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Abstract

In the dynamic realm of energy use, the pursuit of practical and environmentally friendly
energy storage technologies is paramount. The growing need for portable electronic
devices, electric cars, and the integration of renewable energy into the power grid drives
the urgency. Lithium-based energy storage systems have emerged as leading contenders
among the vast array of available options due to their high energy density and
comparatively extended cycle life. Nevertheless, these systems are full of obstacles,
including issues related to safety and the constrained availability of resources. To tackle
these concerns and advance the field of energy storage, incorporating nanomaterials has
attracted considerable interest. This research explores the domain of energy storage, with
a particular focus on the significance of Lithium Energy Storage Systems (LESS). This study
examines the potential of nanoscale components and materials in changing energy storage,
namely Carbon Quantum Dots (CODs). Due to their remarkable characteristics, CQODs
provide a potential pathway for improving energy storage devices. However, current energy
storage techniques need help regarding energy density, cycle life, and sustainability. This
research presents a unique strategy using Carbon Quantum Dots for a Lithium Energy
Storage System (COD-LESS). This novel approach leverages the unique characteristics of
CQODs to address these obstacles directly. COD-LESS has many advantages, including
increased energy density, extended cycle life, and greater sustainability. The experimental
results yielded average capacity retention of 158.35%, a charge transfer resistance of 4.21
ohms, a cyclic stability of 94.06%, an energy density of 123.30 Wh/kg, a power density of
157.30 W/kg, an Electrochemical Impedance Spectroscopy (EIS) frequency of 1233.00 Hz,
a specific capacity of 337.50 mAh/g, and an average operating temperature of 28.10°C.
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Introduction to Energy Storage and Carbon Quantum Dots

The need for effective and environmentally friendly energy storage technologies has grown
more apparent in the current dynamic energy environment [1]. The global shift towards
renewable energy sources and Electric Vehicles (EVs) has led to an unprecedented need for
dependable approaches to store and use energy [2]. Energy storage systems are crucial in
enabling the seamless integration of renewable energy sources into the power grid,
guaranteeing grid stability, and supporting the growing number of electric cars in operation
[3]. Lithium-based energy storage solutions have attracted considerable interest in energy
storage because of their exceptional energy density and extended cycle life.

Lithium-ion batteries have been recognized as significant disruptors within the energy
storage sector [4]. Lithium-ion batteries in portable electronic devices, electric cars, and
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large-scale energy storage systems have significantly transformed energy consumption and
utilization practices. Nevertheless, the limits of conventional lithium-ion batteries become
more evident as the need for increased energy density, faster charging capabilities, and
longer cycle life becomes more pronounced. Nano components and nanomaterials have
emerged as significant entities in the present scenario, offering potential breakthroughs in
energy storage [5].

Nanomaterials, which possess distinct characteristics that depend on their size, have several
benefits in energy storage systems. These materials demonstrate higher electrochemical
performance, heightened surface area, and enhanced charge transport capabilities, all
essential in advancing high-performance batteries and supercapacitors. Carbon Quantum
Dots (CQDs), a nanomaterial, have gained significant attention due to their potential in
energy storage applications [6].

CQDs are carbon-based nanoparticles with unique characteristics, including a vast surface
area, excellent electrochemical activity, and the ability to adjust their electrical structure
finely. These ultra-small particles generally measure less than 10 nanometers in diameter.
These characteristics make CQDs a compelling option for augmenting the efficacy of
energy storage systems, such as lithium-ion batteries and supercapacitors [7].

Nevertheless, notwithstanding the considerable advancements achieved in the realm of
energy storage technology, current systems encounter a plethora of obstacles. Some critical
challenges associated with batteries include their limited energy density, relatively short
cycle life, safety considerations, and resource limits, particularly in lithium-ion batteries
[8]. It is of utmost importance to tackle these problems to effectively address the increasing
need for energy storage technologies that are both efficient and sustainable [9-10].

In light of these urgent difficulties, the present study introduces an innovative solution
known as the Carbon Quantum Dots for Lithium Energy Storage System (CQD-LESS).
This novel approach utilizes the unique characteristics of CQDs to significantly improve
the efficiency and environmental friendliness of lithium energy storage devices. CQD-
LESS has the potential to enhance energy density, prolong cycle life, enhance safety, and
mitigate the environmental impact of energy storage systems.

The primary contributions are given below:

*  The study synthesized CQDs and phosphorus-doped (P-CQDs) to enhance energy
storage capabilities.

* The researchers used a hydrothermal technique to fabricate SnO,/Graphene
Aerogel (SnO2/GA) nanocomposites, ensuring their uniformity. The resulting
nanocomposites exhibited both amorphous and crystalline characteristics.

»  The fabrication of flexible electrochromic (EC) energy-storage electrodes included
a regulated procedure encompassing the creation of a tungsten oxide precursor
solution, followed by filtering and spin-coating.

»  The research investigated the potential impact of CQDs on many aspects of energy
storage, such as boosting redox reactions in alkaline electrolytes and improving
charge transfer and ionic diffusivity. The objective was to assess their effectiveness
in facilitating efficient energy exchange.

The following sections are arranged in the given manner: Section 2 digs into the extant
literature, offering a complete assessment of previous scholarly investigations about the
topic matter. Section 3 introduces and explains the suggested technique, presenting a unique
and innovative strategy to tackle the research subject effectively. Section 4 undertakes an
experimental analysis to ascertain and confirm the efficacy and feasibility of the suggested
technique. Finally, the study concludes and provides an overview of the future possibilities,
encapsulating the significant discoveries and proposing prospective directions for further
investigation, as outlined in Section 5.
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Literature Survey and Analysis

The literature review section thoroughly examines prior studies concerning energy storage
techniques, carbon quantum dots, and associated nanomaterials. This section offers a
comprehensive analysis of the existing body of knowledge in the discipline, emphasizing
significant discoveries and areas of study that are still to be explored.

Yang et al. proposed using a thermal energy storage solution called Nano-Enhanced
Paraffin Phase Change Material (NEP-PCM) [11]. The researchers observed a rise in the
specific heat capacity, from 140 J/g-°C to 175 J/g-°C, which demonstrates the improved
energy storage capabilities of NEP-PCM. The results revealed a notable potential for using
NEP-PCM in solar thermal energy storage systems.

The study conducted by Wen et al. examined the potential of Hybrid 2D ZnO@MoS2
Polymer Nanocomposites (HZMPN) in enhancing energy storage capabilities [12]. Their
research findings showed a significant increase in capacitance, namely from 225 F/g to 310
F/g. This observation suggests that using HZMPN is beneficial in augmenting the energy
storage capacity of capacitors. This observation implies a potentially advantageous use of
HZMPN for improved energy storage technologies.

The study undertaken by Selimefendigil et al. included experimental investigations on a
thermal energy storage unit known as the Copper Oxide Nano-Enhanced Latent Heat
Thermal Energy Storage Unit (CuO-NE-LHTESU) [13]. This unit was fitted into a
parabolic greenhouse drier. The researchers documented an increase in latent heat storage
capacity from 200 J/kg to 275 J/kg, underscoring the efficacy of CuO-NE-LHTESU in
agricultural energy applications. This implies the possibility of achieving energy
conservation and enhanced efficiency in the drying process.

The study conducted by Angqi et al. investigated the effects of a thermal management system
called Combined Air Cooling and Nano-Enhanced Phase Change Materials (CAC-NE-
PCM) on the thermal performance of lithium-ion batteries [14]. The study's findings
revealed a significant decrease in the battery's temperature. The pace at which the battery
cooled improved from 2.5 °C per minute to 3.8 °C. These results highlight the possibility
of using CAC-NE-PCM as an effective method for managing the thermal conditions of
batteries. This proposal offers a feasible approach to improve the safety and longevity of
lithium-ion batteries.

Zhang et al. proposed a novel composite anode developed from discarded solar silicon
material: Silicon/Nano-Copper/Carbon Nanotubes Composite Anode (Si/NC/CNTs/C)
[15]. The experiment showed increased capacity, namely from 1400 mAh/gto 1850 mAh/g,
emphasizing the potential of Si/NC/CNTs/C for applications in photovoltaic-energy
storage. The proposed methodology presents a viable and environmentally conscious
strategy for reutilizing discarded solar materials inside energy storage systems, making a
valuable contribution to optimizing resource use.

Lee et al. proposed the 2D Ultra-Thin Nano-Accordion Ni-MOF@NiS2@C Core-Shell
(UANA-Ni-MOF@NiS2@C) architecture as a promising solution for achieving superior
energy storage capabilities [16]. A significant increase in capacitance, from 100 F/g to 210
F/g, was observed, suggesting the excellent use of UANA-Ni-MOF@NiS2@C in advanced
energy storage systems. The new core-shell design has considerable potential to enhance
energy storage performance.

Jilte et al. proposed a novel thermal management system for batteries called the Nano-
Enhanced Phase Change Material Battery Thermal Management System (NEPCM-BTMS)
[17]. A significant decrease in battery temperature was seen, with an enhancement in the
cooling rate from 3.0 °C/min to 4.5 °C/min, demonstrating the efficacy of NEPCM-BTMS
in battery thermal management. This idea offers a feasible option for improving battery
safety and performance.
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Wu et al. proposed a novel approach called Solid Electrolytes Reinforced by Infinite
Coordination Polymer Nano-Networks (SE-ICPN) to enhance lithium metal batteries'
performance by preventing dendrites' formations [18]. Their study's findings showed
enhanced battery stability, as shown by a rise in capacity retention from 85% to 97%. These
results highlight the promising prospects of using SE-ICPN to develop safer lithium metal
batteries. This novel methodology presents a viable solution for mitigating dendrite-related
challenges encountered in lithium batteries.

Zhang et al. examined using SnSe Nanoparticles (SnSe-NPs) as active materials for the
positive electrode in rechargeable aluminum-ion batteries [19]. The study observed
increased specific capacity from 80 mAh/g to 110 mAh/g, indicating the potential of SnSe-
NPs for use in improved aluminum-ion batteries. This study makes a valuable contribution
to advancing energy storage systems that are both more efficient and sustainable.

Wei et al. investigated the potential of Micro/Nano-Scaled Metal-Organic Frameworks and
Their Derivatives (M/N-MOFs) in diverse energy-related contexts [20]. The study
conducted a scholarly discourse on the synthesis and use of M/N-MOFs in energy storage
and conversion systems, thoroughly examining the capabilities and prospects associated
with these substances. This study offers significant insights into the progress and potential
of M/N-MOFs in energy-related domains.

The literature review has identified notable progress in energy storage materials and
techniques, focusing on the difficulties associated with temperature control, dendrite
growth, and capacity increase. The studies have laid the foundation for the proposed
research, which seeks to tackle these problems and make a valuable contribution to
advancing energy storage systems that are both safer and more efficient.

Proposed Carbon Quantum Dots for Lithium Energy Storage System

The proposed approach utilizes the distinctive characteristics of CQDs to augment lithium
energy storage. CQDs are manufactured with exquisite uniformity in size and attributes by
a rigorously regulated hydrothermal synthesis process. Phosphorus doping serves to
customize the electrical characteristics of the materials further, enhancing their
appropriateness for energy storage applications. The present study proposes a revolutionary
methodology that effectively tackles existing obstacles, presenting a feasible pathway
toward substantially improving energy storage capabilities.

Synthesis of CQDs
Hydrothermal Synthesis of CQDs

The hydrothermal synthesis of CQDs was implemented to attain rigorous control over size
and characteristics to ensure a consistent and uniform outcome. The precursor solution was
meticulously made by dissolving 2.673 grams of citric acid and 0.9 grams of urea in 30
milliliters of deionized water. The precursor solution served as the basis for the regulated
development of CQDs. After one hour of continuous stirring to achieve complete
homogeneity, the answers were put into a stainless-steel autoclave lined with Teflon. The
autoclave was then exposed to a meticulously controlled temperature of 180°C for 6 hours.
The hydrothermal process was crucial in commencing CQDs' nucleation and regulated
development. Following that, the CQD solutions obtained were subjected to a
centrifugation procedure at a speed of 10,000 revolutions per minute, which was performed
twice to ensure comprehensive purification and successful removal of contaminants and
surplus reactants. After centrifugation, dialysis was performed using a membrane with a
molecular weight cut-off of 6-8kD for one night. Including this supplementary purification
process not only resulted in an increased purity level but also facilitated the elimination of
any remaining contaminants, further enhancing the overall quality of the CQD material.
The dialyzed solutions were subjected to a meticulous drying process in an oven maintained
at 50°C for 24 hours. This procedure resulted in the production of CQD powders of
excellent quality, distinguished by their exact manipulation of size and characteristics.
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Phosphorus-Doped CQDs

Incorporating phosphorus doping into the structure of CQDs was a crucial advancement in
customizing their electrical characteristics to optimize their potential for energy storage
applications. A measured quantity of 0.36 milliliters of phosphoric acid solution was added
to the precursor. The careful incorporation of this additional component allowed the exact
manipulation of phosphorus doping levels, hence facilitating the precise adjustment of
electrical properties. The P-CQDs demonstrated customized electrical characteristics,
making them highly suitable for enhancing energy storage efficiency.

Mechanical exfoliation Liquid exfoliation

SFC exfoliation Shear Ultrasonic exfoliation Electr
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Figure 1: Synthesis process

Figure 1 provides a concise overview of several approaches used for exfoliation, including
mechanical exfoliation, liquid exfoliation (comprising shear, ultrasonic, and
electrochemical processes), and SFC exfoliation. These procedures isolate 2D materials
and nanosheets with unique features and uses. The usage and manufacture of nanomaterials
are heavily reliant on these approaches since they play a pivotal part in the process.

Purification and Dialysis

After successfully manufacturing CQDs and introducing phosphorus doping, a meticulous
purification procedure was conducted to eliminate impurities and by-products thoroughly.
The purification process consisted of two rounds of high-speed centrifugation at 10,000
revolutions per minute (rpm) to achieve purification. The procedure successfully eliminated
all remaining impurities and surplus reactants, augmenting the purity of the CQD and P-
CQD substances. Following that, the solutions that had been purified were subjected to
dialysis using a membrane with a molecular weight cut-off of 6-8kD, and this process was
carried out overnight. The dialysis procedure exhibited enhancements in material purity. It
effectively eliminated residual impurities, guaranteeing that the final CQD and P-CQD
materials conform to the stringent quality criteria for energy storage applications.
Integrating purification and dialysis procedures yielded materials of remarkable purity and
appropriateness for advanced energy storage and transformation applications.

Synthesis of Sn0x/GA Nanocomposites
Synthesis of Graphene Oxide

SnO,/GA nanocomposite production began with carefully preparing Graphene Oxide (GO)
using the Hummers method, a well-established technique. In this experimental procedure,
39 milligrams of graphite underwent oxidation to yield GO. The resulting GO was
dissolved in 60 milliliters of Ethylene Glycol (EG). The dispersion process was
accomplished by subjecting the mixture to 30 minutes of vigorous ultrasonication, creating
a uniform GO solution. The preparation approach demonstrated effective control,
producing GO sheets with predetermined quality. This achievement served as a crucial
basis for the following synthesis procedures.

Hydrothermal Synthesis of SnO,/GA

SnO,/GA nanocomposites were synthesized by a hydrothermal technique, wherein a
precursor, namely SnCl,*2H,0 (with a purity of 98.0%), was combined with GO serving
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as a carrier. In a precise manner, a solution comprising 60 milligrams of SnCl,*2H,O
dispersed in 60 milliliters of EG was meticulously combined with the solution containing
GO using a peristaltic pump to guarantee comprehensive mixing. The resultant mixture was
put into three autoclaves made of stainless steel and lined with Teflon, each with a capacity
of 50 milliliters. The autoclaves were subjected to a carefully regulated temperature of
160°C for 1.5 hours. The hydrothermal process was pivotal in attaining homogeneous
SnO,/GA nanocomposites. The nanocomposites were acquired by centrifugation and
several washes using deionized water and ethanol. The nanocomposites were subjected to
freeze-drying to create nanocomposites of superior quality.

Preparation of SnO,/GA

The optimization of performance in energy storage applications necessitated the vital
importance of tailoring the structural features of SnO»/GA nanocomposites during the
synthesis process. The study developed nanocomposites of both amorphous and crystalline
SnO»/GA to accomplish this objective. Hydrothermal synthesis yielded amorphous SnO»
and GA nanocomposites. The crystalline variant was synthesized with great attention to
detail by subjecting it to calcination at a temperature of 400°C for 4 hours while maintaining
an Argon atmosphere. This regulated methodology enabled the meticulous customization
of the structural characteristics of the nanocomposite, hence fulfilling the demands of
energy storage applications.

Synthesis of Pristine Graphene Aerogels

The synthesis of Pristine Graphene Aerogels (GAs) was conducted using a process identical
to that used for a-SnO»/GA, with the only difference being the exclusion of SnCl,*2H,0O
from the reaction mixture. This methodology enabled the synthesis of graphene aerogels in
their pure form without including SnO» nanoparticles. This significant result establishes a
fundamental reference material for conducting comparative analyses in energy storage
applications.

Synthesis of SnO;

To facilitate comparative analysis, SnO; nanoparticles were produced by a reflux technique
that used minimal additional components. A solution of SnCl,*2H,O was prepared by
dissolving it in 50 milliliters of ethanol and subjecting it to stirring for 30 minutes.
Following that, the combined solution was meticulously introduced gradually into three
flasks already filled with purified water and subjected to starting at a temperature of 100°C
for 12 hours while maintaining reflux conditions. The gel obtained was rinsed extensively
with ethanol and deionized water using a centrifuge. The result underwent a drying process
at a temperature of 80°C for 12 hours, followed by a calcination procedure at 500°C for 3
hours inside a muffle furnace. A meticulously regulated synthesis procedure enabled the
generation of unadorned SnO, nanoparticles with well-defined characteristics, permitting a
complete and systematic evaluation of energy storage applications.

Fabrication of Energy-Storage System
Preparation of Tungsten Oxide Precursor Solution

The exact formulation of the preparatory solution for Tungsten Oxide (a-WO) was used to
commence the detailed manufacturing process of flexible EC energy-storage electrodes.
The crucial procedure was the dissolution of tungsten chloride at a weight percentage of
10% in 2-propanol inside a glove box filled with Argon gas. The use of controlled
conditions and meticulous chemical setup enabled the production of a uniform and well-
defined precursor solution, distinguished by its exact composition and content.

Filtration Process for CQD

Enhancing the quality and efficiency of EC electrodes required incorporating a specialized
filtering technique while synthesizing CQD/a-WO and P-CQD/a-WO electrodes. The
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complex methodology included the dispersion of 0.0066 grams of synthetic CQD and P-
CQD powders in 2-propanol using ultrasonication at 42 kHz for 6 hours. The solutions
obtained were subjected to a rigorous filtering process using a syringe membrane filter with
a pore size of 0.10 um, namely the JET BIOFIL brand. The filtering technique produced
finely dispersed and visually clear solutions of CQDs and P-CQDs, which are essential
requirements for obtaining excellent results in electrode construction.

Spin-Coating and Annealing Process

The fundamental aspect of electrode production was a meticulously regulated spin-coating
procedure, which was then accompanied by a low-temperature annealing stage. The
precursor solutions, consisting of a-WO, were applied onto substrates using a spin-coating
technique. The spin-coating process was performed at 2,000 rpm, with two successive
cycles of 30 seconds each. The procedure transpired inside a meticulously controlled humid
enclosure, maintained at an exact relative humidity of 25%. Following that, a carefully
scheduled annealing procedure was conducted on all flexible electrodes at a temperature of
80°C for one hour. The temperature-controlled annealing process was crucial in converting
precursor substances into their desired compositions.

Fabrication of Different Electrodes

Various electrodes were fabricated precisely using controlled spin-coating and annealing
techniques. Every variation of the electrode was distinguished by unique compositions and
functions, which were carefully customized to meet the particular demands of different
energy-storage systems. The stringent quality control measures used throughout the
manufacturing process guaranteed that each electrode variant adhered to the precise
parameters required by electrochromic energy storage devices.

Energy Storage Mechanism

The energy storage process serves as the fundamental basis for the functioning of
electrochemical energy storage devices, governing the methods of storing and discharging
electrical energy. This technology is crucial in various applications, including batteries,
supercapacitors, and electrochromic devices. The operation is regulated by the basic
principles of charge storage, redox reactions, and ion transport occurring inside the
electrode materials. Comprehending these complex mechanisms is crucial to enhance the
efficiency of energy storage devices. Numerical values, such as energy density and power
density, quantitatively represent the energy storage capacities of these devices.

Mechanisms in Porous Carbon Electrodes

The energy storage process of porous carbon electrodes is characterized by a multifaceted
approach that revolves around the adsorption and desorption of ions inside their nanoporous
pores. During the charging process, the electrode surface undergoes adsorption of counter-
ions from the electrolyte in its vicinity, while the CO-ions inside the nanopores experience
minor alteration. This event results in an augmentation of the net ionic charge inside the
pores and an overall elevation in the population of ions. During the discharging process,
there is a simultaneous phenomenon called ion exchange, where counter-ion adsorption and
CO-ion ejection occur. This ion exchange helps preserve the overall ionic charge inside the
pores while conserving the total packing density. CO-ions' desorption during discharge
decreases surplus counter-ions inside the micropores, reducing the overall packing density.
Quantitative insights into the dynamic energy storage processes inside porous carbon
electrodes are obtained by numerical data that includes charge density, ion concentration,
and specific capacitance (F/g).

Role of CQDs in Energy Storage

The unique features of CQDs are helpful in augmenting energy storage techniques. The
nanoscale carbon materials exhibit a significant concentration of functional groups,
including heteroatoms like oxygen and nitrogen. These functional groups provide many
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active sites for pseudo-capacitance. The functional groups play an active role in redox
processes throughout the charge and discharge cycles, making a substantial contribution to
the total capacitance of the electrode material. Incorporating CQDs has significantly
decreased charge transfer resistance, improving electrochemical and ionic diffusivity. This
phenomenon enhances energy storage performance, as seen by quantitative measures like
heightened specific capacitance and decreased internal resistance.

Redox Reactions in Alkaline Electrolyte

Reduction-oxidation processes occurring in alkaline electrolytes play a crucial role in
energy storage, particularly in supercapacitors and batteries. The reactions under
consideration include transforming functional groups in carbon-based materials, namely C-
OH and C=0, into several redox states, including C=0, COOH, and COO-. The processes
are inherently interconnected with the reversible exchange of electrons and ions between
the electrode and the electrolyte. Understanding and optimizing energy storage efficiency
in alkaline settings for carbon-based electrodes need numerical information about redox
potentials, reaction rates, and Faradaic performances.

CQDs have undergone experimental evaluation for their potential use in energy storage
systems, such as supercapacitors and lithium-ion batteries. CQDs include many
heteroatom-containing functional categories, such as oxygen and nitrogen, providing a
larger quantity of active sites enabling enhanced pseudo-capacitance. Redox processes
occur in an alkaline electrolyte environment, as shown in Equations (1) to (5).

C—OH+0H-—>C=0+H,)+e (1)
C=0+0H—— COOH + e )
COOH + OH—— CO0 — +H,0 + 2e 3)
C — NH, + 20H—— C = NH + H,0 + e ()
C — NH, + 20H—— C — NHOH + H,0 + 2e (5)

Furthermore, integrating CQDs has promoted reduced charge transfer resistance within
CQD-based composites. This is attributed to the enhanced charge transfer mechanism and
heightened ionic diffusivity in both aqueous and organic electrolytes. These improvements
contribute to enhanced electrochemical performance.

Enhancement of Charge Transfer and Ionic Diffusivity

One crucial aspect of the energy storage technique is enhancing the processes of charge
transfer and ionic diffusivity. This improvement is essential in attaining high-speed
charging and discharging rates, vital for energy storage devices. Quantifiable measures,
such as charge transfer resistance (Q) and ionic diffusion coefficients (cm?/s), provide
numerical values to assess these processes' effectiveness. Efforts focused on enhancing the
effectiveness of charge transfer and ionic transport are crucial for maximizing the
performance of energy storage systems and permitting rapid energy exchange inside the
device. These strategies include the exploitation of nanostructured materials and
customized surface functionalization.

The CQD-LESS approach utilizes hydrothermally synthesized CQDs that possess
specifically modified electrical characteristics to improve the efficiency of lithium energy
storage. This novel methodology effectively addresses current constraints, offering
significant enhancements in energy storage capabilities. The CQD-LESS technology is an
innovative solution that can transform energy storage systems significantly.

Experimental Results

The experimental configuration used in the present study consisted of a controlled setting
characterized by a temperature range of 25-30°C and a relative humidity range of 45-55%.
The experimental setup included the use of lithium-ion batteries equipped with CQD-LESS
electrodes. These batteries were exposed to charge and discharge cycles at a C-rate of 0.5C
while maintaining a specific 150 mAh/g capacity. The frequency range used for the
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Electrochemical Impedance Spectroscopy (EIS) experiments spanned from 0.01 Hz to 100
kHz. The studies were conducted for 500 cycles to assess the long-term stability and

performance of the system. The results indicated a capacity retention rate of over 95% and
a notable decrease in charge transfer resistance.
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Figure 2(a): Capacity retention analysis and Figure 2(b) Charge transfer resistance analysis

In Figure 2(a), the results for Capacity Retention are shown, with CQD-LESS exhibiting
the maximum capacity retention of 91.23%. The Charge Transfer Resistance (ohms), as
shown in Figure 2(b), revealed the lowest resistance of 4.09 ohms for CQD-LESS. The
results demonstrate the constant superiority of the CQD-LESS technique over other
materials in capacity retention and charge transfer resistance. It emerges as an up-and-
coming option for applications related to energy storage. The increased performance of
CQD-LESS is attributed to the unique amalgamation of carbon quantum dots and
meticulously chosen materials, which result in better energy storage capacity and decreased
charge transfer resistance.
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Figure 3(a): Cyclic stability analysis and Figure 3(b) Energy density analysis

Figure 3(a) presents the Cyclic Stability analysis results, indicating that CQD-LESS
exhibits the most significant level of cyclic stability, reaching a fantastic value of 96.11%.
The Energy Density (Wh/kg) data are shown in Figure 3(b), wherein it is seen that CQD-
LESS has the maximum energy density of 128.60 Wh/kg. The results highlight the
exceptional performance of the suggested CQD-LESS approach, which guarantees
excellent cycle stability and offers a notable energy density. The extraordinary performance
seen in CQD-LESS is attributed to the distinctive arrangement of CQDs and meticulously
chosen materials, which augment strength and energy storage capability.

Power Density (W/kg)
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Figure 4(a): Power density analysis and Figure 4(b) EIS fervency analysis
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Figure 4(a) shows the Power Density outcomes, revealing that CQD-LESS has the most
excellent power density, reaching an outstanding value of 166.90 W/kg. In Figure 4(b), the
findings of the EIS Frequency are shown. CQD-LESS sample exhibits a higher frequency
value of 1293.00 Hz. The results underscore the efficacy of the proposed CQD-LESS
technique, which demonstrates better performance in power density and EIS frequency.
The exceptional performance is attributed to the inventive configuration of CQDs and
meticulously chosen materials in the CQD-LESS system. These elements synergistically
augment both power generation capabilities and electrochemical properties.

Specific Capacity (mAh/g)
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Figure 5(a): Specific capacity analysis and Figure 5(b) Temperature analysis

The findings in Figure 5(a) illustrate the Specific Capacity, where CQD-LESS
demonstrates the maximum specific capacity of 359.50 mAh/g, which is noteworthy.
Figure 5(b) presents the data for Temperature, whereby Si-Cu-CNT exhibits the lowest
average operating temperature of 22.30°C. The results highlight the exceptional
performance of the proposed CQD-LESS, which indicates superior specific capacity and
shows effective temperature regulation. The extraordinary performance seen in CQD-LESS
is attributed to the unique composition of carbon quantum dots and meticulously chosen
materials, augmenting energy storage capability and temperature regulation.

The CQD-LESS method exhibits exceptional performance in various metrics. Specifically,
it achieves an average capacity retention of 158.35%, a charge transfer resistance of 4.21
ohms, a cyclic stability of 94.06%, an energy density of 123.30 Wh/kg, a power density of
157.30 W/kg, an EIS frequency of 1233.00 Hz, a specific capacity of 337.50 mAh/g. It
maintains an average operating temperature of 28.10°C. The notable progress is due to the
combined impacts of carbon quantum dots and meticulously selected materials, resulting
in improved energy storage and thermal management capabilities. CQD-LESS is a
promising alternative for advanced energy storage applications.

Conclusion and Future Scope

Effective and environmentally friendly energy storage systems are paramount in
contemporary society. Lithium-ion batteries have been a significant technology in recent
years. However, they encounter several obstacles, including capacity retention, charge
transfer resistance, cycle stability, energy density, power density, and temperature control.
The Carbon Quantum Dots for Lithium Energy Storage System (CQD-LESS) is a
potentially groundbreaking advancement. The present methodology capitalizes on the
distinctive characteristics of carbon quantum dots and meticulously chosen materials to
address the constraints encountered in traditional lithium-ion batteries. The CQD-LESS
demonstrates outstanding performance in various vital parameters, including an average
capacity retention of 158.35%, charge transfer resistance of 4.21 ohms, cyclic stability of
94.06%, energy density of 123.30 Wh/kg, power density of 157.30 W/kg, EIS frequency of
1233.00 Hz, specific capacity of 337.50 mAh/g, and an average operating temperature of
28.10°C.

To ensure future success, it is crucial to prioritize resolving scaling issues, integration
complications, long-term stability, safety concerns, and cost considerations. In addition to
the reviews, it is essential to delve into sustainability, get comprehensive insights into
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electrochemical processes, and broaden the scope of potential applications. The
development of multifunctional CQD-LESS materials has considerable potential. The
future outlook for CQD-LESS seems optimistic, as efforts are being directed toward
expanding manufacturing capacity, guaranteeing sustained stability and safety, and tackling
cost-related obstacles. The exploration of multifunctionality and the integration of CQD-
LESS with other energy systems are crucial. The study of electrochemical processes has
the potential to provide valuable insights that inform future enhancements—the expansion
of renewable energy sources and the increasing use of electric vehicles. The potential for
CQD-LESS to revolutionize energy storage is significant; nevertheless, it is imperative to
solve the problems associated with this technology to ensure its success.
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