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ARTICLE INFO ABSTRACT

In recent years, hybrid capacitors have proven to be an efficient technology in storing energy faster and at a
higher energy capacity while utilizing a renewable source. Herein, we report diesel soot derived from automo-
bile exhausts as a carbon source for all carbon sodium-ion hybrid capacitors. To achieve this, a simple synthesis
method was used, followed by activation to significantly increase its charge storing capabilities. The high
porosity of this activated diesel soot carbon allows us to achieve high charge storage capacity both as anode
and cathode, while increased graphitization with interlayer expansion by heat-treatment technique allows
us to obtain greater rate performance combined with superior cycle stability. As a result, activated diesel soot
carbon could earn double the capacity as compared to pure diesel soot carbon with specific capacities of 198
and 78 mAhg ! as anode and cathode, respectively. Full-cell assembly as a hybrid capacitor with carbon as
both cathode and anode could deliver a maximum energy density of 97 Whkg ~! and a maximum power density
of 10,000 Wkg ~! with cycle stability for 50,000 cycles. This article emphasizes the waste-to-wealth technique
in active materials for energy storage devices more extensively.
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1. Introduction

Because of the growing concerns regarding the use of fossil fuels
and their effects on the environment, researchers have been inspired
to create technologies for efficient energy conversion and storage
[1]. Recent breakthroughs in renewable energy sources may provide
a sustainable solution to the world's energy issues, but their supply
is unpredictable. Thus, energy storage is critical for making the best
use of renewable energy resources [2]. In this sense, hybrid capacitors
are the most advanced energy storage devices that deliver high power
and energy [3-5]. This system is suitable for modern electronics, elec-
tric vehicles, space, heavy industry, and much more due to its high
energy density comparable to a secondary battery with ultra-high sta-
bility. Lithium-ion batteries and hybrid capacitors with high energy
output are now used in segments suffering from significant resource
limitations and inadequate capacity to satisfy future energy demands
[6]. As an alternative to this problem, sodium-ion-based energy tech-
nology is considered the most promising replacement for lithium-
based technologies due to its abundance and diverse presence.
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In recent years, scientific communities have focused on recycling
waste and converting it as starting materials for practical applications
such as energy storage and generation. For example, waste materials
such as waste coffee beans [7,8], banana fibres [9], silk cocoons [9],
and various other sources such as chitin [10], soybean protein [11],
wood based [12,13] consumed diesel-based derivatives such as diesel
soot carbon [14,15] are used as high surface area carbon sources.
When used as electrode material for hybrid capacitors, activated car-
bon derived from these sources tends to show superior performance
in capacity, cycle stability and power output. Diesel soot collected
from vehicle exhaust is one material that has not yet been thoroughly
studied in energy storage devices. One of the main contributors to air
pollution is diesel soot particles. Additionally, the sub-micrometre par-
ticles pose a severe environmental risk and significantly impact human
and animal health [16,17]. Despite constant efforts to reduce the for-
mation of these hazardous particles, the need for novel techniques for
recycling diesel soot remains [18]. Diesel soot particles are produced
due to incomplete diesel combustion in diesel-powered engines. Their
ultimate composition differs depending on their production source.
They are, however, mostly made of pure carbon [19] with a graphitic
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shell-like structure [20]. Previous reports have described diesel soot
structures as carbon nanospheres with an average size of 50 nm
[14]. These particles were found to agglomerate and form a chain-like
morphology. In addition, a previous study has reported the morphol-
ogy to be similar to carbon nano-onions, making it an excellent candi-
date for energy storage applications [21]. In addition to such unique
structures, these diesel soot carbon may contain a small but significant
amount of Sulphur and Nitrogen, which are excellent active sites for
Na storage in energy storage devices. With a unique blend of porosity
and active sites, diesel soot carbon can be an ideal candidate as elec-
trode material for sodium ion hybrid capacitors.

In this paper, we provide a highly porous, activated diesel soot-
derived carbon extracted from automobile exhausts with a high sur-
face area and high conductivity for superior energy performance
sodium ion hybrid capacitor. As a result of activation and surface area
modification, the as-prepared activated diesel soot carbon electrode
has a high specific capacity, rate capability, and extended cycle life.
Furthermore, using such high-performance electrodes as both the cath-
ode and the anode, a hybrid capacitor with high efficiency was con-
structed. The as-prepared sodium ion hybrid capacitor provided the
highest energy density and power density, demonstrating how to cre-
ate wealth from waste and effective procedures for recycling toxic
wastewater.

2. Materials and methods
2.1. Synthesis of diesel soot carbon

Diesel soot carbon (DSC) was synthesized by modifying a previous
report [22]. The initial stage was to repeatedly clean diesel soot col-
lected from vehicle exhaust to eliminate undesirable petroleum com-
pounds. After washing, 2 g of dry diesel soot was combined with
100 mL of concentrated sulphuric acid (H,SO,4) and stirred at room
temperature for 2 h. The mixture was then stirred for 6 h at 70 °C using
a magnetic stirrer with 2 g of potassium permanganate (KMnO,). To
avoid MnO, precipitation, an ice-cold H,0, solution (10 mL in 1L DI
water) was slowly added to the mixture in the last step. The resulting
solution was then filtered, pH adjusted to neutral and dried for further
use. The dried powder was named DSC.

2.2. Activation of diesel soot carbon

Pure diesel soot carbon from the previous step was used as the
starting material to create highly porous carbon. To remove any lumps,
the carbon was lightly milled before being combined with potassium
hydroxide (KOH), which was five times crushed (the ratio being
1:5). The mixture was pyrolyzed for two hours at 650 °C with a ramp-
ing rate of 2 °C/min After carbonization, the sample was repeatedly
washed with 0.25 M HClI and DI water until the sample became neutral
in order to eliminate excess KOH and neutralize the carbon. Finally,
the sample was dried under a vacuum oven overnight, labelled as
AcDSC (activated diesel soot carbon) and stored for further
experimentation.

2.3. Materials characterization

The crystallinity of the samples was examined using the X-ray
diffraction technique (XRD; Cu Ka radiation, Rint 1000, Rigaku,
Japan) in the 26 range of 10° — 90°. The samples' surface texture, ele-
mental composition, and porosity distribution were examined using
energy-dispersive X-ray spectroscopy (EDX) and field emission scan-
ning electron microscopy (FESEM, FE-SEM, S-4700, Hitachi, Japan).
Its crystallinity at the sub-micron scale was assessed further using field
emission transmission electron microscopy (FETEM). The effects of
KOH activation on the carbon surface during graphitization and defect
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formation were investigated using Raman analysis (RAMAN). After
prolonged cycling, the impact of electrolytes on electrode surfaces
was investigated using X-ray photoelectron spectroscopy (XPS).

2.4. Electrochemical measurement

To conduct electrochemical investigations, CR2032 coin cells were
assembled in a controlled ultrapure argon environment. The cells were
put up using 1 M NaPFg in diglyme as the electrolyte, the synthesized
materials as the cathode, and metallic Na as the anode, separated by a
polypropylene separator. Additionally, the anode and cathode of the
full-cell, or hybrid capacitor assembly, were made up of the samples
as described below. Ketjen black and teflonized acetylene black were
combined with 5 mg of active material to create the cathode materials
(TAB-2). Before making the cells, the resultant mixture was com-
pressed onto a stainless-steel current collector and dried for four hours
at 160 °C. Charge-discharge (C-DC) tests were carried out using the
WonAtech battery test equipment at various voltage ranges for the
cathode and anodes, with current rates ranging from 0.01 to 1 Ag™".
For cyclic voltammetry and EIS studies, an electrochemical analyzer
(SP-150, Biologic, France) was employed.

3. Result and discussion
3.1. Structural and morphological characterizations

3.1.1. X-ray diffraction studies (XRD)

The morphological structures of DSC and AcDSC were investigated
using X-ray diffraction, as illustrated in Fig. 1a. The X-ray diffraction
patterns showcase characteristic broad peaks around 24.5° and 23.2°,
which can be attributed to (002) and (100) planes of graphitic-like
carbon. However, the XRD pattern of AcDSC demonstrates distinct dif-
ferences compared to DSc suggesting modification in morphological
structure with KOH activation. For instance- DSC has a (002) peak
at 24.5° with a d-spacing of 3.6 nm. In AcDSC, the (002) peak under-
goes a left shift and has an increased d-spacing of 3.8 nm. Moreover,
high-intensity peaks are added at lower angles (<10°) for AcDSC, sug-
gesting the formation of the mesoporous structure after KOH activa-
tion. However, further investigation is required to confirm this notion.

3.1.2. Electron microscopy (SEM and TEM)

The sample morphologies were further studied using scanning
(SEM) and transmission electron microscopy (TEM). In Fig. 1b, The
SEM images showcase a graphitic structure with interconnected car-
bon nanoparticles. The particle sizes of these carbon nanoparticles
were in the range of 70-80 nm. As observed in XRD analysis, the
images showcase a granular mesoporosity in AcDSc. Furthermore,
TEM analysis was performed to analyze the interlayer spacing of the
samples. Fig. 1c shows a d-spacing of 3.48 A which agrees with the
d-spacing values obtained in XRD diffraction patterns. In addition,
the selected area diffraction (SAED) pattern also matches well with
the crystalline planes obtained in XRD results confirming the semi-
crystalline nature of AcDSC (Fig. S-2). Furthermore, the surface's gra-
phitic nature supports a prior study (Ref 11), demonstrating a higher
order of graphitization and indicating the possibility of improved elec-
trical conductivity.

3.1.3. Surface area analysis (BET)

Nitrogen adsorption/desorption isotherms were utilized to analyze
the effect on DSC's surface area and porosity after KOH activation. In
Fig. 2f, DSC's BET specific surface area increases significantly from
109 m?g~ ! to 966 m?g~! on KOH activation, with an almost nine
times increase. In addition, there is also a noticeable increase in the
pore volume from 0.7135 to 1.093 cm® g~ . This is due to the reaction
of carbon atoms in the active sites with the activator (potassium) and
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Fig. 1. X-ray diffraction (XRD) images of carbon electrodes (a); Electron microscopy (SEM and TEM) images of AcDSC (b and c); Schematic of synthesis of highly

porous carbon (d).

the generation of pore structure at high activation temperatures.
Because more ion adsorption sites are available in the cathode due
to increased surface area, charge storage capacity will be significantly
increased. Although electrochemical tests are needed to confirm it, it is
evident from the preliminary analysis that this activation has had a
cumulative impact on carbon structure. On the other hand, due to their
larger size, increasing pore volume may considerably impact sodium
storage. By decreasing sodium diffusion resistance and offering an easy
transportation route, an increase in pore volume has improved the
sodium transportation process in various cases.

3.1.4. X-ray photoelectron spectrometry (XPS)

Based on XPS analysis, the primary elements present in DSC and
AcDSC surfaces were analyzed as carbon and oxygen. Interestingly,
nitrogen and Sulphur are present in hydrocarbons such as petroleum

products, but both elements were untraceable in XPS survey spectra
and in-depth scanning. The carbon and oxygen may have come from
hydrocarbons. The C 1 s spectra were fitted with three peaks of C=C
(284.6 eV), C-OH (286.7 eV), and O-C=0 (287 ~ 289 eV) [23]. In
Fig. 2a and d, among a comparison of intensities of various carbon
peaks, C=C peaks have drastically increased from DSC to AcDSC, indi-
cating higher order of graphitization. This result is in good agreement
with the TEM images at higher magnification which shall be further
confirmed with Raman analysis. Other than C=C, various C=0 and
C-OH intensities dropped significantly from DSC to AcDSC. This could
happen due to activation at higher temperatures and reduction of car-
bon atoms, which would cause the carbon to lose its surface oxygen
and become graphitized. Due to the improved conductivity of carbon
samples caused by stronger graphitization and higher structural integ-
rity during the cycling process, such a change in surface chemistry is
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Fig. 2. XPS spectra of DSC electrode (a and b); AcDSC (d and e); Raman spectra with I4/I, ratio (c); BET analysis of carbon electrodes using N, adsorption isotherm
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Fig. 3. Half-cell performance of carbon electrode with sodium metal as reference (a and d); Rate performance of carbon electrodes as cathode and anode (b and e);

Cycle stability of carbon electrodes as cathode and anode (c and f).

unquestionably advantageous for hybrid capacitor applications. These
graphitic characteristics suggest better structural qualities for
improved charge storage and electron conductivity during cycling.

3.1.5. Raman spectrometry

Raman spectroscopy was used to analyze the defects and graphi-
tization of AcDSC after KOH activation. The two distinctive peaks in
Fig. 2c can be attributed to the D and G bands, respectively [24].

The G band occurs due to the first-order scattering of E;; phonon
at the Brillouin zone centre of sp® carbon atoms. The D band repre-
sents the defects or disorders in the sp2 planar structure [25]. The
ID/IG ratio clearly demonstrates the disorder in carbon materials.
In this case, KOH activation causes the Ip/Ig ratio to increase,
implying the presence of pores or significant defects. These defects
should enhance charge storage by increasing the number of active
sites.
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Contrary to BET data on the increase in surface area, the increase in
ID/I1G is negligible after activation, suggesting that a graphitic band
also rose at the same time as the defect band. Such an increase in
the graphitic band may result from increased graphitization upon heat-
ing and subsequent activation by KOH, thus inducing defects in the
overall system. This suggests an increase in defects and graphitization
occurring simultaneously, which could increase diffusivity and electri-
cal conductivity. Further electrochemical studies are required to con-
firm this idea.

3.2. Half-cell performance

Electrochemical performance of Ac-DSC anode: As mentioned
above in the preparation procedure, the electrode materials prepared
by the electrode were used as the cathode, along with thin foil of
sodium metal (Na) as anode and NaPFg in diglyme as electrolyte. Al
current collectors were used instead of copper in 2032 cells for the
working electrode to evaluate cyclic voltammetry (CV) and galvanos-
tatic charge-discharge (GCD) tests at specified current rates. Further,
CV curves were drawn in both anodic and cathodic windows of 0.01
—1.5Vand 1.5 V - 4.0 V vs Na reference, respectively. The current
density normalized CVs of the anodic half-cell, or the difference
between DSC and AcDSC, are shown in Fig. 4 and exhibited a nearly
identical rectangular pattern with minor bumps at roughly 0.47 V ver-
sus Na/Na +. In contrast, the critical area of CV normalized for the
weight of active material (i.e., current density) has significantly
increased, indicating a considerable increase in the surface area avail-
able for the electrochemical process and a corresponding increase in
charge storage capacity. Conversely, CV, for the cathodic half-cell,
has a nearly rectangular voltammogram, indicating higher-order
EDLC-type behaviour. A minor bump above 3.5 V suggests a tiny
amount of pseudocapacitive behaviour. In addition, the diffusivity of
both DSC and AcDSC were calculated from CV at different scan rates
in Fig. S3, which indicates an order of increase in diffusivity of
5.4 x 10® em?® s~ ! for AcDSC from 9.76 x 10° cm? s~ ! for DSC by
KOH activation.

The carbon electrodes for the GCD were swept between 2.0 and
4.0 V for the cathodic window and 0.01-2.0 V versus Na|Na™ for
the anodic window. The carbon electrodes in Fig. 3a's cathodic win-
dow demonstrated normal behaviour with a continuous voltage drop
that resembled capacitive behaviour. In the instance of DSC,
38 mAhg ! of specific capacity was attained with a smooth slope of
the discharge curve at a current rate of 0.1 Ag™'. In contrast, AcDSC
was able to reach 78 mAhg ™! of specific capacity at the same current
density because activation altered the surface and porosity of the
material. DSC acting as the anode on the other side of the cell, showed
a capacity of 150 mAhg~'. Contrarily, a highly porous AcDSC with a
larger surface area might give a much higher capacity of 194 mAhg ~*.
The activation of the DSC has increased the specific surface area and
porosity, which accounts for the considerable rise in a specific capac-
ity. New voids are formed during activation, providing a significantly
increased surface area for cation and anion attachment during electro-
chemical cycling. The higher rate performance of carbon-based cath-
odes is well recognized. Rate performance investigation was carried
out by increasing current density sequentially from 100 mAg~' to
10 Ag™', or 100 times the beginning current density in Fig. 3b and
e, in order to verify the same and the specific capacity at higher den-
sity. To test the electrodes' cycle stability in both cathodic and half-
cells, a constant current rate of 500 mAg~ ' was applied for 100 cycles.
Similar to different carbon anodes, as seen in Fig. 3¢ and f, the initial
capacity was higher for a few cycles before stabilizing at roughly
135 mAhg ! for the DSC electrode. For AcDSC, however, a specific
capacity of approximately 187 mAhg~! was attained. Intriguingly,
despite the fact that activation tends to increase defects in the carbon
surface, resulting in a large number of pores, AcDSC exhibits signifi-
cantly greater cycle stability than DSC due to the graphitization caused
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by the heat treatment process for activation. This highlights the fact
that a higher degree of graphitization can significantly increase the
cycle stability of carbon samples, which is a serious issue for many
defect-containing carbon structures. Additionally, a comparable level
of stability was attained in the cathodic region as well, with stable
capacities of 38 mAhg ~! for DSC. In contrast, it could produce a steady
capacity of roughly 68 mAhg-1 following activation. Electrochemical
impedance is analyzed for both electrode materials before and after
cycling for 100 cycles at a constant current rate to better understand
the stable cycle performance of both electrodes. Poor conductivity
was visible in Fig. 4b for the DSC electrode due to reduced graphitiza-
tion, substantially increasing impedance from 22 to 51 after cycling.
Contrarily, the conductivity of AcDSC, which is heavily graphitized
as a result of the heating process used during activation, has dramati-
cally increased to 12 and has barely changed beyond 15 even after
cycling with the demonstration of larger capacity, which is in good
agreement with various previous reports on heteroatoms doped carbon
electrodes [26,27]. In summary, the higher degree of graphitization
and improved structural integrity of AcDSC reduced the resistance
increase during cycling from 130% for DSC to just 25%.

3.3. Full-cell performance

The carbon was used as both a cathode and an anode, connected as
a sodium hybrid capacitor with NaPFg as the electrolyte, to fully use
this carbon electrode's potential. Electrode mismatch is one of the
main factors contributing to performance deterioration over time
and inadequate energy or power density. Individual electrodes operate
independently when there is an electrode mismatch, which lowers
total performance output. Therefore, using symmetrical capacitors is
the best way to eliminate this performance disparity. AcDSC is utilized
here as a symmetrical electrode for a sodium hybrid capacitor since it
has demonstrated optimal performance as both an anode and a cath-
ode. The current density varied from 100 mAg~' to 10 Ag~" while
the connected capacitor was cycled between 0.01 and 4.0 V. It should
be mentioned that before being assembled into a full-cell hybrid capac-
itor, anodes were presodiated in a half-cell configuration with a poten-
tial of 0.01 V versus Na/Na + for three cycles.

Additionally, active material mass in cathode: anode ratios of 1:1
demonstrated optimum energy and power performance to maintain
charge balance on an electrode. Fig. 5a displays the AcDSC's electro-
chemical performance in both anode and cathode configurations.
PF6- ions were stored in positive electrodes with a stable and linear
potential increase from 2.0 to 4 V during the charging process. On
the other hand, after cycling from 2.0 V to 0.01 V, Na + was stored
in an anode with a smooth potential profile. The full-cell hybrid capac-
itor structure that resulted from linking the electrodes showed a linear
charge—discharge curve for a voltage window of 0.01 to 4.0 V. The
Ragone plot between energy density and power density is shown in
Fig. 5b. A maximum energy density of 97 WhKg ™! and a maximum
power density of 10,000 Wkg~! are seen in the AcDSC symmetrical
capacitor. In comparison to other balanced capacitors of the same
type, the AcDSC symmetric capacitor performed better overall. Greater
porosity and higher order of graphitization, which enable an effective
and stable sodium ion storage mechanism, are responsible for
enhanced electrode performance. With 1Ag ™! of current density, the
cycle performance of a symmetric AcDSC hybrid capacitor was
assessed in Fig. 5c. Higher porosity brought on by activation and
highly conductive graphitic interlayers made excellent cycle stability
possible. With capacity retention of roughly 96% towards the end, this
sodium ion capacitor could exhibit exceptional cycle stability of
around 50,000 cycles.

Additionally, EIS spectra were taken both before and after the
hybrid capacitor was cycled, which showed a negligible increase in
resistance because of the remarkably intact surface. In conclusion, pos-
itive electrodes should be sufficiently porous to match such output
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needs to acquire the best absorption sites and ion diffusion paths. The
negative electrode should maintain higher order charge transfer net-

works and ion-diffusion channels to achieve maximum performance.
Even after such optimization, kinetics mismatch in hybrid capacitors
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Table 1

Performance comparison of various carbon based electrodes.
Material Energy Density (WhKg ") Power density (WKg ™) Cycle number Reference
N/P dual-doped carbon nanofiber film (NP-CNF) 96 20,000 10,000 [28]
Novel all-organic sodium hybrid capacitor 95 7000 5000 [29]
Biomass-derived porous carbon 94 10,000 2000 [30]
Graphitic mesocarbon microbead 94 3000 [31]
Nteromorpha-derived hierarchical porous carbon (EDHPC) 84 9053 [32]
Coconut shell derived mesoporous carbon (CS-AC) 82 8000 [33]
Watermelon seeds, a bio-waste from watermelons 79 22,500 150,000 [34]
Polyimide as anode 66 1200 1000 [35]
Aromatic polyimide (PI) 65 20,000 [33]
Tailored Polyimide-Graphene Nanocomposite 56 3400 1000 [36]
Activated hard carbon (AHC) 43 3724 50 [37]

with asymmetric electrodes may still occur, resulting in performance
loss. In this case, the symmetrical electrode material effectively
addresses this issue. Table 1 illustrates how our hybrid capacitor out-
performs similar carbon-based electrode addition in a similar segment
with better and more promising performance and superior cyclability.

4. Conclusion

In summary, a highly porous graphitized carbon derived from die-
sel soot was successfully synthesized. Its characteristic porous mor-
phology enabled it to perform better as an anode and cathode. The
performance was nearly doubled thanks to the activation technique.
Additionally, the carbon electrode demonstrated a high energy density
of 97 Whkg ! and a maximum power density of 10,000 Wkg ™! when
assembled as both an anode and a cathode in a hybrid capacitor. Fur-
thermore, with just a 5% reduction in initial capacity after cycling, the
hybrid capacitor's improved performance could be sustained for up to
50,000 cycles and beyond. The mechanism behind the exceptional
functioning of all carbon hybrid capacitors was also successfully stud-
ied using various characterization techniques. These results indicate
an additional way of energy storage using hazardous waste and a clear
example of converting waste to wealth.
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