CW4 may be
related to increasing the size of GNDs as a result of the fusion of
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Figure 4. XPS analysis for the CW3 sample: (A) Cls, (B) Ols, (C) N1s, (D) Zn2p, and (E) general survey.

small GQDs that caused quenching of the blue light emission.
The calculated fluorescence quantum yield according to eq S
increases in the same order as Qf(CW2) > Qf(CW1) >
Qf(CW3) > Qf(CW4). The decrease in fluorescence intensity
and fluorescence quantum yield with increasing the temperature
reflects the role of thermal energy in establishing electron—hole
(exciton) radiative recombination leading to decreasing the

fluorescence intensity.

The fluorescence quantum yield (Qf) can be calculated by
using the comparative method.”* The quantum yield for GNDs
also can be obtained from the following equation:

2
—p | B[ Asa ) e
S b o

where ¢, F, A, and n are the quantum vyield, integrated
fluorescence intensity, integrated absorbance intensity, and
refractive index, respectively. “std” represents the standard
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Figure S. (A) PL emission spectra upon excitation of 290 nm. Inset:
photograph of the graphene ethanolic solution taken under 365 nm UV
light for samples started by CW1, CW2, CW3, and CW4 from left to
right. (B) PL of the same graphene ethanolic solutions after storing at
room temperature for 48 days.

fluorophore-known quantum yield. In this work, quinine sulfate
was used with low concentration to minimize the reabsorption
effect. The quantum yield of quinine sulfate dissolved in 0.1 M
H,SO, (ngq = 1.33) is 0.54.”> The synthesized GNDs were
calculated from the previous equation and are summarized in
Table 2.

Table 2. Calculated Quantum Yield of the Prepared Samples

sample FLQY (%)
CwW1 2.50
Cw2 4.41
Cw3 1.16
Cw4 0.26

However, GNDs showed more extended stability than
graphene quantum dots, as reported previously,32 where
GNDs can be stable for a year in air at room temperature and
still have a transparent appearance and strong PL. These samples
are measured after depositing for several months of their
fabrication, which means promising nanomaterials that explore a
quantified nanographene behavior. Figure 5B shows the PL
measurements for the same ethanolic solution samples
measured in Figure 5A after storing them at room temperature
for 48 days. Here, we notice the disappearance of CW4, which
means that sample CW4 has the lowest stability in ethanolic
solution.

3.7. Thermal Gravimetric Analysis. Figure S4 shows the
thermal gravimetric analysis of raw materials CW, CW1, and
CW3. The CW raw material shows more than one mass loss
stage (Figure S4a). However, there is no obvious change from 19
to 200 °C (mass losses of 0.62%), indicating less moisture in the
waste tire sample. The mass losses (48.62%) at a temperature
between 200 and 500 °C may be due to the thermal degradation
of additives to tires like oil and plasticizers (from 200 to 329.95
°C). The decomposition of natural rubber and synthetic rubber
occurs (from 329.95 to 600 °C). The stage from 600 to 888 °C
(mass losses from 500 to 888 °C equal 42.29%) is released to
carbon black and used as a filler in tires. The last stage, from 888
to 1000 °C, represents an inorganic filler (8.43%).* Sample
CW3 shows more thermal stability than CWI, as shown in
Figure S4b as it lost only 6.8% from ambient temperature to
501.34 °C, while CW1 lost 9.45% from ambient temperature to
444.69 °C. The two samples sharply decomposed, starting at
444.69 °C for CW1 and 501.34 °C for CW3. This sharp decrease
may indicate that small sizes of graphene nanodiscs are fused to
form large ones, so at higher temperatures (900 °C), the thermal
stability increased.””*” CW3 loses 81.59% between 29.94 and
625.17 °C, while CW3 loses 82.81% between 31.62 and 598.73
°C. Also, CW1 reached its stable state at 598.73 °C with a
remaining weight of 18.26%, while CW3 reached stability at
625.17 °C with a remaining weight of 19.43%.

3.8. Specific Surface Area Analysis. The specific surface
area can be estimated by the N2 adsorption—desorption curve,
as shown in Figure SS. The specific surface area of CW3 reaches
105.6 m*/g, and CW is 49.59 m*/g. The high pore distribution
of CW3 has a diameter of nearly 4.9 nm (with a pore volume of
0.09 cm®/ g).50 Scheme 2 discusses the proposed growth
mechanism by demonstrating how temperature and pressure
converted the raw material waste tires to nanocarbon structures.
Increasing the temperature causes a dehydration process
accompanied by the decomposition of the synthetic and natural
rubber with the existence of carbon black and ZnO. Carbon
atoms started to rearrange themselves to produce GNDs with
30—50 nm dimensions, and ZnO turned to ZnS. At 750 °C, the
number of layers ranged between three and five layers, and by
increasing the temperature to 900 °C, the pressure inside the
reactor caused the layers to separate and form GNDs up to three
layers. At higher temperatures (1100 °C), ZnS started to link
GNDs to form larger GNDs (50—70 nm), which caused
quenching of the PL emission, as shown in the inset of Figure S.
This process caused the accumulation of these larger GNDs to
form thick layers of graphitized carbon, as evidenced by TEM
images, XRD, and PL data.

3.9. Electrochemical Measurements. Cyclic voltammetry
(CV) was used to identify the electrochemical behavior of the
GND method using a two-electrode technique (2E) cell with 3
M Na,So, as an aqueous electrolyte. Figure 6A shows the quasi-
rectangular shape for all samples at a scan rate of 100 mV/s with
a potential window from 0 to 1 V. The observed CV profile is
nearly symmetrical in the potential window from 0 to 1 V
without any distinct peaks, indicating a typical characteristic of
energy double-layer capacitance (EDLC),”® ensuring that the
copper oxide and zinc sulfide do not appear at the GND surface.
It is observed that sample CW3 has a much larger enclosed area
and the best rectangular shape with the highest current density
compared to other samples with a distorted rectangular shape.
This indicates that CW3 has the lowest internal resistance with
acceptable electrical conductivity and the largest specific
capacitance.”” Figure 6B shows the CV of CW3 at different
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Figure 6. Electrochemical measurements of GND electrodes: (A) CV curves of all samples at 100 mV/s in 3 M Na,So,, (B) CV curves of CW4 at
different scan rates (notice that, by increasing the scan rate, the current densities are linearly grown), (C) galvanostatic charge and discharge for all
samples at 1 A/g in 3 M Na,So,, and (D) GCD of CW4 at different current densities (from 1 to 20 A/g).

scan rates from S to 200 mV/s without any distortion in the
quasi-rectangular shape. This refers to the noticeable perfect
charge distribution in the capacitive behavior, low contact
resistance, and excellent stability.”” The GND supercapacitor
electrodes are also tested by the galvanostatic charge—discharge
(GCD) process. As shown in Figure 6C, the GCD demonstrates
a symmetric shape for all samples and no apparent IR drop at 1
A/g in 3 M Na,So, that indicates excellent carrier transport
through the material. The shape is nearly like an ideal EDLC
supercapacitor.”’ Furthermore, CW3 has the highest discharge
time compared to other samples, which means that it has the
largest specific capacitance. The charge and discharge
galvanostatic behavior at different current densities from 1 to
20 A/g are shown in Figure 6D. This influence revealed the
absence of any distortion, which means that the GND electrode
has excellent stability at high current densities, as shown in
Figure 6C. In addition, the specific capacitance of the samples
can be calculated from GCD using eq 1 as particular
capacitances are equal to 41.2, 35.1, 161.2, and 7.27 F/g for
CW1, CW2, CW3, and CW4, respectively. The CW3 sample
exhibited a higher specific capacitance than the other samples
likely because it possesses the lowest number of GND layers
compared to other prepared samples, which means that it has a
higher electrical conductivity because the bandgap will open up
and affect its electron mobility.”” The energy and power density
can be calculated using eqs 2 and 3. The calculated energy
density and power density for all samples are illustrated in Table
S2. CW3 has an energy density of 27.1 Wh/kg and a power
density of 733.3 W/kg at a current density of 1 A/g, which is the
highest value between all other samples as indicated above.
We performed EIS analysis to test the properties of electrolyte
diffusion and capacitive resistance.”® Figure S6a shows Nyquist
plots for all sample electrodes. The absence of a semicircle in all
samples at high frequency and a straight line at low frequency
indicates the excellent ion diffusion through the active material,

best adhesion®"*> between the active material and substrate, and
superior energy double-layer capacitance behavior of the
supercapacitor. The x axis (Rs) intercept is small (from 0.198
to 0.29 ohm), which refers to low internal resistance, ionic
electrolyte resistance, and small resistance between the active
material and substrate. In Table S3, it is noticed that the Rs of
CW3 is larger than the other samples, which may be due to the
defect formation on the surface of CW3 during preparation.”®
The equivalent circuit of CW3 is represented in Figure S6B,
where “Rs” is the series resistance, “CPE” is a constant phase
element that means EDLC, “W” represents the Warburg
element related to ion diffusion, and “L” is an inductor. The
equivalent circuit for GNDs for the liquid electrolyte interface
may be characterized as a constant phase element (CPE) rather
than an ideal capacitor.**™®” YO0 and N are the fitted parameters
for CPE representing the numerical values of admittance and
phase angle of impedance, respectively. The ideal capacitor has
N =1, as shown in Table S3, where all samples nearly behave as a
perfect capacitor. The Bode plot in Figure S6¢ describes the
performance of the impedance phase angle with respect to
frequency. It is evident that the sample performance at low
frequency represents supercapacitor behavior; CW3 has a phase
angle close to 80° but in high frequency. The relaxation time is
an inverse of frequency at an angle of 4
value between 9.2 and 126 ms as the nanosized and edge defect

5°.°% It has an alternating
of GNDs led to a decreasing relaxation time, maintaining the
rapid response of adsorption and enriching the ion transport rate
at the interface between the electrode and electrolyte.”® Figure
S6d shows the stability of the CW3 supercapacitor, and it
exhibits high stability as the specific capacitance retention after
1000 cycles reaches 95.4%, meaning stable GND materials as
evidenced from the PL measurement.
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4. CONCLUSIONS

The present work demonstrated the utilization of high yield
conversion (~40%) of waste wires to valuable graphene
nanodiscs (GNDs) with different architectures depending on
the treated temperature at high pressure in a closed stainless
steel reactor. High-quality photoluminescence quantized N-
GNDs have been synthesized and detected with a stable and
high quantum yield. GNDs mixed with GQDs depending on the
temperature treatment significantly affect linking ZnS nano-
particles with GNDs to assemble a larger diameter and
multilayers of the structure. These GNDs showed high-
performance supercapacitors with high specific capacitance
and high stability that reached 95.4% after 1000 cycles.
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