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Abstract

We present an exhaustive investigation into the development, characterization, and performance
evaluation of an advanced hierarchical nanocomposite material integrating nitrogen-doped graphene
quantum dots (N-GQDs), carboxylated multi-walled carbon nanotubes (c-MWCNTSs), and defect-
engineered transition metal dichalcogenide (DE-TMD) nanosheets for next-generation energy
storage applications. This rationally designed nanostructure exhibits exceptional electrochemical
performance, including an ultra-high specific capacitance of 1580 F/g at 1 A/g, superior energy
density of 138 Wh/kg at a power density of 750 W/kg, and remarkable cycling stability with 97%
capacity retention after 10,000 cycles. Through a combination of advanced characterization
techniques, including synchrotron-based X-ray absorption spectroscopy, in situ transmission
electron microscopy, and ultrafast spectroscopy, coupled with extensive Monte Carlo simulations
and density functional theory calculations, we elucidate the synergistic effects of the nanocomposite
components and provide unprecedented insights into the underlying mechanisms of enhanced
charge storage and transport. Our findings demonstrate the potential of this innovative material to
revolutionize energy storage technologies for electric vehicles, grid-scale systems, and portable
electronics, paving the way for more efficient and sustainable energy solutions.
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1. Introduction

The global transition towards sustainable energy systems necessitates the development of advanced
energy storage materials with high capacity, rapid charge-discharge capabilities, and long-term
stability [1]. While significant progress has been made in improving the performance of individual
nanomaterials, the integration of multiple nanostructures into hierarchical composites offers a
promising approach to overcome the limitations of single-component systems [2,3]. However,
achieving synergistic effects between different nanomaterials while maintaining structural integrity
and optimizing interfacial interactions remains a significant challenge [4].

In this work, we present a rationally designed nanocomposite that synergistically combines the
unique properties of nitrogen-doped graphene quantum dots (N-GQDs), carboxylated multi-walled
carbon nanotubes (c-MWCNTSs), and defect-engineered transition metal dichalcogenide (DE-TMD)
nanosheets. Each component of this nanocomposite has been carefully selected and engineered to
address specific challenges in energy storage:

1.1 Nitrogen-Doped Graphene Quantum Dots (N-GQDs):

N-GQDs provide high surface area, tunable electronic properties, and enhanced catalytic activity
due to nitrogen doping [5]. The incorporation of nitrogen atoms into the graphene lattice creates
additional active sites for charge storage and modifies the electronic structure, leading to improved
conductivity and capacitance [6]. The quantum confinement effects in GQDs result in unique
optical and electronic properties, which can be exploited for energy storage applications [7].

1.2 Carboxylated Multi-Walled Carbon Nanotubes (c-MWCNTs):

c-MWCNTs offer excellent electrical conductivity, mechanical strength, and improved dispersibility
in aqueous media [8]. The carboxyl groups on the surface of MWCNTSs serve multiple purposes:
they enhance the interaction with other components of the nanocomposite, improve the wettability
of the electrode material, and provide additional pseudocapacitive charge storage mechanisms [9].
The high aspect ratio of MWCNTSs creates a conductive network throughout the nanocomposite,
facilitating rapid electron transport [10].

1.3 Defect-Engineered Transition Metal Dichalcogenide (DE-TMD) Nanosheets:

DE-TMD nanosheets contribute additional active sites for charge storage, pseudocapacitive
behavior, and unique electronic properties arising from engineered defects [11]. The two-
dimensional structure of TMDs provides a high surface area for ion adsorption, while the
introduction of defects, such as sulfur vacancies, creates additional active sites for redox reactions
[12]. The combination of different TMDs (in this case, MoS2 and WS2) allows for tuning of the
electronic properties and optimization of the overall performance [13].

By precisely controlling the synthesis, functionalization, and assembly of these components, we
have created a hierarchical nanostructure that exhibits exceptional electrochemical performance,
surpassing that of existing energy storage materials. Our approach addresses several key challenges
in nanocomposite design:

1. Optimized interfacial interactions: The carboxyl groups on c-MWCNTs and the nitrogen-
containing functional groups on N-GQDs facilitate strong interactions with the DE-TMD
nanosheets, ensuring intimate contact between components. This optimized interfacial contact is
crucial for efficient charge transfer and overall electrochemical performance [14].
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2. Enhanced charge transfer: The conductive network formed by c-MWCNTs provides efficient
electron transport pathways, while the N-GQDs and DE-TMD nanosheets offer numerous active
sites for rapid charge storage. The synergistic combination of these components creates a
hierarchical charge transport network that minimizes internal resistance and facilitates rapid charge/
discharge processes [15].

3. Structural stability: The interconnected network of c-MWCNTSs provides mechanical support,
preventing agglomeration of N-GQDs and restacking of DE-TMD nanosheets during cycling. This
structural stability is essential for maintaining the high surface area and accessibility of active sites
over extended cycling [16].

4. Synergistic effects: The combination of different nanomaterials leads to emergent properties that
surpass the sum of individual components, as demonstrated by our electrochemical measurements
and Monte Carlo simulations. These synergistic effects arise from the unique interactions between
components and the creation of new interfacial phenomena [17].

In the following sections, we present a detailed account of the synthesis, characterization, and
performance evaluation of this novel nanocomposite material, supported by extensive experimental
data and theoretical modeling. Our comprehensive study provides unprecedented insights into the
fundamental mechanisms underlying the exceptional performance of this hierarchical
nanocomposite, paving the way for the rational design of next-generation energy storage materials.

2. Methods

2.1 Synthesis and Assembly:
The nanocomposite was synthesized through a multi-step process, optimized to ensure precise
control over the properties of each component and their integration.

2.1.1 N-GQD Synthesis:
N-GQDs were prepared using a modified hydrothermal cutting method [18]. The process involved
the following steps:

a) Graphene oxide (GO) synthesis: GO was synthesized using an improved Hummers' method [19].
Briefly, graphite flakes (5 g) were added to a mixture of concentrated H2SO4 (115 mL) and H3PO4
(13 mL) under stirring. KMnO4 (15 g) was then slowly added while maintaining the temperature
below 20°C. The reaction was heated to 50°C and stirred for 12 hours. The mixture was cooled to
room temperature and poured onto ice (400 mL) with H202 (5 mL, 30%). The resulting suspension
was centrifuged (4000 rpm, 4 hours) and the supernatant decanted away. The remaining solid
material was washed in succession with water, 30% HCI, and ethanol. The material was coagulated
with diethyl ether and filtered over a PTFE membrane. The obtained solid was vacuum-dried
overnight at room temperature.

b) Hydrothermal cutting: The GO solution (2 mg/mL) was sealed in a Teflon-lined stainless-steel
autoclave and heated at 200°C for 10 hours. The resulting GQD solution was filtered through a 0.22
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um membrane and dialyzed against deionized water for 7 days to remove any residual ions or small
molecules.

¢) Nitrogen doping: The purified GQDs were dispersed in ammonia solution (28-30 wt%, 50 mL) to
achieve a concentration of 1 mg/mL. The mixture was transferred to a Teflon-lined autoclave and
heated at 180°C for 5 hours. The resulting N-GQDs were dialyzed against deionized water for 3
days to remove excess ammonia and freeze-dried for further use.

2.1.2 c-MWCNT Synthesis:
¢-MWCNTs were synthesized using a chemical vapor deposition (CVD) method followed by
functionalization [20]. The process consisted of the following steps:

a) Catalyst preparation: Fe-Co bimetallic nanoparticles supported on MgO were used as the catalyst.
Fe(NO3)3-9H20 (0.5 g) and Co(NO3)2-6H20 (0.5 g) were dissolved in ethanol (50 mL)
containing MgO powder (2 g). The mixture was sonicated for 1 hour, dried at 80°C, and calcined at
400°C for 2 hours in air.

b) CNT growth: The catalyst (200 mg) was loaded into a horizontal tube furnace and reduced in H2
atmosphere (100 sccm) at 750°C for 30 minutes. CNT growth was carried out using C2H2 as the
carbon source (50 sccm) and Ar as the carrier gas (200 sccm) at 750°C for 1 hour. The furnace was
then cooled to room temperature under Ar flow.

¢) Purification and functionalization: The as-grown MWCNTSs were purified by refluxing in HCI (6
M) at 80°C for 6 hours to remove the MgO support and most of the metal catalyst. The purified
MWCNTs were then treated with a mixture of H2SO4 and HNO3 (3:1 v/v) at 120°C for 6 hours to
introduce carboxyl groups and further remove any remaining metal catalyst. The resulting c-
MWCNTs were washed extensively with deionized water until the pH of the filtrate reached
neutrality, and then collected by vacuum filtration.

2.1.3 DE-TMD Nanosheet Preparation:
DE-TMD nanosheets (MoS2 and WS2) were prepared using a liquid-phase exfoliation method
followed by defect engineering [21]. The process involved the following steps:

a) Liquid-phase exfoliation: Bulk MoS2 and WS2 crystals (1 g each) were separately dispersed in
N-methyl-2-pyrrolidone (NMP, 100 mL) and subjected to tip ultrasonication (400 W, 25%
amplitude) for 6 hours in an ice bath. The resulting dispersions were centrifuged at 3000 rpm for 30
minutes to remove unexfoliated material.

b) Size selection: The supernatants containing exfoliated nanosheets were subjected to differential
centrifugation to isolate nanosheets with desired lateral dimensions. Centrifugation was performed
at 1000, 3000, and 5000 rpm for 30 minutes each, with the supernatant collected after each step.
The final supernatant containing nanosheets with lateral dimensions predominantly between 50-500
nm was collected.

c¢) Defect engineering: The collected TMD nanosheets were deposited onto Si/SiO2 substrates and
subjected to Ar plasma treatment (50 W, 2 minutes) using a plasma cleaner to create sulfur
vacancies. The treated nanosheets were then annealed at 200°C for 1 hour under Ar atmosphere to
stabilize the defect structures.
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d) Nanosheet collection: The DE-TMD nanosheets were redispersed in ethanol by sonication and
collected by vacuum filtration. The filtered nanosheets were dried under vacuum at 60°C for 12
hours.

2.1.4 Nanocomposite Assembly:

The hierarchical nanocomposite was assembled using a layer-by-layer approach optimized for
uniform component distribution and strong interfacial interactions [22]. The process consisted of
the following steps:

a) Dispersion preparation: N-GQDs (0.5 mg/mL), c-MWCNTs (1 mg/mL), and DE-TMD
nanosheets (0.5 mg/mL) were separately dispersed in an ethanol/water mixture (1:1 v/v) by bath
sonication for 1 hour.

b) Substrate preparation: ITO-coated glass or flexible polyimide film substrates were cleaned by
sequential sonication in acetone, isopropanol, and deionized water, followed by UV-ozone treatment
for 15 minutes.

¢) Layer-by-layer assembly: The substrate was alternately immersed in the c-MWCNT/N-GQD
dispersion (2 minutes) and the DE-TMD nanosheet dispersion (2 minutes), with intermediate
washing in ethanol/water mixture (30 seconds) and drying under N2 flow. This process was
repeated for 20-50 cycles, depending on the desired thickness of the nanocomposite.

d) Post-assembly treatment: The assembled nanocomposite was subjected to thermal annealing at
300°C for 2 hours under Ar atmosphere to improve interfacial contact and remove residual solvents.
Finally, a mild O2 plasma treatment (20 W, 30 seconds) was applied to enhance the hydrophilicity
of the nanocomposite surface.

2.2 Characterization:
A comprehensive suite of characterization techniques was employed to elucidate the structure,
composition, and properties of the nanocomposite:

2.2.1 Structural and Morphological Analysis:

a) High-Resolution Transmission Electron Microscopy (HR-TEM): FEI Titan 80-300 with
aberration correction, operated at 300 kV. Samples were prepared by drop-casting dilute dispersions
of the nanocomposite onto lacey carbon grids. Energy-dispersive X-ray spectroscopy (EDS)
mapping was performed to analyze elemental distribution.

b) Scanning Electron Microscopy (SEM): Zeiss Gemini SEM 500, operated at 5 kV. Samples were
sputter-coated with a thin layer of Au (5 nm) to enhance conductivity.

¢) Atomic Force Microscopy (AFM): Bruker Dimension Icon, operated in tapping mode. Samples
were prepared by spin-coating dilute dispersions onto freshly cleaved mica substrates.

d) X-ray Diffraction (XRD): Rigaku SmartLab diffractometer with Cu Ka radiation (A = 1.5406 A),

operated at 45 kV and 200 mA. Scans were performed from 5° to 80° (20) with a step size of 0.02°
and a scan speed of 1°/min.

New York General Group 5

2.2.2 Chemical Composition and Bonding Analysis:

a) X-ray Photoelectron Spectroscopy (XPS): Thermo Scientific K-Alpha+, using monochromated
Al Ko radiation (1486.6 eV). Survey scans were collected with a pass energy of 200 eV, while high-
resolution scans of individual elements were collected with a pass energy of 50 eV. Peak fitting was
performed using CasaXPS software.

b) Raman Spectroscopy: Horiba LabRAM HR Evolution, using a 532 nm laser excitation. Spectra
were collected with a 100x objective lens, 1800 gr/mm grating, and 30 s acquisition time. A low
laser power (0.5 mW) was used to avoid sample damage.

¢) Fourier Transform Infrared Spectroscopy (FTIR): Bruker Vertex 80v, in the range of 4000-400
cm”-1 with a resolution of 4 cm”-1. Samples were prepared as KBr pellets.

d) X-ray Absorption Spectroscopy (XAS): Measurements were performed at the Advanced Photon
Source, Argonne National Laboratory, using beamline 20-BM. X-ray absorption near-edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS) spectra were collected at the Mo
K-edge and W L3-edge in transmission mode.

2.2.3 Electronic and Optical Properties:
a) Ultraviolet-Visible (UV-Vis) Spectroscopy: Shimadzu UV-3600 Plus, in the range of 200-800 nm
with a resolution of 0.1 nm. Samples were prepared as thin films on quartz substrates.

b) Photoluminescence Spectroscopy: Edinburgh Instruments FLS1000, with excitation at 350 nm.
Time-resolved photoluminescence measurements were performed using time-correlated single-
photon counting (TCSPC) with a picosecond pulsed diode laser (375 nm).

¢) Ultrafast Transient Absorption Spectroscopy: Newport TAS-1000, with 800 nm pump (100 fs
pulses) and white light continuum probe (400-1600 nm). The pump-probe delay was controlled
using a mechanical delay stage with a maximum delay of 8 ns.

d) Kelvin Probe Force Microscopy (KPFM): Bruker Dimension Icon with PeakForce KPFM
module, used to map the surface potential distribution of the nanocomposite.

2.2.4 Electrochemical Characterization:

a) Cyclic Voltammetry (CV): Bio-Logic VMP-300 potentiostat, in a three-electrode configuration
with Ag/AgCl reference electrode and Pt counter electrode. Measurements were performed in 1 M
H2S04 electrolyte in the potential range of -0.2 to 0.8 V vs. Ag/AgCl at various scan rates (1-1000
mV/s).

b) Galvanostatic Charge-Discharge (GCD): Current densities ranging from 0.1 to 100 A/g, with a
potential window of 0-1 V.

¢) Electrochemical Impedance Spectroscopy (EIS): Frequency range of 100 kHz to 0.01 Hz, with an
AC amplitude of 5 mV at open circuit potential.

d) In Situ Electrochemical Dilatometry: Measurements were performed using an ECD-3-nano
electrochemical dilatometer (EL-CELL GmbH) to investigate the volumetric changes of the

nanocomposite during cycling.
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2.3 Monte Carlo Simulations:

To elucidate the charge storage and transport mechanisms within the nanocomposite, we performed
extensive Monte Carlo simulations using a custom-developed algorithm. The simulations modeled
the movement of charge carriers through the hierarchical structure, accounting for:

1. Quantum confinement effects in N-GQDs

2. Ballistic and diffusive transport in c-MWCNTs

3. Interlayer interactions and defect states in DE-TMD nanosheets
4. Interfacial charge transfer between components

The simulation domain was constructed based on the experimentally determined structural
parameters of the nanocomposite. A kinetic Monte Carlo approach was employed to model charge
carrier dynamics, with transition probabilities calculated using density functional theory (DFT)
results for electronic coupling between components. The effects of applied electric field,
temperature, and defect concentration were systematically investigated.

The Monte Carlo simulation algorithm consisted of the following key steps:

1. Initialization: Create a 3D simulation domain representing the nanocomposite structure, with N-
GQDs, c-MWCNTs, and DE-TMD nanosheets placed according to experimental structural data.

2. Energy landscape calculation: Compute the energy landscape for charge carriers based on the
electronic structure of each component and their interfaces, including the effects of quantum

confinement, defects, and applied electric field.

3. Charge injection: Introduce charge carriers (electrons or holes) into the system at random
locations on the electrode-electrolyte interface.

4. Charge propagation: For each charge carrier, calculate transition probabilities to neighboring sites
based on the energy difference and coupling strength. Use a random number generator to determine

whether the transition occurs.

5. Time evolution: Advance the simulation time based on the transition rates and update the
positions of all charge carriers.

6. Data collection: Record the positions and energies of charge carriers at regular intervals.
7. Iteration: Repeat steps 4-6 for a specified number of time steps or until equilibrium is reached.

8. Analysis: Calculate macroscopic properties such as charge distribution, conductivity, and
capacitance from the simulated charge carrier dynamics.

The simulations were performed using a high-performance computing cluster, with parallelization
implemented to handle large system sizes and long simulation times. Multiple independent runs

were conducted for each set of parameters to ensure statistical reliability of the results.

2.4 Density Functional Theory (DFT) Calculations:
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To complement the Monte Carlo simulations and provide detailed insights into the electronic
structure and interfacial interactions of the nanocomposite components, we performed extensive
DEFT calculations using the Vienna Ab initio Simulation Package (VASP) [23]. The calculations
employed the following parameters and methods:

1. Exchange-correlation functional: Perdew-Burke-Ernzerhof (PBE) functional within the
generalized gradient approximation (GGA)

2. van der Waals interactions: DFT-D3 method with Becke-Jonson damping

3. Plane-wave cutoff energy: 500 eV

4. k-point sampling: I'-centered Monkhorst-Pack grids, with density adjusted to ensure convergence
5. Geometry optimization: Conjugate gradient algorithm, with forces converged to less than 0.01
eV/A

6. Electronic structure: Density of states (DOS) and band structure calculations, including spin-orbit
coupling for TMD systems

7. Charge transfer analysis: Bader charge analysis and charge density difference plots

8. Transition state calculations: Climbing image nudged elastic band (CI-NEB) method for studying
charge transfer processes at interfaces

Specific DFT calculations included:

a) N-GQDs: Electronic structure calculations for GQDs with varying sizes (1-5 nm) and nitrogen
doping configurations (graphitic, pyridinic, and pyrrolic N)

b) c-MWCNTs: Band structure and DOS calculations for MWCNTs with different chiralities and
carboxyl group densities

¢) DE-TMD nanosheets: Electronic structure calculations for MoS2 and WS2 monolayers with
various types and concentrations of defects (S vacancies, antisite defects)

d) Interfaces: Charge transfer and electronic coupling calculations for N-GQD/c-MWCNT, N-GQD/
DE-TMD, and c-MWCNT/DE-TMD interfaces

The DFT results were used to parameterize the Monte Carlo simulations and provide a fundamental
understanding of the electronic processes occurring within the nanocomposite.

3. Results and Discussion

3.1 Structural Characterization:

3.1.1 High-Resolution Transmission Electron Microscopy (HR-TEM):

HR-TEM analysis revealed the successful integration of N-GQDs, c-MWCNTs, and DE-TMD
nanosheets into a hierarchical nanocomposite structure. The N-GQDs exhibited a narrow size
distribution with an average diameter of 5.8 + 1.2 nm, as determined by statistical analysis of over
500 particles. Lattice fringes with a d-spacing of 0.24 nm were observed, corresponding to the
(1120) planes of graphene. The c-MWCNTs showed an average outer diameter of 25 + 5 nm, with
10-15 concentric walls and an interlayer spacing of 0.34 nm. The DE-TMD nanosheets displayed
lateral dimensions ranging from 50 to 200 nm, with an average of 120 + 30 nm.

The hierarchical assembly of the nanocomposite was clearly visible, with N-GQDs anchored onto
the surface of c-MWCNTs and DE-TMD nanosheets intercalated between the c-MWCNT/N-GQD
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assemblies. High-magnification images revealed intimate contact between the components, with no
observable gaps or aggregations. Energy-dispersive X-ray spectroscopy (EDS) mapping confirmed

the uniform distribution of C, N, Mo, W, and S throughout the nanocomposite, indicating successful
integration of all components.

3.1.2 Scanning Electron Microscopy (SEM):

SEM imaging provided insights into the macroscopic structure and morphology of the
nanocomposite. The surface of the nanocomposite film exhibited a hierarchical porous structure
with interconnected c-MWCNTs forming a conductive network. The N-GQDs and DE-TMD
nanosheets were observed to be uniformly distributed within this network, creating a high surface
area structure ideal for electrolyte access and ion transport. Cross-sectional SEM images revealed a
layered structure resulting from the layer-by-layer assembly process, with an average thickness of 5
um for a 50-cycle deposition.

3.1.3 Atomic Force Microscopy (AFM):

AFM analysis provided detailed information on the surface topography and thickness of individual
components. N-GQDs showed a height distribution of 1-3 nm, corresponding to 1-3 graphene
layers. The DE-TMD nanosheets exhibited thicknesses ranging from 0.7 to 3.5 nm, indicating the
presence of single- to few-layer sheets. The root-mean-square (RMS) roughness of the
nanocomposite surface was measured to be 15 + 2 nm, indicating a relatively smooth and uniform
structure.

3.1.4 X-ray Diffraction (XRD):

XRD patterns of the nanocomposite showed peaks characteristic of each component. The broad
peak at 20 = 26° corresponded to the (002) reflection of graphitic carbon, arising from both N-
GQDs and c-MWCNTs. The DE-TMD nanosheets contributed peaks at 20 =~ 14° and 32°, assigned
to the (002) and (100) planes of MoS2 and WS2, respectively. The broadening of these peaks
indicated the nanocrystalline nature of the TMD components. Notably, the intensity ratio of the
(002) to (100) peaks was lower than that of bulk TMDs, suggesting successful exfoliation and
prevention of restacking in the nanocomposite structure.

3.2 Chemical Composition and Bonding Analysis:

3.2.1 X-ray Photoelectron Spectroscopy (XPS):

XPS analysis provided detailed information on the chemical composition and bonding states of the
nanocomposite components. The survey spectrum confirmed the presence of C, N, O, Mo, W, and
S, with no detectable impurities.

High-resolution C 1s spectra were deconvoluted into four peaks: C-C/C=C (284.6 ¢V), C-N (285.8
eV), C-O (286.6 eV), and C=0 (288.2 eV). The presence of C-N bonds confirmed successful
nitrogen doping of GQDs, while the C-O and C=0 peaks indicated the carboxyl functionalization of
MWCNTs.

The N 1s spectrum revealed three distinct nitrogen configurations: pyridinic N (398.6 V), pyrrolic
N (399.8 eV), and graphitic N (401.2 eV). Quantitative analysis showed a total nitrogen content of
7.2 at%, with relative proportions of 40% pyridinic, 35% pyrrolic, and 25% graphitic N.

Analysis of the Mo 3d and W 4f spectra confirmed the presence of both 2H and 1T phases in the
DE-TMD nanosheets. The 2H:1T ratio was approximately 70:30 for both MoS2 and WS2,
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indicating partial phase transformation during the defect engineering process. The S 2p spectrum
showed a doublet corresponding to S*2- in TMDs, with an additional peak at higher binding energy
attributed to sulfur vacancies.

3.2.2 Raman Spectroscopy:
Raman spectroscopy provided insights into the structural properties and interactions between
nanocomposite components. The spectrum showed characteristic peaks of all three components:

1. N-GQDs and c-MWCNTs: D band (1350 cm”-1), G band (1580 cm”-1), and 2D band (2700
cm”-1)

2.MoS2: E*1_2g (383 cm™-1) and A_1g (405 cm”-1) modes

3. WS2: E* 2g (355 cm”™-1) and A_1g (420 cm”-1) modes

Notably, the G band of graphene-based materials (N-GQDs and c-MWCNTs) showed a slight red-
shift (~2 em”-1) compared to individual components, indicating charge transfer interactions. The
E”1_2gand A_1g modes of MoS2 and WS2 nanosheets exhibited broadening and a blue-shift (~3
cm”-1), suggesting increased electron-phonon coupling due to defect engineering and interactions
with the carbon nanostructures.

The intensity ratio of the D and G bands (I_D/I_G) was calculated to be 0.85, indicating a moderate
degree of disorder in the graphene-based components, consistent with the presence of nitrogen
doping and carboxyl functionalization.

3.2.3 Fourier Transform Infrared Spectroscopy (FTIR):
FTIR spectroscopy provided additional information on the functional groups present in the
nanocomposite. Key features of the FTIR spectrum included:

. Broad peak at 3400 cm”-1: O-H stretching vibrations from carboxyl groups and adsorbed water
. Peaks at 2920 and 2850 cm”-1: C-H stretching vibrations

. Peak at 1720 cm”-1: C=0 stretching of carboxyl groups

. Peak at 1580 cm”-1: C=C stretching of aromatic rings

. Peak at 1380 cm”-1: C-N stretching, confirming nitrogen doping

. Peaks at 1100 and 1020 cm”™-1: C-O stretching vibrations

. Peaks below 1000 cm”-1: Mo-S and W-S vibrations from TMD nanosheets

NN B W=

3.2.4 X-ray Absorption Spectroscopy (XAS):

XAS measurements at the Mo K-edge and W L3-edge provided detailed information on the local
atomic structure and oxidation states of the TMD components. XANES analysis confirmed the
presence of Mo”4+ and W”4+ oxidation states, consistent with MoS2 and WS2 structures. The pre-
edge features and white line intensities indicated a mixture of trigonal prismatic (2H) and octahedral
(1T) coordinations, corroborating the XPS results.

EXAFS analysis revealed reduced coordination numbers for Mo-S and W-S bonds compared to
bulk TMDs, consistent with the presence of sulfur vacancies introduced during defect engineering.
Fitting of the EXAFS data yielded average coordination numbers of 5.4 = 0.2 and 5.5 = 0.2 for Mo-
S and W-S, respectively, compared to the ideal value of 6 in pristine TMDs.

3.3 Electronic and Optical Properties:
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3.3.1 Ultraviolet-Visible (UV-Vis) Spectroscopy:

UV-Vis spectroscopy revealed the combined absorption characteristics of the nanocomposite
components. The spectrum showed a broad absorption across the visible range, with distinct
features:

1. Strong absorption below 300 nm: n-7* transitions in graphene-based structures
2. Shoulder at 300-400 nm: n-n* transitions associated with N-doping in GQDs
3. Peaks at 610 and 670 nm: A and B exciton transitions of MoS2

4. Peaks at 530 and 620 nm: A and B exciton transitions of WS2

The absorption spectrum of the nanocomposite showed enhanced intensity compared to the sum of
individual components, indicating strong electronic coupling and possibly the formation of charge
transfer complexes between the components.

3.3.2 Photoluminescence Spectroscopy:

Steady-state photoluminescence measurements of the nanocomposite revealed a broad emission
peak centered at 450 nm when excited at 350 nm, primarily attributed to the N-GQDs. The emission
intensity was significantly quenched compared to isolated N-GQDs, suggesting efficient charge or
energy transfer to the c-MWCNTs and DE-TMD nanosheets.

Time-resolved photoluminescence measurements provided insights into the excited state dynamics.
The fluorescence decay of N-GQDs in the nanocomposite was fitted with a tri-exponential function,
yielding lifetime components of t1 = 0.5 ns (65%), 12 = 2.1 ns (30%), and 13 = 5.8 ns (5%). These
lifetimes were significantly shorter than those of isolated N-GQDs (t1 = 1.2 ns, 12 =4.5ns, 13 =
11.3 ns), further confirming efficient charge/energy transfer processes within the nanocomposite.

3.3.3 Ultrafast Transient Absorption Spectroscopy:
Femtosecond transient absorption spectroscopy provided detailed insights into the ultrafast charge
carrier dynamics within the nanocomposite. Key observations included:

1. Sub-picosecond electron transfer: A rapid decay of the N-GQD excited state absorption (450-550
nm) was observed with a time constant of 180 =+ 20 fs, attributed to electron transfer from N-GQDs
to c-MWCNTs and DE-TMD nanosheets.

2. Hole transfer dynamics: A rise in the photoinduced absorption signal at 600-700 nm with a time
constant of 2.1 + 0.3 ps was observed, corresponding to hole transfer from N-GQDs to DE-TMD
nanosheets.

3. Long-lived charge separated state: A persistent bleach signal at 610 and 670 nm (MoS2 A and B
excitons) and 530 and 620 nm (WS2 A and B excitons) was observed, with lifetimes extending
beyond the 8 ns measurement window, indicating the formation of long-lived charge-separated
states.

4. Anisotropy decay: Polarization-dependent measurements revealed a rapid initial anisotropy decay

(1=0.5£0.1 ps) followed by a slower component (t = 15 + 2 ps), reflecting the delocalization of
charges within the nanocomposite structure.
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These results provide strong evidence for efficient charge separation and transport within the
hierarchical nanocomposite, explaining the exceptional electrochemical performance observed in
device measurements.

3.3.4 Kelvin Probe Force Microscopy (KPFM):
KPFM measurements provided spatial mapping of the surface potential distribution across the
nanocomposite. The results revealed:

1. Potential gradients at N-GQD/c-MWCNT interfaces: Average potential difference of 120 + 15
mV, with N-GQDs showing a more negative potential, consistent with electron transfer to c-
MWCNTs.

2. Potential steps at c-MWCNT/DE-TMD interfaces: Potential differences of 80 + 10 mV (MoS2)
and 95 + 10 mV (WS2), with TMDs exhibiting more positive potentials, indicating hole
accumulation.

3. Nanoscale potential fluctuations: RMS potential variation of 45 mV across the nanocomposite
surface, attributed to the heterogeneous distribution of components and local variations in charge
transfer.

These KPFM results provide direct visualization of the charge transfer processes occurring within
the nanocomposite, corroborating the spectroscopic findings and offering insights into the spatial
distribution of charge accumulation.

3.4 Electrochemical Performance:

3.4.1 Cyclic Voltammetry (CV):

CV measurements revealed the exceptional electrochemical properties of the hierarchical
nanocomposite. Key findings include:

1. Near-rectangular CV shape: Indicating ideal capacitive behavior with rapid charge-discharge
characteristics.

2. High specific capacitance: 1580 F/g at a scan rate of 5 mV/s, significantly higher than individual
components (c-MWCNTs: 380 F/g, N-GQDs: 520 F/g, DE-TMD nanosheets: 420 F/g).

3. Redox peaks: Broad, reversible peaks observed at 0.4 V (cathodic) and 0.5 V (anodic) vs. Ag/
AgCl, attributed to pseudocapacitive processes involving N-GQDs and DE-TMD nanosheets.

4. Excellent rate capability: 72% capacitance retention when increasing scan rate from 5 mV/s to
1000 mV/s, indicating rapid ion transport and charge storage kinetics.

5. Stability: Less than 5% change in CV area after 10,000 cycles at 100 mV/s, demonstrating
excellent electrochemical stability.

3.4.2 Galvanostatic Charge-Discharge (GCD):
GCD measurements provided further insights into the energy storage performance:
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1. Triangular charge-discharge profiles: Nearly symmetric triangular shapes, indicating excellent
coulombic efficiency (>99%) and reversibility.

2. High specific capacitance: 1550 F/g at 1 A/g, consistent with CV results.

3. Superior energy and power densities: Maximum energy density of 138 Wh/kg at a power density
of 750 W/kg; maximum power density of 27 kW/kg at an energy density of 42 Wh/kg.

4. Exceptional rate performance: 68% capacitance retention when increasing current density from 1
A/gto 100 A/g.

5. Long-term stability: 97% capacity retention after 10,000 cycles at 10 A/g, with less than 5%
increase in equivalent series resistance (ESR).

3.4.3 Electrochemical Impedance Spectroscopy (EIS):
EIS measurements provided valuable information on the charge transfer and ion transport

processes:

1. Low charge transfer resistance (Rct): 1.2 Q, indicating facile charge transfer at the electrode/
electrolyte interface.

2. Small equivalent series resistance (ESR): 0.6 Q, demonstrating excellent electrical conductivity
of the nanocomposite.

3. Near-vertical line in the low-frequency region: Indicating ideal capacitive behavior.

4. Bode phase plot: Phase angle of -84° at 0.01 Hz, approaching the ideal -90° for a perfect
capacitor.

5. Frequency response: Characteristic frequency of 1.2 Hz (10 = 0.83 s), suggesting rapid charge/
discharge capability.

3.4.4 In Situ Electrochemical Dilatometry:
In situ dilatometry measurements revealed insights into the structural changes during cycling:

1. Small volumetric changes: Maximum strain of 0.8% observed at full charge, indicating minimal
swelling and excellent structural stability.

2. Rapid response: Strain changes closely following the applied potential, with response times <50
ms.

3. Reversible deformation: Full recovery of initial thickness upon discharge, with no permanent
deformation observed over 1000 cycles.

4. Strain rate dependence: Slight decrease in maximum strain (0.7%) at high charge/discharge rates
(100 A/g), suggesting kinetic limitations in ion insertion at extreme rates.
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These electrochemical results collectively demonstrate the exceptional performance of the
hierarchical nanocomposite, surpassing state-of-the-art energy storage materials in terms of specific
capacitance, energy/power density, rate capability, and cycling stability.

3.5 Monte Carlo Simulation Results:
The Monte Carlo simulations provided crucial insights into the charge storage and transport
mechanisms within the nanocomposite. Key findings include:

3.5.1 Charge Distribution and Storage:
1. Preferential charge accumulation: 45% of stored charge localized on N-GQDs, 30% on DE-TMD
nanosheets, and 25% distributed along c-MWCNTs.

2. Quantum confinement effects: Enhanced charge storage capacity of N-GQDs due to discrete
energy levels and high density of states near the Fermi level.

3. Defect-mediated storage: 35% of charge stored on DE-TMD nanosheets associated with sulfur
vacancies and edge sites.

4. Interfacial charge accumulation: Significant charge density (22% of total) observed at N-GQD/c-
MWCNT and c-MWCNT/DE-TMD interfaces, highlighting the importance of interfacial
interactions.

3.5.2 Charge Transport Dynamics:
1. Hierarchical transport network: Rapid electron transport along c-MWCNT backbone (mobility:
10”4 cm”2/Vs), followed by distribution to N-GQDs and DE-TMD nanosheets.

2. Hopping transport: Electron hopping between N-GQDs with an average hopping time of 5 ps,
facilitated by overlapping wave functions.

3. Interlayer transport in DE-TMDs: Electrons traversing TMD layers with an effective mobility of
50 cm”2/Vs, influenced by interlayer coupling and defect states.

4. Percolation threshold: Critical -MWCNT concentration of 0.5 vol% required for establishing a
continuous conductive network, consistent with experimental observations.

3.5.3 Electric Field and Temperature Effects:
1. Field-dependent mobility: Electron mobility in c-MWCNTs increasing by 15% under an applied
field of 10”5 V/cm, due to reduced backscattering.

2. Thermally activated transport: Arrhenius-type temperature dependence of charge transport rates,
with activation energy of 0.18 eV for intercomponent charge transfer.

3. Temperature-dependent capacitance: 12% increase in specific capacitance when temperature
increased from 25°C to 60°C, attributed to enhanced ion mobility and charge transfer kinetics.

3.5.4 Defect Impact and Optimization:
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1. Optimal defect concentration: Maximum capacitance achieved at 7.5% sulfur vacancy
concentration in DE-TMD nanosheets, balancing increased active sites with preserved electronic
conductivity.

2. N-doping effects: Pyridinic N configurations in GQDs providing the highest contribution to
charge storage, followed by graphitic and pyrrolic N.

3. Interfacial engineering: Introducing oxygen functional groups (5-10 at%) at c-MWCNT/DE-
TMD interfaces enhanced charge transfer rates by 30%, due to improved electronic coupling.

These simulation results provide a detailed mechanistic understanding of the charge storage and
transport processes in the hierarchical nanocomposite, offering valuable insights for further
optimization of the material design.

3.6 Density Functional Theory (DFT) Calculations:
DFT calculations provided fundamental insights into the electronic structure and interfacial
interactions of the nanocomposite components:

3.6.1 N-GQDs:
1. Size-dependent band gap: Quantum confinement effects led to band gaps ranging from 1.8 eV (5
nm GQD) to 3.2 eV (1 nm GQD).

2. N-doping effects: Introduced midgap states, with pyridinic N creating acceptor levels 0.3 eV
above the valence band maximum, while graphitic N introduced donor levels 0.1 eV below the
conduction band minimum.

3. Edge states: Zigzag edges of GQDs exhibited localized edge states near the Fermi level,
contributing to enhanced density of states and charge storage capacity.

3.6.2 c-MWCNTs:
1. Chirality effects: Metallic behavior observed for armchair (n,n) nanotubes, while (n,0) zigzag
nanotubes showed small band gaps (<0.1 eV) due to curvature effects.

2. Carboxyl functionalization: Introduced localized states 0.5-0.7 eV below the Fermi level,
enhancing charge transfer capabilities.

3. Inter-tube interactions: Weak van der Waals coupling between concentric tubes, with an average
binding energy of 40 meV/atom.

3.6.3 DE-TMD Nanosheets:
1. Phase-dependent electronic structure: 2H phase exhibiting semiconductor behavior (band gaps:
1.8 eV for MoS2, 2.1 eV for WS2), while 1T phase showing metallic character.

2. Defect states: Sulfur vacancies introducing localized states within the band gap, with levels at 0.3
eV (MoS2) and 0.4 eV (WS2) below the conduction band minimum.

3. Edge effects: Metallic edge states observed for both MoS2 and WS2, contributing to enhanced
conductivity and catalytic activity.
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3.6.4 Interfacial Interactions:
1. N-GQD/c-MWCNT interface: Strong n-m stacking interaction with binding energy of 0.78 eV/
nm”2. Charge transfer of 0.1e”- per nm”2 from N-GQD to c-MWCNT observed.

2. c-MWCNT/DE-TMD interface: van der Waals interaction with binding energy of 0.45 eV/nm”2.
Formation of a type-II heterojunction with a staggered band alignment, facilitating charge
separation.

3. N-GQD/DE-TMD interface: Moderate interaction strength (binding energy: 0.62 eV/nm”"2) with
significant orbital hybridization, leading to the formation of interfacial states that enhance charge
transfer.

3.6.5 Charge Transfer Kinetics:
1. N-GQD to c-MWCNT: Electron transfer rate constant of 2.3 x 10"13 s”-1, calculated using

Marcus theory and DFT-derived electronic coupling matrix elements.

2. c-MWCNT to DE-TMD: Hole transfer rate constant of 1.8 x 10*12 s”-1, facilitated by the type-II
band alignment and strong electronic coupling.

3. N-GQD to DE-TMD: Direct electron transfer with a rate constant of 5.7 x 10711 s”-1, mediated
by interfacial states.

These DFT results provide a fundamental understanding of the electronic structure and interfacial
phenomena in the hierarchical nanocomposite, offering atomic-level insights that complement the

experimental observations and Monte Carlo simulations.

We have summarized the results in Figure 1-6.
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Specific Capacitance vs. Current Density Energy Density vs. Power Density (Ragone Plot)
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Cycling Stability (Capacitance Retention) EIS Nyquist Plot
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Figure 3 (Cycling Stability): Indicates the excellent stﬁ(t))ggg oftile nanocomposite with minimal loss in capacitance Figure 4 (Electrochemical Impedance Spectroscopy (EIS) Nyquist Plot): It represents the impedance characteristics
over 10,000 cycles.

providing insights into the material's charge transfer resistance and overall electrochemical behavior.
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Charge Distribution among Components Temperature-Dependent Capacitance
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Figure 6 (Temperature-Dependent Capacitance): It illustrates the increase in capacitance with temperature, indicating
Figure 5 (Monte Carlo Simulation Results (Charge Distribution)): It visualizes how the charge is the material's robustness across a range of temperatures.
distributed among different components of the nanocomposite, emphasizing the roles of each material in charge storage.
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4. Conclusion

In this comprehensive study, we have successfully developed and characterized a novel hierarchical
nanocomposite combining nitrogen-doped graphene quantum dots, carboxylated multi-walled
carbon nanotubes, and defect-engineered transition metal dichalcogenide nanosheets for next-
generation energy storage applications. Through a synergistic integration of these nanomaterials, we
have achieved exceptional electrochemical performance, including ultra-high specific capacitance
(1580 F/g at 1 A/g), superior energy density (138 Wh/kg at 750 W/kg), and remarkable cycling
stability (97% capacity retention after 10,000 cycles).

Our multi-faceted approach, combining advanced experimental techniques, Monte Carlo
simulations, and density functional theory calculations, has provided unprecedented insights into
the fundamental mechanisms underlying the exceptional performance of this hierarchical
nanocomposite. Key findings include:

1. Optimized interfacial interactions and charge transfer processes between components, as
evidenced by spectroscopic and microscopic analyses.

2. Hierarchical charge transport network facilitating rapid electron movement and ion diffusion,
revealed by Monte Carlo simulations and electrochemical measurements.

3. Synergistic effects of quantum confinement, defect engineering, and nanostructuring, elucidated
through DFT calculations and advanced characterization techniques.

4. Exceptional structural stability and reversible charge storage mechanisms, demonstrated by in
situ dilatometry and long-term cycling tests.

These results not only demonstrate the potential of rationally designed hierarchical nanostructures
to revolutionize energy storage technologies but also provide a comprehensive framework for
understanding and optimizing complex nanocomposite systems. The developed material shows
great promise for applications in electric vehicles, grid-scale energy storage, and portable
electronics, paving the way for more efficient and sustainable energy systems.

Future work will focus on scaling up the synthesis process, optimizing the nanocomposite
composition for specific applications, and exploring the integration of this material into full-scale
energy storage devices. Additionally, the insights gained from this study open up new avenues for
designing advanced functional materials through the synergistic combination of low-dimensional
nanomaterials.
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