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Abstract

The conversion of atmospheric CO, into valuable fuels while simultaneously storing renewable energy represents a grand
challenge in sustainable energy research. Here, we report the design and fabrication of ultrafast photo-electrocatalytic
nanoparticle networks engineered for dual CO, reduction and high-energy storage within hybrid quantum materials. The
system integrates plasmonic nanoparticles with quantum dots and 2D conductive frameworks, establishing a synergistic
interface for rapid charge separation and transfer. Under simulated solar illumination, the networks achieve femtosecond-
scale electron mobility, driving selective CO, reduction to methanol while concurrently storing charge in quantum-
confined domains. This hybrid design bridges photonic excitation and electrochemical storage mechanisms through
quantum coupling effects, yielding unprecedented energy densities (up to 420 Wh kg™) and Faradaic efficiencies above
93%. Structural and spectroscopic analyses confirm robust electron delocalization across multi-phase junctions, stabilizing
catalytic intermediates and preventing recombination losses. These findings reveal a new materials platform capable of
simultaneous carbon valorization and renewable energy storage, representing a transformative step toward closed-loop,
carbon-neutral energy systems.
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continuous power supply. To close this gap, research
communities have focused on two largely independent
strategies:  photocatalytic  CO,  reduction and
electrochemical energy storage. Photocatalysis utilizes
solar photons to convert carbon

1. INTRODUCTION

The accelerating accumulation of atmospheric
carbon dioxide has become one of the defining crises of
modern civilization. Industrial expansion, energy-
intensive manufacturing, and fossil-fuel dependency
have driven CO, concentrations to historically
unprecedented levels, thereby intensifying global
warming and ecological imbalance. The urgent demand
for carbon-neutral energy systems has therefore emerged

dioxide into value-added fuels such as methanol
or formic acid, while batteries and supercapacitors store
electrical energy for later use. Despite their individual

not only as a technological challenge but as a planetary
necessity. Solar, wind, and hydroelectric sources have
made impressive progress, Yyet their intrinsic
intermittency and low energy-storage density restrict

merits, these systems remain functionally isolated, each
addressing only one half of the global energy problem.
The integration of both functionalities within a single
material network could, in principle, enable real-time
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conversion of sunlight into storable chemical energy and
thereby create a continuous carbon-neutral loop. Figure
1 illustrates the global escalation of CO, emissions over
the last five decades alongside the widening gap between
renewable-energy generation and actual utilization

capacity. The diagram highlights why future energy
solutions must combine photochemical conversion with
direct storage mechanisms rather than treating them as
separate technologies [1-4].
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Figure 1: Global CO, Emissions and Renewable-Energy Utilization Gap (1970-2025) [5]

1.1 Scientific Gap and Novelty Proposition

Although the last decade has witnessed
remarkable improvements in nanostructured catalysts,
semiconductors, and electrode materials, there remains a
fundamental limitation in the way these systems are
architected. Conventional photocatalysts suffer from
short carrier lifetimes and poor selectivity, whereas
electrochemical storage materials lack photonic
activation pathways. Current designs therefore operate as
single-function  entities  incapable of  mutual
reinforcement [6,7].

The absence of an electronically integrated,
dual-functional platform defines the central scientific
gap that this research seeks to address. The present study
introduces the concept of photo-electrocatalytic
nanoparticle networks, engineered as hybrid quantum
materials that perform both CO, reduction and high-
energy storage under the same operational framework.
Within these networks, plasmonic nanoparticles absorb
photons and generate hot electrons that are rapidly
transferred to semiconducting and conductive domains.
The hybrid quantum coupling among these
heterogeneous components establishes ultrafast charge-

transfer channels, ensuring that the photogenerated
carriers simultaneously drive catalytic reactions and
accumulate as stored energy. This approach departs from
earlier paradigms by exploiting quantum-scale
wavefunction overlap across the interconnected
nanoparticles. Instead of relying on sequential charge
movement, the system promotes collective electron
delocalization a mechanism that yields femtosecond-
level transfer rates and enhances both catalytic turnover
and energy-storage capacity. The outcome is a unified
material system that behaves as a light-driven energy
reservoir rather than a passive photocatalyst. Table 1
summarizes representative state-of-the-art photocatalytic
and electrochemical systems, comparing their
conversion efficiency, stability, and functional scope.
The table clearly illustrates that while individual
technologies achieve moderate success in their
respective domains, none effectively combine CO,
conversion with concurrent charge retention. This
observation substantiates the novelty of developing an
electronically coupled dual-function platform that
transcends conventional design boundaries [8-11].
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Table 1: Comparative performance of existing photocatalytic and electrochemical systems for CO, conversion
and energy storage

System Type Representative Conversion / Energy Operational Primary Functional
Material Storage Efficiency Stability Limitation Category
Mechanism (%) (hours)
Photocatalytic TiO,—-Au Photo-excited 32 120 Rapid charge | Single-function
CO; Reduction plasmonic CO, — CH30H recombination; | (catalysis only)
film narrow visible-
light response
Photocatalytic CsPbBr; Photo-reduction 38 90 Instability Single-function
Perovskite guantum dots of CO, to under moist (catalysis only)
System formate conditions; ion
migration
Electrochemical Graphene / Double-layer and 72 800 No photonic | Single-function
Supercapacitor MnO, pseudocapacitive activation; (storage only)
composite storage limited specific
energy
Photo- Cu,0/ Light-assisted 54 200 Weak coupling | Partial hybrid
Electrochemical graphene charge transfer between photo (low
Hybrid Concept junction storage and storage efficiency)
components
Proposed Plasmonic Coupled photo- | Expected > 1000 Fully Dual photo-
Hybrid Au-TiO,— electrocatalytic > 90 (predicted) | integrated dual | electrocatalytic
Quantum Graphene CO reduction functionality system
Network (this network and charge
work) accumulation

1.2 Research Objectives and Scope

The overarching objective of this study is to
design, synthesize, and experimentally validate a hybrid
quantum network that performs as a single, self-
sustained system for both carbon-dioxide reduction and
energy storage. The research seeks to fabricate
interconnected nanoparticle assemblies where photonic
excitation and electrochemical accumulation are
inherently synchronized. The experimental methodology
focuses on coupling plasmonic metals with
semiconducting oxides and two-dimensional conductive
frameworks using controlled sol-gel and vapor-phase
hybridization processes. Subsequent spectroscopic and
electrochemical analyses evaluate ultrafast electron
mobility, catalytic selectivity, and charge discharge
stability [12-15].

By examining the relationship between
nanoscale structure and macroscopic performance, the
study aims to reveal how quantum coupling at material
interfaces governs overall system behavior. Such
understanding not only clarifies the mechanistic basis of
dual-function operation but also offers a route to scalable
prototypes for renewable-energy devices. In doing so,
the research builds directly upon the conceptual
foundation laid in the abstract: the unification of CO,
valorization and energy retention within one ultrafast
material network [16].

This introduction therefore establishes the
rationale and novelty of the work. The following section
will expand this groundwork through a critical analysis

of prior developments in CO, reduction, energy-storage
technologies, and emerging hybrid frameworks, thereby
contextualizing the present study within the evolving
landscape of sustainable nanomaterials research [17].

2. LITERATURE REVIEW
2.1 Advances in CO, Reduction Catalysts

Over the past decade, research on catalytic CO,
conversion has evolved from  conventional
semiconductor-based systems toward highly engineered
nanostructures designed for enhanced light absorption,
surface reactivity, and charge mobility. Early work
predominantly employed wide-bandgap semiconductors
such as TiO, and ZnO, which demonstrated reliable
photostability but limited response to the visible-light
spectrum. To overcome this constraint, plasmonic
materials, including gold and silver nanoparticles, were
introduced to extend the optical absorption range through
localized surface plasmon resonance. This innovation
significantly increased photon utilization efficiency,
though the short carrier lifetime in these systems
continued to restrict overall conversion yield [18].

The subsequent introduction of quantum
materials marked a major shift in CO, photoreduction.
Quantum dots and low-dimensional materials such as
CdSe, perovskites, and transition-metal dichalcogenides
offered tunable electronic structures and size-dependent
bandgap alignment, which improved both selectivity and
reduction potential. These advancements enabled
selective product formation most notably methanol,
formic acid, and carbon monoxide through controlled
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electron transfer pathways. Nevertheless, catalytic
selectivity remains one of the most critical bottlenecks.
Competing hydrogen-evolution reactions and the
instability of catalytic intermediates often result in low
Faradaic efficiencies and inconsistent product yields [19-
22].

Figure 2 illustrates the chronological evolution
of CO, catalytic systems from 2015 to 2025, mapping
the progression from traditional semiconductors to
contemporary hybrid plasmonic quantum materials. The
timeline visually emphasizes the accelerating integration
of optical, electronic, and catalytic functionalities that
have led to the conception of photo-electrocatalytic
systems. It also shows that despite substantial progress;
most systems are still confined to single-function
photoreduction without incorporating mechanisms for
direct energy retention.

2.2 Limitations in Energy Storage Materials

Energy storage technologies comprising
capacitors, pseudocapacitors, and rechargeable batteries
play a pivotal role in modern renewable-energy
frameworks. Among these, carbon-based

supercapacitors have attracted widespread attention for
their high-power density and rapid charge discharge
Kinetics. Their operation relies primarily on electric
double-layer formation, which facilitates fast energy
exchange but results in relatively low energy density. To
enhance storage capacity, pseudocapacitive materials
such as metal oxides and conducting polymers have been
developed, offering redox-based charge storage

through surface or near-surface reactions.
Despite these advances, the intrinsic limitation of all
these systems lies in their lack of photonic activation that
is, their inability to harness solar photons to generate or
modulate stored charge [23-27].

Extended Localized Quantum Ultrafast
visible response photothermal coupling photo-electrocatalytic
heating quantum networks
2015 2019 2021 2025
2017 2020 2023
Noble-metal Perovu- MXene and
plasmonic kite-based graphene- Ultrafast
catalysts photocatalysts integrated photo-
(Au, Ag) hybrids  electrocatalytic

@ quantum networks
Noble-metal Perovskite-based  MXene and
plasmonic catalysts  photocatalysts graphene-

intearated hvbrids

Figure 2: Evolution of CO,

Unlike  photocatalytic ~ platforms,  most
capacitive systems remain electrochemically isolated
from the photonic domain, leading to inefficient energy
utilization ~ when  integrated  into  renewable
infrastructures. Moreover, prolonged cycling often leads
to structural degradation and reduced coulombic
efficiency due to repeated ion intercalation and phase
transitions. Attempts to embed semiconductor layers into
capacitive  architectures have achieved partial
photoresponse but remain unstable or inefficient under
sustained illumination [29-32].

Table 2 summarizes the comparative
electrochemical performance of representative energy-

Catalytic Systems (2015-2025) [28]

storage materials, focusing on capacitance, energy
density, and cycle life. The table underscores a distinct
trade-off between rapid charging ability and long-term
operational stability. While materials such as graphene
and MnO, composites offer high specific capacitance,
they lack sustained quantum-level coupling with
photogenerated carriers, thus failing to establish a bridge
between solar excitation and charge retention.

2.3 Emerging Hybrid Quantum Systems

Recent advancements in hybrid quantum
materials have begun to blur the traditional distinction
between photocatalysts and energy-storage media.
Quantum dots, MXenes, and 2D-3D heterostructures
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now serve as promising scaffolds that facilitate ultrafast
charge transfer through quantum confinement and
interfacial coupling. In these systems, electrons are not
merely transported but delocalized across multiple
material domains, allowing simultaneous light
absorption, charge separation, and storage. Theoretical
studies based on time-dependent density functional
theory (TD-DFT) predict that coherent charge
oscillations within such hybrid systems can enhance
carrier lifetime by several orders of magnitude, leading
to efficient utilization of both photonic and electrical
energy. MXenes, in particular, provide metallic

conductivity and flexible chemical tunability that enable
strong coupling with semiconducting nanoparticles,
while graphene and other 2D materials offer exceptional
electron mobility and mechanical stability. When these
are combined with plasmonic or semiconductor quantum
dots, they form photo-electrocatalytic junctions capable
of both catalysis and charge accumulation. Although
experimental demonstrations of these effects are still
emerging, preliminary data indicate a transformative
potential for achieving dual-function devices that merge
the domains of catalysis and storage [33-39].

Table 2: Performance comparison of major energy-storage materials

Material Storage Specific Cycle Life | Photoactivation Limitations

System Mechanism Capacitance (cycles) Capability
(Fg™) (Wh kg™)

Activated Double-layer 150 100,000 None Low energy
Carbon storage density
MnO, / Pseudocapacitive 320 10,000 Weak (unstable | Photodegradation

Graphene redox reaction under light) over cycles

Composite

Conducting | Faradaic reaction 400 3,000 None Structural
Polymer degradation
(PANI)

TizC, Mixed ion 520 20,000 Moderate Oxidation under
MXene intercalation and UV exposure
redox

Perovskite Photo-assisted 310 5,000 Strong Stability and

/ Graphene charge storage moisture
Hybrid sensitivity

Proposed Quantum-coupled Predicted > > 50,000 Excellent Dual CO,
Hybrid photo- 600 reduction and

Quantum electrocatalysis charge retention
Network

This section, therefore, converges on a critical
conclusion: while significant progress has been made in
both CO, conversion and energy-storage technologies,
there remains an unaddressed gap in realizing a unified
hybrid quantum network capable of conducting both
functions under a single excitation source. The following
section will detail the methodology adopted in this study
to construct such networks and experimentally verify
their ultrafast photo-electrocatalytic behavior.

3. METHODOLOGY
3.1. Synthesis and Fabrication

The fabrication of the ultrafast photo-
electrocatalytic nanoparticle network was conducted
through a hybridized multistep route designed to achieve
precise coupling among plasmonic, semiconducting, and
conductive nanodomains. The process began with the
synthesis of plasmonic nanoparticles, primarily gold and
silver, using a citrate-reduction approach that produced
uniform spherical morphologies with average diameters
between 20 and 30 nm. Quantum dots, particularly CdSe
and graphitic carbon nitride (g-CszN,), were separately
synthesized through a controlled hydrothermal process to

ensure narrow size distribution and well-defined surface
terminations.

The two classes of nanoparticles were
subsequently integrated through sol-gel coupling,
forming a preliminary composite structure that preserved
both plasmonic and quantum optical activity. The gel
matrix facilitated spatial confinement of nanoparticles,
enabling strong dipole—field coupling. Following sol—gel
stabilization, the intermediate composite was subjected
to vapor-phase hybridization, during which conductive
MXene and graphene layers were sequentially deposited
under inert atmosphere at 350 °C. This vapor-phase step
ensured covalent interlinking between the plasmonic-
quantum domains and the conductive backbone, yielding
a percolated charge-transfer network [40-46].

Figure 3 illustrates the complete fabrication
flow beginning from nanoparticle synthesis, sol-gel
embedding, and subsequent vapor-phase hybridization to
form the final hybrid quantum network. Each stage is
annotated with corresponding processing conditions and
reaction zones, emphasizing the gradual evolution from
discrete nanostructures to a continuous interfacial
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network capable of dual photonic and electrochemical

activity.

Plasmonic
nanoparticle Quantum dot
synthesis preparation
Au/Ag NPs in CdSe QDs
solution
100°C 100°C

—’._>

(

D) Final hybrid film

Sol-gel embedding stage
(network confinement)

350°C Ar

annealed on
FTO substrate

!

400°C Ar/H,

l

Figure 3: Fabrication sequence of the ultrafast photo-electrocatalytic nanoparticle network

The critical parameters used during each
synthesis and deposition step are summarized in Table 3,
which lists precursor ratios, reaction temperatures, dwell

conditions were optimized to maintain lattice
compatibility between metallic and semiconducting
domains while preventing particle agglomeration or

times, and atmosphere control conditions. These surface oxidation [47-54].
Table 3: Synthesis and hybridization parameters for photo-electrocatalytic nanoparticle networks
Process Step Precursors Temperature | Time | Precursor Ratio | Atmosphere Purpose /
(°C) (min) (mol/mol) Outcome
Plasmonic HAUCI,: 100 45 1:3 Ambient Formation of Au
NP Synthesis Na;CgHsO-, NPs (20 nm)
Quantum Dot | CdSe: thiourea 180 60 1:2 N, Size-controlled QD
Formation growth
Sol-gel Si(OCHy), + 80 90 1:5 N, Matrix confinement
Coupling ethanol of nanoparticles
Vapor-Phase | TizC, MXene + 350 40 1:1 Ar Conductive layer
Hybridization Graphene deposition
Annealing / | Composite film 400 30 — Ar/H, Crystallinity
Stabilization enhancement,
defect passivation
Table 3 provides the optimized synthesis and carrier recombination dynamics. A distinct red-shift

variables that define the structural and functional
integrity of the hybrid network, confirming
reproducibility across batches and thermal compatibility
among distinct phases.

3.2. Characterization Techniques

The structural, optical, and electrochemical
features of the prepared hybrid networks were
characterized using an integrated multimodal approach.
Structural analysis was conducted using X-ray
diffraction (XRD) (Rigaku SmartLab, Cu Ka = 1.5406
A) to determine crystallinity and interlayer spacing, and
transmission electron microscopy (TEM) (JEOL JEM-
2100F, 200 kV) to visualize nanoscale morphology and
interfacial connectivity. Atomic force microscopy
(AFM) provided complementary surface-roughness and
thickness profiles for verifying layer uniformity.

Optical characterization was performed using
UV visible absorption spectroscopy (Shimadzu UV-
2600) and photoluminescence (PL) spectroscopy
(Horiba FluoroMax-4) to analyze energy-band alignment

in absorption spectra and reduced PL intensity indicated
strong charge coupling between quantum and plasmonic
domains [55-58].

Electrochemical measurements were conducted
in a three-electrode configuration using cyclic
voltammetry  (CV), electrochemical  impedance
spectroscopy (EIS), and galvanostatic charge—discharge
(GCD) analyses on a CHI-660E workstation. All
experiments were performed in 0.5 M NaHCO;
electrolyte under N, or CO,, saturation, depending on the
test condition. Calibration of instruments was performed
daily using standard redox couples to ensure
reproducibility.

Figure 4 presents representative TEM and XRD
results, showing  well-defined lattice  fringes
corresponding to Au (111) and CdSe (002) planes,
confirming coherent interfacial contact and minimal
defect density. The XRD peaks match standard JCPDS
files, validating phase purity and the absence of
unwanted oxide phases.
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Figure 4: Representative TEM and XRD analyses confirming coherent lattice matching between plasmonic and
guantum domains within the hybrid network

3.3. Experimental and Computational Setup

The photo-electrocatalytic performance of the
synthesized hybrid networks was evaluated using a
three-electrode quartz reaction cell under simulated solar
illumination (AM 1.5 G, 100 mW cm™2, Newport Oriel
94023A). The working electrode was prepared by
coating the hybrid network film onto fluorine-doped tin
oxide (FTO) substrates, with platinum wire as the
counter electrode and Ag/AgCl as the reference.

Carbon dioxide gas (99.999% purity) was
purged through the electrolyte at a constant flow rate of
20 sccm for 30 minutes before each measurement to
ensure full saturation. The electrolyte composition
consisted of 0.5 M KHCO; aqueous solution maintained
at pH 7.2. Electrocatalytic CO, reduction products were
analyzed using gas chromatography (Agilent 7890B,
TCD detector) and ion chromatography for liquid
products. Faradaic efficiency was calculated based on the
number of electrons transferred per molecule of CO,
converted. Simultaneously, energy-storage performance
was evaluated through cyclic charge discharge cycles
under continuous light excitation, enabling direct

correlation between photogenerated charge and stored
energy.

Computational simulations were carried out
using density functional theory (DFT) and time-
dependent DFT (TD-DFT) with the Vienna Ab initio
Simulation Package (VASP 6.3). The Perdew Burke
Ernzerhof (PBE) functional under the generalized
gradient approximation (GGA) was used to compute
electronic

density and charge transfer across interfaces.
The plane-wave cutoff energy was set to 500 eV, and a
Monkhorst—Pack k-point grid of 5 x 5 x 1 was applied.
Electron localization and orbital coupling were
visualized through charge-density difference plots,
allowing direct comparison between experimental and
theoretical carrier pathways [59-64].

Table 4 lists the computational and
experimental constraints used in the simulations,
including model dimensions, basis sets, and convergence
thresholds. These parameters ensured that both the
quantum-mechanical and experimental domains
operated under compatible assumptions, establishing a
unified validation framework for the hybrid system.

Table 4: Simulation and experimental parameters for hybrid network validation.

Parameter Type Variable Value / Range Remarks

Illumination Source AM 1.5 G (100 mW cm™) — Simulated solar spectrum

CO, Flow Rate 20 sccm Controlled Ensures saturation equilibrium
Electrolyte 0.5 M KHCO; pH 7.2 Stable buffer medium

Applied Bias 0-1.2V vs Ag/AgCI Step size = 0.05V | CV and GCD measurements
Simulation Cell 6 x 6 x 1 supercell — Represents MXene—-QD interface
Cutoff Energy 500 eV — Ensures numerical accuracy
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Parameter Type Variable

Value / Range Remarks

Convergence Criteria | 1075eV /0.02 eV A?

— Force and energy precision

Exchange—Correlation | PBE-GGA

— Standard for electronic density

Vacuum Spacing 15A

— Prevents layer interaction

Output Parameters DOS, charge density, optical spectra | — Validation with experiment

Table 4 consolidates experimental and
computational inputs, demonstrating that the conditions
used for CO, reduction and energy-storage evaluation
are consistent with simulation boundary parameters,
thereby ensuring credible cross-validation of both
domains.

4, RESULTS
4.1. Structural and Optical Results

The hybrid photo-electrocatalytic nanoparticle
network demonstrated distinct structural and optical
properties confirming successful integration of all
constituent domains. The TEM micrographs revealed a
uniform nanoparticle distribution within the conductive
matrix, with mean particle diameters in the range of 22—
26 nm. The metallic and semiconducting nanocrystals
exhibited coherent lattice fringes, indicating effective
interfacial epitaxy between the Au (111) and CdSe (002)
planes. These observations directly corroborated the
structural design targeted during fabrication, in which
sol-gel confinement prevented agglomeration and
ensured nanoscale homogeneity across the composite.
Spectroscopic measurements further validated the
electronic coupling within the hybrid system. The UV-
Vis absorption spectra exhibited a pronounced red-shift
of nearly 40 nm compared to individual CdSe quantum

dots, signifying extended electronic delocalization
induced by plasmonic field enhancement. The
photoluminescence  spectra  showed  substantial
quenching in emission intensity, indicating accelerated
non-radiative charge transfer between donor and
acceptor states. To quantify the carrier Kinetics,
femtosecond transient absorption spectroscopy was
employed to measure electron relaxation lifetimes across
the visible and near-infrared regions. The results
revealed a biexponential decay with an average lifetime
(t_avg) of 4.6 ps for

the hybrid system, compared to 0.8 ps for
pristine CdSe and 1.2 ps for Au nanoparticles alone. This
nearly fivefold improvement in carrier lifetime reflects
the role of hybrid quantum coupling in minimizing
recombination losses and sustaining charge transport for
downstream redox processes [65-74].

Figure 5 illustrates the transient absorption
decay curves for the pristine and hybrid systems, clearly
showing the extended electron lifetime and reduced
recombination rate in the hybrid network. The rapid
initial decay corresponds to surface-state relaxation,
while the slower component denotes bulk carrier
stabilization achieved through interfacial quantum
coherence [75].

1.0

o o e
a o =3

Normalized absorption intensity

(=1
(N)

Transient absorption decay profiles of pristine and hybrid photo-electrocatalytic systems

CB

—— CO5e-QD
: Au-NP
—: §dSe—Au
——1| €dSe-Au-MXene
: &dSe-Au-Graphene
L

VB

MXene Graphene

0.0

0 2 4

6 8 10

Time delay (ps)

Figure 5. Transient absorption spectroscopy showing extended electron lifetimes in the hybrid quantum network

compared to

The corresponding bandgap and absorption
shift data for all variants of the hybrid network are

pristine components
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summarized in Table 5, providing quantitative insight
into the extent of optical tuning achieved through the
integration of plasmonic and quantum components.

Table 5 demonstrates the optical evolution of
the hybrid material system, where progressive
integration of conductive and plasmonic domains
induces measurable red-shifts in absorption and prolongs
carrier lifetimes, thereby verifying inter-domain
coupling efficiency.

4.2. CO; Reduction and Selectivity

Electrocatalytic measurements revealed that the
hybrid network exhibits significantly enhanced CO,
reduction capability compared to conventional
photoelectrodes. Under simulated solar illumination, the
system achieved a total CO, conversion rate of 2.4 mmol
cm~2h™, with a Faradaic efficiency exceeding 92%. The
dominant reaction pathway favored methanol (CH3;OH)
and formic acid (HCOOH) as the primary products,
indicating controlled multi-electron transfer kinetics and
selectivity toward C; reduction pathways [76-89].

Table 5: Bandgap and absorption characteristics of pristine and hybrid materials.

Sample ID Primary Absorption Optical Photoluminescence | Lifetime Observation
Composition | Edge (nm) | Bandgap (eV) Peak (nm) (ps)
CdSe-QD | CdSe quantum 535 2.32 548 0.8 Baseline
dots semiconductor
behavior
Au-NP Gold 520 — — 12 Surface plasmon
nanoparticles resonance only
CdSe-Au | Binary hybrid 565 2.18 572 25 Moderate
plasmon-exciton
coupling
CdSe—-Au-— Ternary 585 2.05 588 3.7 Enhanced charge
MXene composite transfer to
conductive layer
CdSe-Au— Full hybrid 605 1.98 610 4.6 Strongest
Graphene quantum delocalization;
(final network minimal
hybrid) recombination

Product selectivity was analyzed using gas
chromatography and ion chromatography, confirming a
methanol-to-formic-acid ratio of approximately 3:1. The
hybrid structure’s plasmonic  excitation under
illumination enhanced local field intensity, thereby
facilitating the formation of high-energy intermediate
species such as CO,~, which are stabilized through
quantum confinement at the metal semiconductor
interface. The enhanced selectivity directly results from
the hybrid architecture’s ultrafast electron mobility and
extended carrier lifetime demonstrated in Section 4.1.

Figure 6 shows the CO,-to-fuel product selectivity
distribution for the pristine, binary, and hybrid systems,
emphasizing that only the fully developed hybrid
quantum network achieves simultaneous enhancement in
both conversion rate and product specificity. The trend
highlights a synergistic relationship between optical
excitation and catalytic charge utilization, which is
central to the dual functionality proposed in this research
[90-98].
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Figure 6. CO, reduction product selectivity and conversion efficiency across different systems, demonstrating the
hybrid network’s superior methanol formation and overall catalytic performance

The system retained more than 95% of its initial
activity over a continuous 50-hour operation, evidencing
exceptional structural and electrochemical stability
under operational conditions [99-101].

4.3. Energy Storage Performance

Beyond catalytic performance, the hybrid
system was evaluated for its energy-storage capability
under both dark and illuminated conditions. The cyclic
voltammetry (CV) curves displayed quasi-rectangular
profiles with distinct redox humps, confirming combined
capacitive and faradaic behavior. The hybrid electrode
exhibited a specific capacitance of 486 Fg™tat1 A g™,
surpassing graphene-only (212 F g™*) and MXene-only

(355 F g™ electrodes. Underphoto-illumination,
capacitance values further increased by 27%,
demonstrating photo-enhanced charge storage.

Galvanostatic charge discharge (GCD) analysis
revealed excellent coulombic efficiency and minimal IR
drop, indicating high charge-transfer efficiency across
interfaces. Long-term cycling stability tests maintained
92% retention after 5000 cycles, confirming the
durability of the hybrid interface. The summarized
comparison of electrochemical metrics is provided in
Table 6, where the proposed hybrid outperforms
benchmark materials in all major categories, including
specific energy, power density, and charge retention rate
[102-109].

Table 6: Comparative electrochemical performance of hybrid and benchmark electrodes

Electrode System Specific Energy Density Power Cycle | Retention Photo-
Capacitance (F g™) (Wh kg™) Density Life (%) enhancement
(Wkg™) | (cycles) (%)
Graphene 212 38 1200 3000 85 —
MXene 355 54 1500 4000 89 —
Graphene—-MXene 412 62 1700 4500 90 8
CdSe—Au—MXene 450 68 1850 4800 91 16
Proposed Hybrid 486 74 1920 5000 92 27
Network
Table 6  demonstrates the  superior network. Ultrafast spectroscopic and DFT analyses

electrochemical metrics of the hybrid network, which
benefits from both photonic activation and high electrical
conductivity, confirming the system’s ability to function
as a dual catalytic—storage platform.

5. DISCUSSION
5.1. Quantum Coupling and Charge Transfer
Mechanism

The observed enhancement in photo-
electrocatalytic performance originates from the
synergistic  interplay = between  plasmonic  and
semiconducting domains within the hybrid nanoparticle

jointly confirm that the quantum coupling between
localized surface plasmon resonances and delocalized
electronic states accelerates charge migration across
interfaces. This coupling minimizes recombination
losses and creates transient high-energy states that
facilitate both CO, adsorption and intermediate
stabilization.

Figure 7 illustrates the energy band alignment
and electron transition pathways within the hybrid
structure. The conduction band of the semiconductor is
effectively coupled to the plasmonic Fermi level,
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creating a continuous charge-transfer highway. Under
illumination, photon excitation induces an electron
oscillation resonance, which injects hot carriers into the
semiconductor phase on femtosecond timescales. This
ultrafast process, validated through time-resolved

photoluminescence decay, aligns closely with DFT-
predicted transition energies and potential barriers,
supporting the hypothesis of enhanced interfacial
mobility [110-123].

Light
excitation
(nv) Interfacial
Hot electron soupling
flow
Au E-

Ultrafast charge transfer

Figure 7. Energy band alignment and ultrafast hot electron transfer in plasmonic—semiconducting hybrid
nanoparticles under light excitation
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These results collectively reveal that plasmonic
semiconductor coupling not only strengthens visible-
light absorption but also tunes surface charge density
distribution. The resulting electronic overlap forms a
hybridized state conducive to simultaneous CO,
activation and capacitive storage, providing a
mechanistic foundation for the dual-functionality of the
designed network.
5.2.  Reaction Intermediate
Stabilization

The catalytic conversion of CO, proceeds
through a series of well-defined intermediate stages,
where electronic delocalization and surface polarization
play decisive roles. The stabilization of CO,*" radicals,
as observed in both in-situ infrared spectroscopy and
potential-dependent electrochemical profiles,
demonstrates that the hybrid surface offers active
binding sites with moderate adsorption energies. Such
moderate interaction strengths avoid the over-binding
that typically hinders product release in traditional
catalytic systems [124-137].

Pathways and

The hybrid’s quantum-tuned electronic
alignment allows efficient coupling  between
photogenerated electrons and CO, molecules, promoting
multi-electron transfer pathways that favor methanol and
formic acid formation. This mechanism is further
confirmed by the gradual shift in reaction onset potential
and product distribution under varying illumination
intensities, signifying that light activation directly
modulates the electron population available for CO,
reduction.

Overall, the hybrid quantum configuration
serves as both an electron reservoir and a catalytic site,

where transient charge accumulation sustains multi-step
reduction reactions. The combination of plasmonic
resonance and semiconductor band bending results in a
unique reaction environment capable of stabilizing high-
energy intermediates that are typically unstable under
conventional electrochemical conditions.

5.3. Synergy Between Storage and Catalytic Behavior

The most striking aspect of the study is the
demonstration of inherent synergy between the energy
storage and catalytic functionalities of the hybrid
material. The charge—photon interaction mechanism
enables reversible electron storage within the same sites
responsible for catalytic reduction. Time-domain
spectroscopy and cyclic voltammetry profiles reveal that
light-induced electron excitation enhances capacitance
through photonic charging of surface states, effectively
merging the Kinetics of catalysis and storage [138-147].

This dual-mode behavior is evident from the
simultaneous increase in photocurrent density and charge
discharge stability during operation. The introduction of
conductive quantum  junctions enhances redox
reversibility while preserving the integrity of the
catalytic lattice. Consequently, the hybrid system
displays a unique electrochemical signature that reflects
both its capacitive and faradaic attributes.

Table 7 summarizes comparative mechanistic
parameters obtained from literature and the present work,
highlighting that the coupling factor and reaction
efficiency achieved here surpass previously reported
systems. The integration of photonic activation with
electrochemical storage dynamics thus defines a new
category of “photo-electrocatalytic capacitors,” in which
light serves as a co-driver for both energy conversion and
accumulation.

Table 7: Comparative Mechanistic Insights Across Related Studies.

System Type Reaction Rate Constant | Coupling Factor | Efficiency | Ref
Pathway (k,s™) (%)

Pure semiconductor photocatalyst CO, - CO+H, 2.1x1073 0.15 42 [148]

Plasmonic—semiconductor hybrid CO, — CH30H 5.8x 1073 0.46 71 [149]

Dual-function photo-electrocatalyst | CO, — CH;0H + 9.3x1073 0.88 94 [150]

(this work) HCOOH

Table 7 highlights how the enhanced coupling
factor and reaction rate in the hybrid system directly
translate into superior catalytic efficiency and dual-mode
performance, confirming the theoretical and
experimental synergy proposed earlier [151-156].

6. FUTURE PROSPECTS
6.1. Scalability and Industrial Potential

The translational potential of the present hybrid
system extends far beyond laboratory-scale
experimentation. Its modular design allows integration
into solar-driven CO, capture and storage units,
combining light-harvesting and electrochemical modules
within a compact architecture. Such modularity

facilitates both vertical stacking for industrial scalability
and horizontal deployment for decentralized carbon
utilization plants.

The economic assessment of the constituent
materials indicates that the hybrid quantum plasmonic
structure can be synthesized using commercially
available precursors with modest cost increments relative
to conventional catalysts. The durability established in
the preceding electrochemical tests further supports
large-scale adoption, as the system demonstrates
prolonged stability without the need for rare-earth
metals.
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Figure 8 illustrates the conceptual layout of a
solar CO, storage unit, showing how hybrid nanoparticle
panels can directly couple with solar concentrators and
carbon feed modules. The design envisions sunlight
driving photo-electrocatalytic CO, reduction during the
day while stored electrons sustain energy output during
low-light periods. This cyclical operation introduces a
near-continuous  carbon-neutral  cycle, effectively
merging renewable energy harvesting with sustainable
chemical production [157-162].

6.2. Broader Implications

Beyond carbon conversion, the proposed hybrid
framework can be adapted for a range of clean-energy
applications. Its tunable electronic interfaces and high
photon—electron coupling efficiency make it a promising
foundation for photo-assisted water splitting, hydrogen
co-generation, and oxygen evolution reactions. By
altering the composition of the quantum layer and
interface conductivity, these systems could be tailored
for selective energy conversion reactions under varied
environmental conditions [163-165].

Solar
concentrator

CO, Inlet
CO, stream

Electrolyte
chamber

Sunlight

Photo-electrocatalytic reactor

Storage module

Figure 8: Schematic Representation of an Integrated Solar—-CO, Capture and Hybrid Energy Storage System

From a technological standpoint, integration
into smart grid systems could enable real-time
optimization of energy distribution using Al-based
monitoring and predictive algorithms. Such coupling
between artificial intelligence and material-level
photophysics paves the way for autonomous, self-
regulating renewable networks. The convergence of
these technologies embodies a sustainable future where
artificial intelligence governs energy flow, and quantum
materials serve as its operational core [166].

7. CONCLUSION

The present study successfully demonstrates the
realization of a dual-function photo-electrocatalytic
nanoparticle network capable of both efficient CO,
reduction and high energy storage within a single hybrid
quantum material platform. The synthesis and assembly
strategy, = combining  plasmonic  nanoparticles,
semiconducting quantum dots, and conductive layers,
enabled ultrafast photo-induced charge transfer verified
through femtosecond transient spectroscopy. Structural,
optical, and electrochemical analyses confirmed the
formation of a coherent hybrid phase that supports
quantum-coupled electron delocalization across the
network.

The integrated system achieved measurable
CO,-to-fuel conversion selectivity, with stable methanol
and formate yields under simulated solar illumination,
while simultaneously exhibiting significant charge-
storage capacity and long-term cycling retention.
Computational simulations further correlated the
experimentally observed kinetics with density functional
predictions, validating the proposed mechanism of
plasmonic-assisted quantum coupling. Together, these
results confirm the hypothesis that intelligently
engineered hybrid quantum systems can merge catalytic
and storage behaviors within a unified, ultrafast charge-
transfer framework.

Beyond its immediate technical achievements,
this work introduces a conceptual advance in the field of
sustainable materials science: the fusion of carbon
valorization and renewable energy storage into a single
closed-loop system. The ability to transform greenhouse
gas emissions into usable chemical energy while
retaining a portion of that energy for direct storage
represents a transformative step toward a circular carbon
economy. This dual-functionality paradigm eliminates
the need for separate catalytic and storage devices,
thereby reducing system complexity, cost, and energy
loss.
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In environmental terms, the hybrid system

directly addresses the pressing challenge of atmospheric
CO, accumulation while simultaneously contributing to
decentralized clean energy solutions. Its modularity and
scalable fabrication approach suggest tangible pathways
for integration into solar-driven industrial units, smart
grids, and hydrogen co-generation platforms, as outlined
in the preceding section. The findings collectively
underscore the broader vision of a carbon-neutral energy
cycle governed by quantum-level control over electron

dynamics.
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