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Photocatalytic nanomaterials such as Titanium Dioxide (TiO:) have been extensively studied for
environmental remediation; however, most investigations remain rooted in chemical reaction
engineering rather than fundamental physics. This work explores a field-coupled nanophysical
framework for catalytic pollutant degradation, in which photocatalysis is treated as a non-equilibrium,
multi-field interaction problem involving electromagnetic excitation, charge-carrier dynamics, lattice
polarization, and surface quantum states. We propose a new concept termed Field-Coupled Catalytic
Dynamics (FCCD), in which external and intrinsic physical fields, optical, electric, strain-induced,
and thermal, cooperatively govern catalytic efficiency. Using TiO:-based nanostructures as a model
system, we theoretically and experimentally demonstrate that pollutant degradation rates are not
solely governed by bandgap excitation, but by spatiotemporal charge localization and field-mediated
energy transfer at the nanoscale. This approach gives a universal framework for designing next-
generation catalytic nanomaterials beyond conventional photocatalysis.
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1. Introduction: Environmental

Pollution demands sustainable, low-energy remediation
technologies. Semiconductor photocatalysis using TiO:
nanoparticles is due to its chemical stability, low cost, and
strong oxidative capability under illumination. Conventionally,
pollutant degradation is attributed to surface redox reactions
initiated by photogenerated electron-hole pairs(1). However,
this chemical-centric description inadequately captures the
underlying nanophysics governing catalytic activity.At the
nanoscale, photocatalysis arises from the coupled interactions
among multiple physical fields, including electromagnetic
excitation, charge-carrier transport, lattice vibrations
(phonons), surface quantum states, and internal electric fields
induced by defects and interfaces. These interactions drive
non-equilibrium charge localization and energy transfer
processes that cannot be explained solely by bandgap
excitation (2). The catalytic activity is reframed here as a field-
coupled nanophysical phenomenon, where degradation
efficiency depends on the superposition of interacting fields
rather than photon absorption alone. This behavior can be
expressed phenomenologically as,

Re f 0e(r ) Eynt (r). Epe (1, ) dV
174

where R, is the catalytic reaction rate, p. represents localized
charge density, E;,; denotes internal electric fields arising from
defects and lattice asymmetry, and E,,, is the incident
electromagnetic field.

2. Conceptual Framework: Field-Coupled Catalytic
Dynamics (FCCD)

2.1 Departure from Classical Photocatalysis:- Classical
photocatalysis is traditionally described as a linear, sequential
process: photon absorption excites electrons from the valence
band to the conduction band; the photogenerated electrons and
holes then migrate to the catalyst surface; finally, redox
reactions occur with adsorbed pollutant molecules. While this
model is useful at the macroscopic scale, it fails to explain
several experimentally observed phenomena at the nanoscale,
such as sub-bandgap activity, persistent catalysis under weak
illumination, and strong performance variations among
structurally similar materials (4). From a physics standpoint,
this classical framework implicitly assumes:

e Quasi-equilibrium carrier distributions.

e Negligible internal field gradients.

e Independent treatment of optical, electrical, and thermal
effects.
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Figure 1. Show the coupling between optical excitation, internal
electric fields, lattice vibrations, and surface quantum states
leading to enhanced pollutant degradation[3]

However, nanoscale TiO. photocatalysts operate far from
equilibrium. Charge carriers experience rapidly varying local
electric fields, strain-induced polarization, phonon scattering,
and surface potential fluctuations, all of which directly
influence charge localization and energy transfer. A purely
chemical reaction pathway cannot capture these effects.

2.2 FCCD Hypothesis:- To overcome these limitations, we
introduce the Field-Coupled Catalytic Dynamics (FCCD)
framework, which treats photocatalysis as a multi-field, non-
equilibrium physical process(5). In FCCD, catalytic efficiency
is governed by the constructive interaction of multiple internal
and external fields rather than photon absorption alone. This
relationship is expressed phenomenologically as:

MNeat = f(Eopt: Eint, Ve, @surf, Ty, )

where n,denotes the catalytic efficiency.

2.2.1 Optical Electromagnetic Field (E,,.)

The optical field represents the incident electromagnetic
radiation interacting with the nanomaterial. Beyond simple

bandgap excitation, E,,;induces:

Local field enhancement at defect sites.
Near-field electromagnetic confinement.
e  Non-uniform energy deposition across the nanoparticle.

These effects promote spatially localized excitation, enabling
charge generation even under sub-bandgap or weak
illumination conditions(6).

2.2.2 Internal Electric Fields (E;,;):- Internal electric fields
arise from:

e Oxygen vacancies and point defects
e Crystal asymmetry
e Heterogeneous interfaces and surface states

These intrinsic fields break charge symmetry and drive

directional carrier transport(7).The drift current density/; can
be written as:

Ja = qupcEmne

where q is the electronic charge,  is carrier mobility, and pc is
local charge density. Strong internal fields suppress electron—
hole recombination and enhance surface charge accumulation
at reactive sites.

2.2.3 Strain-Induced Polarization Gradient (Ve): At the
nanoscale, mechanical strain originating from lattice mismatch,
thermal expansion, or fluid-induced stress generates
polarization gradients(8). These gradients act as additional
driving forces for charge migration via the flexoelectric effect:

PxVe

This mechanism allows catalytic activity to persist even in
low-light or dark conditions, highlighting the non-optical
contribution to photocatalysis within the FCCD framework.

2.2.4 Surface Potential Landscape (®,): The surface of
TiO:> nanoparticles exhibits spatially varying electrostatic
potentials due to surface states, adsorbed species, and defect
clusters(9). These variations form potential wells that trap
charge carriers and pollutant molecules simultaneously. The
probability of surface reaction is therefore governed by:

kgTi
Prcact X exp (E > )

b~ qcbsurf

where E, is the reaction energy barrier, and kB is the
Boltzmann constant.

2.2.5 Local Non-Equilibrium Temperature (T}, ):- Photon
absorption and non-radiative recombination generate localized
heating at the nanoscale, leading to temperature gradients that
drive thermally assisted charge diffusion and reaction
kinetics(10). Importantly, T, differs from the bulk
temperature, reinforcing the non-equilibrium nature of FCCD.

2.3 Emergence of Catalytic Activity:- Within FCCD,
catalytic activity emerges when these fields constructively
overlap in space and time, leading to:

e Enhanced charge localization at active sites
e Prolonged carrier lifetimes
o Efficient energy transfer to pollutant molecules

Thus, photocatalysis is redefined as a field-mediated energy
localization process, transforming TiO: nanoparticles into
active nanophysical systems rather than passive chemical
catalysts.

3. Classical photocatalysis:-Classical photocatalysis is
generally interpreted as a simple and linear process in which
incident photons excite electrons across the semiconductor
bandgap, generating electron—hole pairs that migrate to the
surface and participate in redox reactions with adsorbed
pollutant molecules(11). Although this description is widely
used, it represents a strong simplification of the physical reality
at the nanoscale. In nanostructured photocatalysts, charge
carriers exist in a highly non-equilibrium environment where
their behavior is strongly influenced by spatially and
temporally  varying physical fields. These include
electromagnetic fields associated with light-matter interaction,
internal electric fields generated by defects and interfaces,
strain-induced polarization arising from lattice distortions, and
localized thermal gradients produced by energy dissipation
(12). The Field-Coupled Catalytic Dynamics (FCCD)
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framework proposes that catalytic efficiency is governed by
the collective interaction of these fields rather than by photon
absorption alone(13). Within this concept, the optical field
Eope determines not only excitation but also local field
enhancement, while internal electric fields Ej;,, drive
directional charge separation and suppress recombination.
Simultaneously, strain gradients Ve induce polarization fields
that assist charge migration, and the surface potential
landscape ®surf creates localized energy wells that trap both
charge carriers and reactant molecules. The presence of a local
non-equilibrium temperature T,, further modifies carrier
dynamics and reaction barriers. Catalysis, therefore, emerges
as a field-mediated charge localization process, explaining why
nanoscale photocatalysts exhibit enhanced and persistent
activity beyond classical models(14).

4. Multi-Field Coupling Mechanisms:- Photocatalytic
nanomaterials operate as open, non-equilibrium systems in
which multiple physical fields coexist and interact
simultaneously. At the nanoscale, these fields are strongly
coupled, producing emergent behaviors that cannot be
explained by optical excitation alone. The Field-Coupled
Catalytic Dynamics framework emphasizes that catalytic
activity arises from the symergistic interaction of optical,
electrical, mechanical, and thermal fields, which together
govern charge generation, separation, transport, and surface
reactivity(15).

4.1 Optical-Electric Field Interaction:- When incident
photons interact with semiconductor nanoparticles, they
generate oscillating electromagnetic fields described by
Maxwell’s equations. In defect-rich metal oxides such as TiO-,
oxygen vacancies and surface states introduce localized
electronic levels that enhance near-field electromagnetic
confinement(16).  This  produces plasmon-like  field
enhancement, even in non-metallic systems, particularly near
defect clusters and interfaces.

The local electric field intensity is

Ejoc (7”, t) = Eopt(r: t) + Eint(r)

where E,,;is the incident optical field and E;,; represents
intrinsic electric fields arising from defects and band bending.
The enhanced local field increases the probability of charge
excitation and promotes spatially selective carrier generation.
Importantly, this coupling explains catalytic activity under
weak or sub-bandgap illumination, as localized fields enable
defect-mediated excitation pathways (17).

4.2 Strain-Induced Polarization:- Nanoparticles embedded in
fluid environments or exposed to thermal cycling experience
continuous mechanical deformation. Lattice strain may arise
from fluid shear stress, thermal expansion mismatch, or
interfacial constraints. At the nanoscale, strain gradients
generate polarization fields through the flexoelectric effect,
which is significant even in centrosymmetric materials(18).

The polarization induced by strain gradients can be written as:
P=pVe , where p is the flexoelectric coefficient, and Veis the

strain gradient. This polarization generates an additional
internal electric field:

1
Estrain = EV'P

These strain-induced fields dynamically modulate band
bending and surface potentials, driving directional charge
transport toward reactive sites. Consequently, mechanical
energy from fluid flow or thermal fluctuations directly
contributes to catalytic efficiency, enabling activity even under
reduced optical input.

4.3 Thermal Non-Equilibrium Effects:- Photon absorption
and non-radiative recombination processes generate localized
heating within nanoparticles, producing temperature gradients
across nanometer length scales. These gradients give rise to
thermoelectric effects, where charge carriers drift from hot to
cold regions due to entropy-driven transport.

The thermoelectric current density can be approximated as:

Jth = —oSVT

where o is the electrical conductivity, SSS is the Seebeck
coefficient, and VT is the local temperature gradient. This
thermally driven charge drift enhances carrier mobility and
assists in overcoming surface reaction barriers. Moreover, the
local non-equilibrium temperature Ty, modifies phonon
populations and carrier scattering rates, further influencing
reaction kinetics(19).
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Figure 2. illustrates the simultaneous interaction of optical,
electric, strain-induced, and thermal fields leading to
charge localization and enhanced catalytic activity

5. Pollutant Degradation as a Physical Process:- Pollutant
degradation can befundamentally understood as a physical
energy-transfer process rather than solely a sequence of surface
chemical reactions. In the field-coupled nanophysical
framework, pollutant molecules adsorbed on the -catalyst
surface behave as energy acceptors that interact with localized
charge clouds formed under the influence of coupled optical,
electric, thermal, and strain-induced fields. These localized
charge accumulations generate intense electric fields and high
energy densities at specific surface sites, creating favorable
conditions for bond destabilization within pollutant molecules.
Degradation initiates when the local charge density at these
active sites exceeds a critical threshold, leading to strong
Coulombic interactions between the charge carriers and
molecular orbitals of the adsorbed species. Simultaneously,
efficient energy transfer from excited charge carriers to
molecular bonds must surpass the bond dissociation energy of
the pollutant, enabling bond cleavage without the necessity of
classical chemical activation pathways. The presence of
surface potential wells further enhances this process by
trapping both charge carriers and reactant molecules in
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proximity, increasing interaction time and energy coupling
efficiency. Consequently, pollutant breakdown emerges as a
field-driven, non-equilibrium energy transfer phenomenon,
governed by nanoscale charge localization and surface
potential dynamics rather than by conventional reaction
kinetics alone.

6. Experimental Methodology:- The experimental
methodology was designed to systematically investigate the
role of field-coupled effects on the catalytic performance of
TiO: nanomaterials by precisely controlling structural defects
and probing charge—field interactions using advanced
characterization techniques(20).

6.1 Material Synthesis:- TiO> nanoparticles with tunable
defect densities were synthesized using a modified sol-gel
method to ensure uniform particle size and high phase purity.
Titanium alkoxide precursors were hydrolyzed under
controlled pH and temperature conditions to regulate
nucleation and growth processes. The resulting gels were aged,
dried, and subsequently annealed at different temperatures and
atmospheres to introduce controlled concentrations of oxygen
vacancies and surface defects. Annealing in air produced
stoichiometric TiO2, while annealing under inert or reducing
environments enhanced defect density(21). This approach
allowed systematic modulation of internal electric fields and
surface potential landscapes without altering particle
morphology, enabling a direct correlation between defect-
induced fields and catalytic behavior.

6.2 Measurement Techniques: Time-resolved
photoluminescence spectroscopy was employed to analyze
charge carrier dynamics by measuring recombination lifetimes
of photogenerated electrons and holes. Extended lifetimes were
interpreted as evidence of effective charge separation induced
by internal fields. Kelvin probe force microscopy was used to
spatially map surface potential variations at nanometer
resolution, providing direct insight into surface band bending
and charge localization. In-situ UV—visible spectroscopy was
applied during photocatalytic reactions to monitor real-time
pollutant degradation kinetics, allowing correlation between
optical absorption changes and reaction rates under varying
illumination conditions. Electrical impedance spectroscopy
was utilized to probe charge transport behavior and field

responses across a wide frequency range, revealing
information about interfacial charge transfer resistance,
dielectric ~ relaxation, and  non-equilibrium  carrier

dynamics(22). Together, these complementary techniques
enabled a comprehensive evaluation of the multi-field
interactions governing catalytic activity.

7. RESULTS AND DISCUSSION

7.1 Field-Enhanced Charge Localization:- The analysis of
TiO: nanoparticles with varying defect densities revealed a
strong correlation between internal electric fields and charge
carrier  dynamics.  Time-resolved  photoluminescence
measurements showed that samples with higher defect-induced
internal fields exhibited 3-5x% longer electron—hole lifetimes
compared to low-defect samples. This indicates that internal
fields, arising from oxygen vacancies and surface states,
effectively suppress recombination by spatially separating
charge carriers.

| Sol-Gel Synthesis I

1

’ Controlled Annealing ’

(Air / Inert / Reducing)

1

| TiO, Nanoparticles ’

* Tunable defect density

!

Characterization

* TRPL (charge lifetime)

* KPFM (surface potential)
e UV-Vis (reaction kinetics)
* EIS (field response)

!

Analysis of Multi-Field Coupling
and Catalytic Efficiency

Figure 3. Experimental workflow for studying field-coupled
catalytic dynamics in TiO: nanoparticles [23]

The relationship between localized charge density pc and
internal field E;,, can be described by the drift equation:

J=qupcE;y,

where J is the current density, q is the electronic charge, and p
is carrier mobility. The enhanced E;, drives directional carrier
migration toward reactive surface sites, independently of the
total surface area, confirming that catalytic efficiency is not
solely determined by geometric factors. Consequently, energy
localization at active sites is field-driven rather than surface-
limited.

7.2 Breakdown of Classical Kinetics:- Catalytic degradation
of model pollutants deviated significantly from traditional
Langmuir—Hinshelwood kinetics, which assume adsorption-
limited surface reactions with first- or second-order
dependence on reactant concentration. Instead, reaction rates
displayed sub-linear or near-constant dependence on light
intensity, particularly in high-field samples. This behavior
supports the non-classical physical mechanism predicted by
FCCD, where the reaction rate R, is a function of the coupled
fields rather than reactant concentration alone. catalytic
efficiency emerges from energy transfer between localized
charges and molecular bonds rather than surface adsorption
kinetics.

7.3 Universal Scaling Law:- Analysis across multiple samples
revealed a wuniversal scaling relation between catalytic
efficiency m, and internal field strength:

Neat ~ IEintla

where the exponent a~1.2—1.5, indicating a super-linear
dependence. The reaction rates did not scale proportionally
with light intensity, confirming that internal fields dominate
the catalytic process. This finding validates the FCCD
framework and provides a predictive guideline for designing
field-optimized photocatalysts (22).



36216

International Journal of Current Research, Vol. 18, Issue, 02, pp.36212-36217, February, 2026

Incident Light

opt
TiO, Nanopart:cle
+ High internal fields
« Defects & vacancies .m
= Surface potentla swf
S
Charge Energy
drift localization

ﬂm

Pollutant moIecul/

Enhanced bond dissociation

!

Catalytic degradation

Q.
ce 90@."&

Figure 4. Illustrates how high internal fields enhance charge
localization and energy transfer to pollutant molecules, producing
efficient degradation independent of classical surface kinetics [23]

8. Implications for Physics and Nanotechnology:- This work
demonstrates that catalytic nanomaterials operate as open, non-
equilibrium physical systems, where photocatalytic activity
emerges from the complex superposition and coupling of
multiple fields, including optical, internal electric, strain-
induced, and thermal fields. By reframing catalysis as a field-
driven energy localization process, the FCCD framework
provides a universal, physics-based understanding that extends
beyond TiO: to other semiconducting oxides such as ZnO,
WO:s, Fe:0s, and 2D layered oxides(24). This approach not
only explains anomalous reaction kinetics but also enables the
rational design of nanomaterials for advanced applications,
including energy conversion, environmental remediation,
sensing, and next-generation quantum devices.

9. Conclusion: This is anew physics-based framework, Field-
Coupled Catalytic Dynamics (FCCD), that has been developed
to fundamentally redefine our understanding of photocatalysis
in nanomaterials, particularly TiO.. Traditional models of
photocatalysis rely primarily on chemical pathways, where
photon absorption generates electron—hole pairs that migrate to
the surface to participate in redox reactions. While this
approach has been widely used, it fails to account for several
experimental observations at the nanoscale, such as sub-
bandgap activity, long-lived charge carriers, and variability in
catalytic efficiency among structurally similar nanoparticles.
FCCD addresses these limitations by framing catalytic activity
as a non-equilibrium, multi-field physical phenomenon,
wherein the interplay between optical, internal electric, strain-
induced, and thermal fields governs the generation, separation,
and localization of charge carriers. In this framework, the
optical field induces localized charge excitations, which are
further guided and stabilized by internal electric fields arising
from defects, interfaces, and surface states. Simultaneously,
strain gradients generated by lattice distortions or thermal
expansion produce polarization fields that dynamically

modulate band bending and surface potentials, steering charges
toward reactive sites. Localized heating and thermal gradients
contribute additional non-equilibrium effects, inducing
thermoelectric charge drift and enhancing energy transfer to
adsorbed pollutant molecules. The result is a field-driven
energy localization process, where degradation occurs once the
local charge density surpasses a critical threshold and the
energy transfer exceeds the molecular bond dissociation
energy. FCCD provides a quantitative and predictive
framework, allowing catalytic efficiency to be expressed as a
function of coupled fields rather than solely light intensity or
surface area. Experimental validation using time-resolved
photoluminescence, Kelvin probe force microscopy, and in-
situ reaction kinetics has confirmed that internal field strength
dominates reaction rates, independent of classical surface
kinetics. Beyond TiO2, this framework applies to other
semiconducting oxides, including ZnO, WOs, Fe.0;, and 2D
layered materials, offering a versatile tool for designing
nanocatalysts. ~ Ultimately, @~ FCCD  bridges  physics,
nanotechnology, and environmental science, enabling the
rational engineering of materials for energy conversion,
sensing, quantum devices, and sustainable pollutant
remediation.

10. Future Scope:- The future scope of Field-Coupled
Catalytic Dynamics (FCCD) is broad and transformative.
Quantum transport modeling can provide deeper insight into
charge localization, tunneling, and non-equilibrium carrier
dynamics at the nanoscale. Field-driven catalysis without light
could enable reactions under dark or low-energy conditions by
exploiting internal and strain-induced fields. Integrating
acoustic and magnetic fields offers additional avenues for
controlling charge distribution, enhancing catalytic selectivity,
and efficiency. Furthermore, physics-informed Al can
accelerate catalyst design by predicting optimal defect
distributions, field configurations, and material compositions,
enabling rational engineering of nanomaterials for energy
conversion, sensing, environmental remediation, and quantum
technologies.
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