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ABSTRACT

In this study, we demonstrate the use of dual heteroatom-doped (i.e., N- and S-doped) porous carbon derived from the filters in cigarette butts, which are categorized
as solid environmental waste. We use a facile, sustainable, and inexpensive method and green chemical activation for application in LIBs and SIBs. The carbon
prepared by activating melamine is highly porous with rich and mesopores along with a high Brunauer-Emmett-Teller (BET) surface area (815.8 m? g’l) and pore
volume (0.404 cm® g™1). The favorable textural properties, such as enlarged interlayer d-spacing, edge defects, electrochemically active N and S functionalities, and
high electronic conductivity, make this porous carbon an attractive candidate for both Li- and Na-ion storage applications. The porous carbon delivered high ca-
pacities of ~872 mAh g~ ! and 289 mAh g~ ! at 500 mA g~ ! when employed as anodes for LIBs and SIBs, respectively. The high-performance porous carbon materials

developed via the proposed green and sustainable approach can be applied to advanced energy storage systems.

Introduction

Over the past few decades, rechargeable Li-ion batteries (LIBs) have
received global attention in relation to several portable applications
such as electronic devices and electric vehicles owing to the high energy
density, long cycle life, low self-discharge rate, and no memory effect of
these LIBs [1-15]. The energy—density demand for next-generation ap-
plications cannot be satisfied by commercial LIBs due to the theoretical
capacity limitations of electrode materials. In particular, graphite, the
first commercialized anode material, which is still used in state-of-the-
art LIBs, exhibits a specific capacity of ~372 mAh g~! [16]. Unfortu-
nately, the low intrinsic capacity, rate capacity, and safety concerns
owing to Li-plating and Li-dendrite formation have limited the usage of
graphite anodes in LIBs [17,18].

Moreover, Na-ion batteries (SIBs) have received considerable atten-
tion due low cost, abundant availability, and similar storage mechanism
to that of LIBs. SIBs are considered to be the most promising energy
storage devices for large-scale energy storage systems [19,20]. The
larger ionic radius (1.02 A) of an Na ion than that of an Li-ion (0.76 A)
impedes the facile Na-ion insertion and extraction potentials in various
electrode materials used in LIBs, limiting the availability of hosts for
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SIBs, thereby preventing the development of SIB technology [21,22].
Although graphite anodes were commercialized for use in LIBs, these
anodes do not support Na'-ion intercalation, and several amorphous
and disordered carbon materials such as hard carbon, carbon sheets,
graphene, and nanostructured carbon have been studied as anode ma-
terials for SIBs. However, hard carbon has disadvantages such as high
hygroscopicity, low density (1.5-1.8 g ecm™), capacity degradation at
higher current densities, and the possibility of Li-metal deposition dur-
ing the charging process [23]. Unlike those of bulk materials, the syn-
thesis procedures of nanomaterials are expensive and require complex
operations. Additionally, the procedures have low productivity, the
products have low purity, and controlling grain sizes is difficult [17].

To promote the practical usage of high-energy—density LIBs and SIBs,
high-capacity anode materials must be explored. Several transition
metal oxides, metals, alloys, metal sulfides and phosphides, and
conductive polymer-based anode materials have been studied as anode
materials [9,10,19,24-28]. Although these anode materials demonstrate
high capacity, they exhibited poor cycle life owing to large volume
expansion during lithiation and sodiation. Additionally, alloy anode
materials exhibit low electronic conductivity and large volume changes
during the charge and discharge processes [17].
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Different types of domestic, industrial, and agricultural waste have
emerged as attractive sources of porous carbon for application in energy
storage devices. The architecture of waste-derived porous carbon can be
tailored and has a high surface area along with a large pore volume.
Additionally, these carbon materials can be mesoporous and their sur-
face chemistry can be tuned. The favorable structural and textural
properties of waste-derived carbon can yield several active sites for Li-
and Na-ion storage, thereby yielding high-energy—density LIBs and SIBs.
Waste-derived porous carbon-based materials have garnered consider-
able attention owing to their cost-effectiveness, structural stability,
reasonable capacity, versatility, and availability [28,29,30]. Recently,
several studies have been conducted on the synthesis of carbon from
several waste materials such as coffee oil, fruit, and grounds
[10,29,31,22,32-34]. For instance, Kim et al. reported that spheroidal
carbon particles obtained from coffee oil could be used for Li-, Na-, and
K-ion storage; [29] Blankenship et al. reported cigarette butt-derived
carbons for achieving high hydrogen storage capacity; [34] Yu et al.
reported the fabrication of LIBs using an N-doped carbon anode pre-
pared using cigarette butts [33]. However, studies on carbon derived
from cigarette butts as anode materials for SIBs are limited.

The production of porous carbon via green and sustainable ap-
proaches is crucial for ensuring the sustainability of waste-derived
porous carbon. The conventional pore-activation technique involves
physical activation through steam or CO; at a high temperature of
1200 °C. In particular, the most common method for producing porous
carbons from waste materials involves chemical activation using KOH,
H3POy, ZnCly, NasCO3, and KHCOs to yield highly porous architectures.
However, KOH, which is most commonly used, is highly corrosive, and
H3PO4 and ZnCl; are toxic activating agents that are considered to be
“high risk.” [35] Moreover, several environmental risks associated with
conventional chemical activating agents demand the development of
green chemical activation methodologies for porous carbon. Herein, we
study the development of sustainable porous carbon from waste ciga-
rette butts through the chemical activation of melamine as a green
chemical agent.

Clean and waste-management-based energy storage and conversion
technologies are increasing in importance for the future development of
sustainable energy storage materials. Waste management is anticipated
to become a major opportunity in the future. Cigarette butts are an
underrated pollutant and have affected the ecosystems at several loca-
tions. Cigarette butts contain cigarette filters, which are currently an
environmental pollutant because these filters are non-biodegradable
[34]. A cellulose derivative is the principal component of cigarette filters
[34,36]. The annual worldwide cigarette consumption is 5.8 trillion and
generates 8,00,000 metric tons of cigarette butts, [34,36] which contain
toxic elements and cause harm to humans and wildlife. The environ-
mentally hazardous cigarette butts can be used as a source of active
carbon for electrode materials. Additionally, N-enriched melamine
activation is used to prepare mesoporous N-doped carbon [37].

Moreover, surface-chemistry modifications of porous carbon by
introducing heteroatom dopants are a versatile approach for improving
Li- and Na-ion storage performances. Heteroatom doping with N, S, P,
and B was proposed as an effective approach for increasing the Li- and
Na-ion storage in several porous carbon materials [28,38-43]. Recently,
the dual-heteroatom-doping strategy applied to carbon frameworks
yielded superior performances during electrocatalysis but has not been
widely investigated for high-energy battery applications [44,45].
Additionally, we investigated the effects of doping N and S heteroatoms
in sustainable porous carbon derived from cigarette butts on Li- and Na-
ion storage performances. S dopants with a large ionic size (1.04 A) can
increase interstitial distances, capacities, and power capabilities of
anode materials [39,46,47]. Furthermore, N dopants generate addi-
tional Na-storage sites and electrons, as well as increase the carrier
concentration, electrical conductivity, and the ion storage capacity, of
the carbon material [39,40]. The present study developed a dual
heteroatom-doped (N- and S-doped) porous carbon (NSC) derived from
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cigarette butts via a melamine-assisted sustainable approach for use as
anode materials for LIBs and SIBs. The porous carbon obtained via
melamine activation exhibited highly favorable textural properties, i.e.,
a high Brunauer-Emmett-Teller (BET) surface area (815.8 m2 g — 1) and
pore volumes (0.404 cm® g™1). The porous carbon delivered a high ca-
pacity of ~619 mAh g~! and 119 mAh g ! at 500 mA g~! when
employed as an anode for LIBs and SIBs, respectively. The ion storage
kinetics of the waste-derived carbon were greatly enhanced by the
synergistic benefits of N and S heteroatoms for delivering remarkable
rate performances (872 mAh g~ and 289 mAh g~ at 500 mA g~ 1) along
with excellent cycle performances (>1000 cycles), outperforming con-
ventional carbon anodes. The results of the study will enable the
emergence of inexpensive next-generation energy storage devices for
practical applications.

Experimental Section
Preparation of N and S-doped carbon

Cigarette butts were used to prepare the NSCs. The wrapping paper
was first removed from the filter to avoid reaction and contamination.
Next, the filters were heated at 250 °C for 5 h at a heating rate 5 °C/min
in a beaker. The resulting powder was mixed with melamine (10 wt%) in
water at 100 °C. After drying the precursor, it was transferred to a
tubular furnace for heating at 500°C for 2 h in an N, atmosphere
(heating rate 1 °C/min). The resulting powder was pulverized in a high-
energy ball milling machine for 12 h. Subsequently, the powder was
placed in a tubular furnace and heated at 800 °C for 2 h in an Ny at-
mosphere at a heating rate of 2 °C/min. Subsequently, the powder was
ground with S in a 1:1 ratio and heated at 500 °C for 2 h in N3 atmo-
sphere. The resulting powder was denoted as NSC for further studies.
Cigarette filter/butt-derived carbon (CC) was prepared using the same
method without N and S doping. Furthermore, the precursor carbon (PC)
was prepared by same procedure without doping and heat temperature
treatment at 250 °C for 5 h. That powder called as precursor carbon
(PC). The resulting powder was used for further physio-chemical and
electrochemical studies.

Material characterizations

The crystal structure of the prepared carbon was investigated using
high-resolution X-ray diffraction (HR-XRD) (D/MAX Ultima III, Japan).
The morphology and elemental distributions of the synthesized carbon
was investigated using field-emission scanning electron microscopy (FE-
SEM) and energy dispersive X-ray analysis (Hitachi, Japan, S-4700/EX-
200) and high-resolution transmission electron microscopy (HR-TEM)
(JEM-2000, EX-1I, JEOL, Japan). Raman spectra were recorded on a
LabRam HR800 UV Raman microscope (Horiba Jobin-Yvon, France:
excitation wavelength of 515 nm). Surface area and pore size distribu-
tion were analyzed using a surface area analyzer (Belsorp mini II, BEL,
Japan). The surface components of the sample were investigated using
X-ray photoelectron spectroscopy (XPS) (multiLab2000 XPS (ESCA), VG,
UK).

Electrochemical measurements

Electrode slurries were prepared by using 70 wt% of the active ma-
terial, 20 wt% of Super-P, and 10 wt% of polyvinylidene fluoride in an
N-methyl-2-pyrolidone solvent. The prepared slurries were casted onto
the surface of a Cu current collector using the doctor blade method. The
cast slurry was heated at 80 °C overnight to remove the solvent. After
drying, the electrodes were cut into 1.4-cm circular disks and assembled
into a 2032-coin cell for investigating electrochemical performance. The
loading mass of the electrode was 1.5-2 mg cm 2. Then, Li metal foil was
used as a counter and reference electrode, and 1 M LiPFg [1:1 EC/DMC
(Ethylene Carbonate/Dimethyl Carbonate) solvent] was used as a
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electrolyte with a Celgard polypropylene separator and glass fiber. The
Na-ion battery was assembled using Na metal as a counter and reference
electrode, and 1 M NaClO4 (EC solvent) was used as an electrolyte with
glass fiber as a separator. Electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV) were conducted on the 2032-coin cell (Bio-
logic, VSP, France) in the potential range of 0.01-3 V vs Li/Li* and
0.01-3 V vs Na/Na*. The galvanostatic charge-discharge performance
of the cell was tested at the same potential window range using BTS-
2000 at 25 °C. For high loading mass, the electrode was prepared by
using a gum electrode method. The Gum Electrodes were prepared using
20 mg of the active material, 3 mg of Ketjen black, and 2 mg of TAB
binder in an ethanol solvent. Furthermore, the gum electrode was
heated at 160 °C for 4 h to remove the solvent. Then, 1.4-cm circular
disks are used as a cathode current collector. Same method is used to
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prepare the NaCrO5 gum electrode. In CSN//NaCrO- full-cell studies,
prior to testing, the carbon anode was pre-sodiated for a few hours to
improve charge storage performance. The cell was tested in the voltage
range of 2-3.6 V, and the N/P ratio for the full cell was maintained at
1:1.6.

Results and discussion
Physiochemical characterization

Fig. S1 exhibits the XRD patterns of the precursor of carbon (PC), CC,
and NSC samples. The diffraction patterns distinctly show two broad

peaks corresponding to the (002) and (100) planes, representing the
amorphous and crystalline natures of the CC and NSC materials. The
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Fig. 1. Field-emission scanning electron microscope images of the (a, b, and c) cigarette filter/butt-derived carbon (CC) and (g, h, and i) N, S-doped porous carbon
(NSC). Transmission electron microscope (TEM) and high-resolution TEM images of the (d, ) prepared carbon and (j, k) NSC. Selected area electron diffraction
patterns of (f) CC and (i) NSC. (m) Energy dispersive spectroscopy maps of the NSC particles.
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(002) diffraction peak obtained from the NSC sample was located at
approximately 23.5°, which is much less than that of the CC sample
(25.2°). Based on Bragg’s equation (nA = 2dsin0), the interlayer spacing
of NSC is 3.78 A, significantly higher than that of the CC sample (3.53
A), indicating that the prepared NSC can be favorable for storing large
Na™ ions. These outcomes confirm that the presence of N and S het-
eroatoms in the carbon framework expanded the interlayer spacing of
disordered carbon [41,48].

Surface morphology analysis

The morphologies of the as-prepared CC and NSC samples were
characterized by FE-SEM analysis. Fig. 1a—c and g-i reveal that the CC
and NSC particles possess coarse morphologies. The average sizes of the
particles were in the range of 2.3 um. Both CC and NSC samples dis-
played more of a mesoporous nature (Fig. 1c and 1i). During the
carbonization process, self-assembled melamine formed mesopores on
the surfaces of the NSC particles. At a high temperature, the decomposed
melamine products reacted with carbon atoms to dope N atoms in NSC
and instantaneously increased the pores by etching. The mesoporous
nature of CC and NSC were further examined via TEM and HRTEM
analyses. In Fig. 1 d, e, j, and k, no obvious long-range order is observed,
signifying that CC and NSC have amorphous structures. The selected
area electron diffraction patterns (Fig. 1f and 1) of CC and NSC displayed
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diffused rings, which further confirmed the amorphous characteristics of
the materials (Fig. 1m, Fig. S2, and S3). The elemental and line maps
obtained from energy dispersive spectroscopy conducted on the NSC
particles indicate the homogeneous distribution of C, N, and S
throughout the particle.

N, adsorption-desorption tests were conducted to investigate the
porosities of the CC and NSC samples. Fig. 2a reveals that the two pre-
pared samples exhibit properties of type I isotherms combined with type
1V isotherms, which indicates the presence of mesopores. The BET spe-
cific surface areas of CC and NSC were 490.58 m? g ' and 815.8 m? g2,
respectively. N and S doping increased the BET specific surface area of
NSC with respect to that of CC. In this study, melamine in hot water is
self-assembled with the carbon precursor to obtain a high-N-content
precursor in a cold environment.[37] During carbonization, the
decomposition products of melamine reacted with carbon atoms to dope
the carbon framework with N and S. These distributions are primarily
located at 2.44, 3.32, and 3.76 nm, confirming the presence simulta-
neously enlarge the pores by etching [49]. Further, S doping generated
defects and pores and enlarged interlayer distances [50]. The pore-size
distributions of CC and NSC are shown in Fig. S4. of mesopores in the
prepared samples. Especially, the porous structure and high surface area
of the acquired NSC can reduce the Li™ and Na™ diffusion lengths at the
electrode—electrolyte interface and increase the Li* and Na' insertion
and extraction capabilities, thereby decreasing internal resistance and
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Fig. 2. (a, b, ¢) N, adsorption/desorption isotherms, Raman and full-range X-ray photoelectron spectra of the precursor of carbon, cigarette filter/butt-derived
carbon, and N and S-doped porous carbon. (d) C 1s, (e) O 1s, (f) N 1s, and (g) S 2p spectra obtained from NSC.
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ensuring high rate capabilities [41,47].

The Raman spectra of CC and NSC (Fig. 2b) display a characteristic D
band with sp® hybridization at 1340 cm ™! and a G band with sp? hy-
bridization at 1590 em ™! [51,52]. The relative intensity ratio (Ip/Ig) of
the D and G bands can be used to calculate the disordered degree of
prepared carbon materials. Compared with that of the CC sample
(0.959), the disordered degree of the NSC sample was higher (0.993),
indicating a reduction in the average size of the sp? domain and the
increase in the disordered structure owing to defects on the edge sites
after N and S doping. Compared with the improving the Na™ adsorption
sites [41,47]. The increase in edge defects can increase ion storage
perfect sites, the doping-induced defect sites have lower Na™ adsorption
energy, which is favorable for in porous carbon via pseudocapacitive
storage.

XPS was further conducted to observe the chemical states of CC and
NSC (Fig. 2c and Fig. S5). As presented in Fig. 2c, four main peaks are
located at 284.6, 531.33, 399.58, and 163.9 eV, which correspond to C
1s, O 1s, N 1s, and S 2p, respectively.[41] Here, C 1s was deconvoluted
into three peaks representing different functional groups. The peaks at
284.63, 285.98, and 287.56 eV correspond to sp? hybridized C-C, C-N/
C-0O, and O=C-O groups, respectively (Fig. 2d).[53,54,55] The N 1s
spectrum was deconvoluted into two components, i.e., pyrrolic N at
400.53 eV and pyridinic N at 397.75 eV (Fig. 2f).[56,57,58] N doping
can generate extrinsic defects and control the intrinsic electronic state of
adjacent carbon, thereby improving electric conductivity and chemical
activity.[47] Additionally, the S 2p spectrum of NSC was located at
164.32 eV, corresponding to the -C-S-C- bond.[21,42,58] The addi-
tional peak at 168.9 eV can be indexed as the C-SO,~C group (Fig. 2g).
[41,42] These results confirmed that N and S were successfully doped
into the NSC structure. The XPS elementary analysis confirmed that the
N and S contents in NSC were approximately 1.4 and 1.75 wt%,
respectively. Several dual heteroatoms in the porous carbon framework
can provide several active sites for ion storage via adsorption. Addi-
tionally, the conductivity and surface wettability of the electrode by the
electrolyte increase owing to the presence of dual heteroatoms, which is
favorable for high-capacity ion storage at high current rates.

Cyclic voltammetry

A 2032-type coin cell was used to analyze the electrochemical
behavior of CC and NSC in terms of Li- and Na-ion insertion and
extraction in the CC and NSC. The CV curves of the CC and NSC samples
for the first three cycles measured in the potential range of 0.01-3 V vs
Li/Li* and Na/Na* at a scan rate of 0.1 mV s~! are presented in Figs. $6
and S7. The NSC anode yielded an irreversible cathodic peak in the
range of 0.4-1.2 V vs Na/Na™ in the first cycle; this peak disappeared in
subsequent cycles, which can be attributed to the formation of the solid-
electrolyte interphase (SEI) and decomposition of the electrolyte
(Fig. S7b) [31,41]. The CV curve presented in Figs. S7a and b reveals
that the NSC//Na and NSC//Li cells operate under a similar storage
mechanism during the charge and discharge processes. At the low-
voltage region, the CV curves of NSC display reversible reduction and
oxidation peaks located at approximately 0 and 0.11 V, corresponding to
Na™' insertion and extraction in carbonaceous materials, respectively
[31,41]. The shape of the CV curve was approximately rectangular over
a potential range of 0.15-1.2 V, which represents the capacitive storage
behavior of Na™ ions [22,41]. The CV curves of CC are related to that of
NSC, representing a similar mechanism for Na* storage (Fig. S7b).

Figs. S8, §9, and S10 show the cycling profiles during Li insertion
and extraction in the PC, CC, and NSC electrodes at a 500 mA g’1 current
density for selected cycles (Figs. S8a, S9a and S10a). The initial
discharge capacity of NSC was 872 mAh g1, which is higher than those
of the CC (619 mAh g’l) and PC (758 mAh g’l) anode. Additionally, the
Coulombic efficiency of NSC (63 %) was higher than that of the CC (23.1
%) and PC (15.9 %) anodes. The high discharge capacity and the mod-
erate charge capacity of the NSC electrode led to the formation of the SEI
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layer, electrolyte decomposition, and Li-ion irreversibility [1,59]. The
high Coulombic efficiency of NSC is attributed to the reduced numbers
of oxygen functional groups on the surface of NSC after N and S doping.
The dual heteroatoms eventually improved electronic conductivity,
thereby enhancing Li-ion storage capability by providing additional
active sites. In the following cycles, the Coulombic efficiency of the NSC
cell reached ~99 %, and the incomplete stabilization of the SEI layer
was the main cause of irreversible capacity loss during each cycle [1,59].
After 1000 cycles, the reversible capacity (379 mAh g’l) of NSC was
considerably higher than that of CC (Fig. S10b). Overall, the NSC
electrode offered higher capacity, Coulombic efficiency, and retention
rate than the CC electrode, which can be attributed to the following
properties: (i) enlarged interstitial distance and (ii) high specific surface
area.

In addition, to understand the electrochemical characteristics of CC
and NSC, the rate capabilities of these electrodes were examined in the
range of 50-1000 mA g~ !. Fig. S9¢c reveals that the CC electrode pro-
vides discharge capacities of 1061, 419, 364, 302, and 256 mAh g’l
while cycling at 50, 100, 200, 500, and 1000 mA g™, respectively. The
cell retained a discharge capacity of 368 mAh g, whereas the current
density returned to 50 mA g~ . In contrast, the NSC electrode provided
improved discharge capacities of 1081, 575, 490, 403, and 334 mAh g !
at the same current densities (Fig. S10c). Subsequently, the NSC elec-
trode recovered the capacity of 509 mAh g~! when the current density
returned to 50 mA g~! (Fig. S10d). According to the aforementioned
studies, the LIB electrochemical performances of NSC were enhanced
considerably with respect to those of CC and the reported graphitic
anode materials (theoretical capacity of ~372 mAh g™1) [60]. The su-
perior discharge capacity can mainly be attributed to the larger inter-
layer spacing in NSC (3.78 A based on the XRD results) than that of the
graphite anode (3.34 A). Additionally, the increased discharge capacity
and rate capability can be attributed to N and S doping, yielding addi-
tional storage sites as well as high interstitial distance and surface area.

Galvanostatic charge—discharge performance of the NSC//Na cell

Performance of the Na-ion battery

Fig. S8, S11, and Fig. 3 illustrate the charge and discharge profiles of
PC, CC, and NSC vs Na/Na™ at a current density of 500 mA g~ '. The
initial discharge and charge capacities of the PC anode were 223 and 58
mAh g}, respectively, with a Coulombic efficiency of 26 % (Fig. S8c).
The CC anode provided initial discharge and charge capacities of 296
and 119 mAh g™}, respectively, with a Coulombic efficiency of 40.2 %
(Fig. S11a). In contrast to the PC and CC anodes, the NSC anode-based
SIB exhibited first discharge and charge capacities of 520 and 289 mAh
g1, respectively, and a corresponding initial Coulombic efficiency of
55.57 % (Fig. 3a). The large irreversible capacity loss caused electrolytic
decomposition, which is common in carbon materials [41]. A sloping
plateau was observed at approximately 0.9 V in the first cycle, which can
be attributed to the SEI film formation; this agrees well with the CV
results [41]. The Charge/Discharge curves of NSC show a non-linear
sloping voltage profile, indicating that the capacity contribution is
mainly owing to Na-ion storage in the disordered graphene layers. Na-
ion storage involves adsorption and desorption at planar surfaces,
pseudo-capacitive storage on the edge and defect sites of the heteroatom
dopants, and Na* intercalation in the graphene interlayer, as well as the
surface contribution and influence of crystallinity. This is unlike the
voltage profile obtained from a hard carbon anode, wherein a low-
potential flat plateau appears [61]. The absence of the low-potential
plateau in the voltage profile obtained from NSC reduces any risks due
to Na metal plating and stripping; therefore waste-derived carbon an-
odes are suitable for long-term usage [62]. A long-term cycling test was
also conducted on the CC and NSC electrodes at 500 mA g~ 1. Figs. S11b
and Fig. 3b show the cycling performances of the CC and NSC electrodes
at a current density of 500 mA g !. The NSC electrode displays
outstanding cycling stability and an extraordinary reversible capacity of
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Fig. 3. Charge/discharge curves and cycle life (a and b) at a current density of 500 mA g~* and (c and d) rate capability curve of the NSC//Na cell.

180 mAh g~ ! after 1000 cycles. By contrast, the CC electrode preserves a
reduced reversible capacity of 80 mAh g™, indicating that N and S co-
doping can successfully improve the capacity of the NSC anode. The
improved cycle stability of the NSC anode indicates that a large inter-
layer spacing is beneficial for Na-ion storage at low voltages, thereby
confirming the stability of the electrode material [40].

Fig. S11c and Fig. 3c display the rate capabilities of the CC and NSC
electrodes, with the latter exhibiting exceptional performance.
Fig. S11c displays the rate capability curve of the CC anode calculated at
different current densities. Specific discharge capacities of 478, 186,
155, 120, and 92 mAh g’1 were obtained from the CC electrode at
current densities of 50, 100, 200, 500, and 1000 mA g’l, respectively. At
the same current densities, specific discharge capacities obtained from
NSC were 588, 282, 245, 213, and 179 mAh g_1 (Fig. 3c). When the
current density returned to 50 mA g7, the capacities recovered to 214
mAh g}, representing the superb rate capability of NSC (Fig. 3d). These
outcomes confirm that the favorable transport properties of NSC yield
superior electrochemical performance. Figs. S12 display the selected
charge/discharge curve and cycle life of the NSC electrodes, with 20 mg
mass loadings. Initially Li//CSN and Na//CSN showed initial 1st cycle
capacity of 1206, 328 mAh/g and 10th cycle capacity of 328 and 48
mAh/g. Furthermore, (Fig. S13) presents the selected charge/discharge
curves and the cycle life of the NSC//NaCrOy cell. The charge and
discharge capacities of the full cell were measured at 122.35 mAh g1
and 117.5 mAh g, (1C rate) then, it was tested for up to 100 cycles.
The charge/discharge profiles confirmed the intercalation and dein-
tercalation of sodium ions into the NaCrO, cathode.

Display the selected charge/discharge curve and cycle life of the
NSC//NaCrOy, cell. The charge and discharge capacity of the full cell is
122.35 mAh g-1,117.5 mAh g respectively. The charge and discharge
curves confirmed the sodium ion intercalated and de-intercalated into
the NaCrO; cathode. The full cell was tested up to 100 cycles. The Na-ion
binding ability with porous carbon is thermodynamically unfavorable
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without heteroatoms, and N and S doping in carbon frameworks is an
effective strategy to enhance Na-ion binding to increase capacity. The
superior Na-ion diffusion kinetics at the surface of NSC is favorable for
accelerating reaction kinetics.

Figs. 4 and 5 display the CV curves that were obtained under scan
rates in the range of 0.2-1 mV s~! within a potential window of 0.01-3 V
vs Li/Li" and Na/Na® for investigating the Li- and Na-ion storage ki-
netics of the NSC electrode. The ion storage mechanisms can be deter-
mined based on the power-law relation using peak current (i) and scan
rate (v) [63,64].

i) = ayb, where a and b are constants.

The log (i) versus log (v) graph and its slope can be used to determine
the b value. When b = 0.5, the diffusion-controlled process occurs, and b
= 1 represents the surface-capacitive-contribution [63]. From Fig. 5b,
the measured b values of Na-NSC are 0.9, 0.87, and 0.64 corresponding
to the anodic and cathodic peaks, respectively, indicating that Na-ion
storage is combined with diffusion-controlled and surface-capacitive
behaviors. The Li-NSC exhibited a similar storage mechanism, and the
equivalent b values were 0.87, 0.9, and 0.63 (Fig. 4b).

The following equations were used to calculate the capacitive
contribution of the NSC electrode: [63,65]

i(v) = Ky +Ko'"/? @

ori(v) W2 = Ky 4K, 2)
where i is the responsive current at different scan rates (v) at a randomly
selected potential (V) and K; and K; are constants, which can be derived
from the slope and intercept of the linear relationship between i(v)/v /2
and v /2 at each fixed potential. The capacity contribution percentages
can be calculated from the surface-controlled (capacitive contribution)
and diffusion-controlled capacitances [63,65]. Fig. 5c reveals that when
the scan rate increases, the capacitive contribution increases and
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reaches 22.46 % at a scan rate of 0.1 mV s~ *. The figure reveals that the
capacitive contribution denoted by the green color and the diffusion-
controlled current denoted by the pink color constitute the total current.

When the scan rate increased to 1 mV s~*, the capacitive contribu-
tion reached its maximum of 31.38 %. In addition, the calculated
pseudocapacitive contributions were 22.46 %, 25.78 %, 27.73 %, 29.57
%, and 31.38 % for Na-NSC and 49.51 %, 56.83 %, 61.16 %, 65.21 %
and 69.2 % for Li-NSC at 0.2, 0.4, 0.6, 0.8, and 1 mV s’l, respectively
(Fig. 4h and Fig. 5h). For comparison, we conduct CV to determine the
charge-storage mechanisms of the Li-CC and Na-CC cells, and the results
are shown in Figs. S14 and S15. The results indicate that Li ions are
easily adsorbed in the macro-micropores and defects, thereby acceler-
ating the kinetics. The results also reveal that the Na ions are moderately
adsorbed in the macro-micropores and defects, unlike the Li ions kinetic
behavior. The increased ratio of pseudo capacitance is essential for facile
charge transfer. To further improve the pseudocapacitive nature, an
effective surface engineering technique is required to attain excellent
rate capabilities in carbon-based anode materials.

Electrochemical performance of the CC and NSC anode-based LIBs and
SIBs

Electrochemical impedance spectroscopy

EIS was conducted to better understand the electrochemical perfor-
mances of the CC and NSC electrodes. Figs. S16a and b show the
Nyquist plots, which include a high- to medium-frequency semi-circle,
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of the CC and NSC electrodes. The diameter of the semi-circular loops is
related to the charge-transfer resistance (R.), and an inclined line in the
low-frequency region signifies the Warburg impedance [41]. The fitted
circuit diagram obtained from the Nyquist plots is presented in Fig. S16.
Table S1 list the electrolyte resistance (Reje), solid-electrolyte interphase
resistance (Rgg), and charge-transfer resistance (R,¢) of the LIBs and SIBs
constructed using the CC and NSC anode materials. The calculated Rt
value of Na-NSC was 31 Q, which was lower than that of CC (42.47 Q)
owing to improved electronic conductivity and electrochemical activity
resulting from N and S doping. Further, the analyzed charge-transfer
resistance of Li-NSC was 61.65 Q, which is smaller than that of CC
(78.29 Q). The solution and charge-storage resistances were consider-
ably reduced after the incorporation of N and S heteroatoms, indicating
an improved electrode-electrolyte interface that accelerated ion-
transfer kinetics. After 1000 cycles, the Reje, Rsgr, and Rt values of Li-
NSC and Na-NSC considerably increased (Fig. S16c and d).

Pyridinic and pyrrolic N heteroatoms in porous carbon strongly fa-
vors rapid ion-transport kinetics inside the porous architecture, and S
heteroatoms vastly improve space utilization by promoting the electro-
sorption of Li and Na ions. The presence of dual heteroatoms increases
the polarity of the carbon pores, facilitating easy contact between the
pore and electrolyte, and reducing the interface resistance to overcome
the ion-diffusion losses at high current rates. Porous carbon can easily
store ions in its innermost pores even at high current densities, exhib-
iting a high discharge capacity. Overall, From the environmental sus-
tainability aspect the environmental waste derived carbon provided the
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excellent electrochemical performance.
Conclusion

We successfully developed and implemented a high-performance
waste-derived porous carbon anode developed via a sustainable
approach for applications in LIBs and SIBs. A green chemical-activation
technique using melamine as an activation agent and cigarette butts as a
waste resource can yield porous carbon with high surface area and pore
volume with major pore sizes between 2.44-10.7 nm. This porous car-
bon can effectively act as a high-capacity anode for applications in high-
energy—density LIBs and SIBs. Notably, porous carbon can effectively
cycle for more than 1000 cycles with a retention of 62 % and a good
capacity at a high current rate of 1000 mA g~!, outperforming con-
ventional graphite and hard carbon anodes. Further study on optimizes
the N and S doping concentration and increasing the surface area of the
carbon framework will be carried out in future. This study provides new
opportunities for processing environmental waste through a sustainable
method to synthesize a high-performing anode material, which applies
to future energy storage devices.
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