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Solar-driven photocatalysis for environmental cleansing
has been greatly enhanced by developing new
nanomaterials with high efficiencies. This research looked
at how several synthesized nanomaterials compare in
removal capacities towards mineralizing methylene blue,
rhodamine B, tetracycline, and the removal of toxic
Cr(VI) ion metals when exposed to solar (simulated) light.
The results are shown in Figure 7, where the newly
engineered nanomaterials show exceptional performance.
All four contaminants were removed by >92% within 60-
120 min of light exposure. The enhanced photocatalytic
properties of the developed nanomaterials result from

their increased absorption of light, efficient separation and
an increase in the reactive surface area of the
nanomaterials due to nanoparticulate structures. Overall
these studies demonstrate that the synthesized
nanomaterials can be effectively applied to
simultaneously degrade organic pollutants and to detoxify
heavy metals. Additionally this study indicates that
advanced nanomaterials can be manufactured to be
effective and sustainable solutions for treating wastewater, cleaning up environmental
pollution and using solar energy.
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Introduction

The global environment continues to degrade and the energy crisis is one of the most
significant problems of our time. The world uses more than 580 quadrillion Btu
annually with about 80% coming from fossil fuels. More than 100,000 tons of non-
biodegradable organic pollutants are generated each day from industrial wastewater
while solar powered photocatalysis is an innovative new technology to tackle both of
these issues. With solar thermal energy (1000 W/m2 regular insolation), solar powered
photocatalysis generates renewable fuel through sunlight while destroying hard to get
rid of organic pollutants. The average photocatalytic activities of common solar
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photocatalysts (like TiO2) are only ~1% convert quantum efficiency from solar energy
because of the way in which these photocatalyst materials possess limited absorption
(less than 5%) from the solar spectrum, high levels of charge recombination in less
than 10 ps, and low surface area of (around 50 m2/g). In this report, we discuss key
advances being made in developing the design/design philosophy of advanced solar
photocatalysts through using quantum confinement and defect engineering, creating
new, advanced heterojunctions, and optimizing the surface area of these materials,
resulting in a dramatic increase in efficiency by 12% using a solar-to-hydrogen ratio
of solar energy, and also when combined with an ActiveMeasuring 1.5G (AM1.5G)
or better than 98% reduction of pollutant capacity from large to almost total
degradation with the use of this new technology.[1] Basic Theory of Solar
Photocatalysis. Solar photocatalysis mimics the essential steps of photosynthesis as
illustrated in the diagram with the following steps: a high energy level photon exciting
electrons that then travel up from the excited electron band (VB) to the conduction
band (CB), generating charge carriers (the difference) thus, effectively creating a
"catalyst" that drives hydrogen generation or destroys organic pollutants attached to
or within this molecular surface. If a photon with energy interacts with the
semiconductor band and has sufficient energy to exceed that semiconductor's
respective energy gap then the electrons that escape from the VB are placed on the
CB of the semiconductor thus leaving charge carriers (holes) that chemically interact
with other species at the semiconductor's surface.[2] TiO2; Energy Gap = 3.2 eV
(anatase) Conduction Band = -0.5 V Valence Band = +2.7 V vs. NHE Absorption
limit; A < 387 nm (UV only) Reactions are driven by surface redox potential; -
Reduction; O2 + ¢ — -0z (Eo =-0.33 V); H" + ¢ = 1/2 H2 (Eo = 0 V at pH=0) -
Oxidation, H.O + h* — -OH (Eo = +2.8 V); organics — CO: + H.O Critical
limitations of conventional catalysts include 1.UV-only response: TiO2, ZnO (E_g >
3.0 eV) utilize <5% solar spectrum 2.Rapid recombination: 90% carriers recombine in
<10 ps, quantum yield <1% 3.Poor charge separation: Bulk diffusion lengths ~10 nm
vs. particle sizes >50 nm 4.Low active surface: ~10-50 m2/g vs. required 500+ m?/g
for kinetics Nanoscale engineering addresses each limitation systematically.[3]

Quantum Effects and Bandgap Engineering

When quantum confinement is applied to nanoparticles with diameters of less than 10
nm, effective bandgap increases while surface-to-volume ratio increases exponentially.
For example, the effective bandgap of bulk ZnO is 3.37 eV with a surface area of 10
m?/g. The effective bandgap for a nanoparticle (NP) that measures 5 nm in diameter is
3.8 eV and has a surface area of 120 m2/g. The effective bandgap for a quantum dot
that measures 2 nm in diameter is 4.2 eV and has a surface area of 800 m2/g. The
addition of rare earth element Gd*" which has 4f electrons to a ZnO compound creates
an Oxygen Vacancy and this oxygen vacancy can trap electrons.When you mix Gd
ZnO with SnO: your effective Band Gap decreases from 3.37eV to 2.95eV. That
means your wavelength will shift from 387 nanometers (nm) to 420 nm.

V_0 concentration: 8.2% (XPS confirmed)

Charge lifetime: T = 8 ns vs. 1 ns pristine (PL spectroscopy)

Plasmonic sensitization with Au/Ag nanoparticles generates "hot electrons” extending
absorption to 800 nm.[4]

Strategic Nanomaterial Classifications

Doped Metal Oxide Nanocomposites

Gd*-Zn0O/Sn0: exemplifies defect-mediated enhancement: Type-l1l1 heterojunction
aligns ZnO CB (-0.5 V) with SnO2 VB (+3.5 V), driving directional hole transfer.
Results: 95% methylene blue degradation (120 min solar), 4x - OH production vs.
single phase.[5]
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Ag-BiVO.: Plasmonic resonance at 450 nm yields 80% incident photon-to-current
efficiency (IPCE), ideal for water oxidation (5.2% STH with WOs tandem).

Graphitic Carbon Nitride Heterostructures:

g-CsNa (E_g = 2.7 eV, carth-abundant) polymerizes from urea. CuTCPP porphyrin
sensitization forms S-scheme junctions recombining weak carriers while preserving
strong redox potentials:

H: evolution: 2500 pmol h™ g™' (2.5 pristine)

Rhodamine B mineralization: 98% (60 min)

Stability: 12 cycles without deactivation

P-doping further narrows E_g to 2.5 eV via mid-bandgap states.[6]

D Nanomaterials and MXenes

MoS: edge sites expose unsaturated S*>- for superior - O2" generation (90% NOx
removal). BiOBr layered structure creates 50 kV/cm internal electric field. MXene-
TisC.T_x hybrids offer metallic conductivity (>10,000 S/cm) for continuous-flow
reactors (85% COD removal, textile effluent).[7]

Perovskite quantum dots :
CsPbBr: QDs harvest 400-800 nm. Coupled with UiO-66 MOFs: 15% quantum
efficiency for CO.—CHa. NaYF4:Yb/Er upconversion recycles NIR photons.[8]

Performance Benchmarking [Table 1]

Nanomaterial | Solar H: | Pollutant Bandgap | Stability Reference
Rate Removal (eV)

Gd-ZnO/SnO: | 1800 95% MB (2h) | 2.95 10 cycles | [1]
pmol/h/g

g- 2500 98% RhB | 2.70 12 cycles | [2]

C3N4/CuTCPP | umol/h/g (1h)

MoS./BiOBr 1200 90% NOx 2.40 Continuous | [3]
pmol/h/g

CsPbBr:/UiO- | N/A 15% 1.90 500h [4]

66 CO>—CHa4

Pt/g-CsNa 10,000 N/A 2.70 20 cycles | [5]
umol/h/g

Energy Conversion Applications

Water splitting targets green Hz: Pt/{002}-g-CsNa achieves 10,000 umol h! g! via
facet-specific active sites minimizing overpotential. CO: reduction yields CHsOH (80%
selectivity) on CulnS2/Cu.O Z-scheme systems (TON >500).

Tandem PEC cells integrate Si photocathodes with BiVOy anodes: 14% solar-to-
hydrogen efficiency. These surpass alkaline electrolysis (18 kWh/kg H:) by
leveraging free solar input.[9]

Environmental Remediation Performance [Table 2]

Contaminant | Catalyst Removal Efficiency | Time Mechanism
Methylene Blue | Gd-ZnO/SnO- 95% 120 min | - OH attack
Rhodamine B | g-CsN4-CuTCPP | 98% 60 min | h'/- Oz~
Cr(VI) Fe;:04@TiO: 100% 90 min | e reduction
Tetracycline Ag-BiVO, 92% 90 min | Ring cleavage
E. coli BiVO.-Ag 7-log 30 min | ROS damage

Real textile effluent validates scalability: 85% COD, 90% TOC removal in 1 m¥h
pilot reactors.[10]
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Advanced Characterization and Mechanisms

Time-resolved spectroscopy confirms dynamics:

PL lifetime: T = 8.2 ns (heterojunctions) vs 1.1 ns (pristine)

EIS: Charge transfer resistance R_ct = 50 Q-cm? (vs 500 Q-cm? single phase)

DFT modeling reveals Gd*" distorts ZnO lattice, lowering E g by 0.42 eV via V_O
formation (formation energy = 2.1 eV). In-situ AP-XPS quantifies oxygen vacancies
(5-10%). Isotope labeling (H2'*0O) proves 90% - OH derives from lattice oxygen.

Synthesis Scalability [Table 3]

Method Cost ($/9) Scale Example

Sol-gel <1 Industrial N-doped TiO-
Hydrothermal 1-2 Pilot ZnO nanorods
Microwave <0.5 Industrial g-CsNa4 nanosheets

Challenges and Technology Roadmap

Remaining barriers:

Photocorrosion: CdS — Cd° leaching (mitigated by SiO: core-shell)
Quantum yield: <10% AM1.5G (single-atom catalysts target 25%)
Scalability: Lab (1 L) — Industrial (1000 m?/h)

Commercial pathway:

2026: Pilot reactors (1 m3/h, $5/kg Hz)

2028: Industrial plants (100 m3/h, $2/kg H-)

2030: GW-scale (solar fuels at grid parity)

Machine learning accelerates discovery, screening 10° compositions for optimal band
alignment.
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Figure 4. Future Technology Roadmap for solar-driven photocatalysis, outlining the
projected milestones for pilot testing, industrial integration, and large-scale
commercial deployment by 2030.

Conclusion Through advancements
in nano-materials, solar photocatalysis has gone from being a concept solely
researched within laboratories into large scale use commercially. Nanomaterials with
defects designed into their structure can produce products up to 10 times more
efficiently than traditional catalytic systems in energy use and the environment. An
estimated plant capacity of 1 GW will produce enough hydrogen calcination to
compensate for approximately 5% of global carbon dioxide emissions and provide 10%
of the need for "green™ hydrogen by 2030. Future growth in the development of
rationally didactic designs paired with reactor engineering provides the foundation for
solar ceramics as a staple in sustainable development initiatives.

Methodology

This section describes our complete experimental methodology for developing
innovative nanomaterials for solar-driven photocatalysis. We designed this approach
to bridge the gap between laboratory research and industrial application, following
protocols established in leading journals like ACS Nano, Journal of the American
Chemical Society, and Applied Catalysis B. Our methodology encompasses materials
synthesis (2.1), comprehensive physicochemical characterization (2.2), standardized
photocatalytic performance evaluation (2.3), pilot-scale validation (2.4), and rigorous
statistical analysis (2.5). All experiments maintained strict quality control with
triplicate measurements and inter-laboratory validation.

Materials Synthesis Protocols

The sol gel technique has been used to prepare Gd doped ZnO/SnO2 nanocomposites
because the process results in the production of consistently sized particles and allows
for atomic level Gd** doping of the components of the nanocomposite, thus producing
a Type Il heterojunction with efficient separation of photo-generated charges.
Materials: The materials used in this study include zinc acetate dihydrate (Supelco® ),
tin(1V) chloride pentahydrate, gadolinium(lI1) nitrate hexahydrate, ethanolamine, and
2-methoxyethanol, all of which were purchased in the form as shown. Detailed
Procedure: 1. Zinc Oxide Precursor Solution (ZnO): DissolvEd a total of 2.197 grams
of zinc acetate dihydrate (0.1 mol/L) into 100 mL of 2-methoxyethanol with MeOH at
60°C with the use of magnetic stirrer. 0.61 g of ethanolamine was added drop-by-drop
as a stabilizer in equimolar ratio with zinc acetate dihydrate. The mixture was
refluxed at 80° C for 2 h to get a clear yellow solution (pH=10.2).
2. Tin Dioxide Precursor Solution (SnO2): A mixture of 1.907 g of SnCls-5H20 (0.05
mol/L) in 100 mL of 2-methoxyethanol was dissolved, and 0.61 g ethanolamine was
added to the aqueous solution. After 4 h of stirring at 60 °C, a milky and opaque
suspension was formed.
3. Gadolinium Doping: A total of 0.045 gram of Gd(NOs);-6H-0 (relative to Zn=2
mole percentage) was added to the prepared ZnO precursor solution, which was
stirred for 30 minutes.
4. Composite Formation: The ZnO/SnO: sols were combined in a volumetric ratio of
3:1 and stirred vigorously under sufficient agitation. The pH of the combined solution
was adjusted to 9 with the use of ammonium hydroxide, aged at 60°C for 24 hours
and dried at 100°C (12 hours) and calcined at 500°C for 4 hours (ramp up
rate=2°C/min) under an air atmosphere. Yield of final product=1.18g/batch (92% of
theoretical yield). Final product appearance=bright white powder. Final product
storage=In a desiccator and stable for barer of 6 months and more.
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2.1.2  g-C:No/CuTCPP  S-Scheme  Heterostructures  Rationale:  Thermal
polycondensation yields high-surface-area g-CsNa; hydrothermal assembly ensures
intimate CuTCPP contact for efficient charge transfer. Procedure: Bulk g-CsNa.: 10g
of urea (AR grade) was calcined in a covered alumina crucible at 550 °C, for 4 h with
temperature ramp of 10 °C/min to give 1.2 g yellow powder as obtained. For the first
step of exfoliation: 1 g of g-C3N4 was put into 50 mL of isopropanol and
ultrasonicated for 8 hours at 400 W and 40 kHz to create few-layer nanosheets
verified with AFM. Second step of sensitization: 10 mg of Sensitizer CuTCPP
(Copper(Il) meso-tetra(4carboxy phenyl) porphyrin 95% purity) was dissolved in
DMF with 20 mL. Third step was to synthesize using the hydrothermal method - the
mixture of g-C3N4 and CuTCPP is placed into the Teflon-lined autoclave vessel and
heated at 180 °C for 12 hours. Fourth step of purification: trapped particles were
centrifuged for 15 minutes at 8000 rpm and washed three times with water and three
times with ethanol, and vacuum dried at 80°C for 12 hours. Yield: 0.95 g (85% vyield)
Bandgap = 2.70 eV (determined via UV-Vis DRS) Morphology: nanosheets (3-5 nm
thick) as verified by TEM. This section presents the data for MXene-Ti3C2Tx/ZnO
hybrids. The first step is MXene synthesis, which was achieved by etching the
Ti3AIC2 MAX phase with 50% HF at 24 hours and 35 °C, then intercalating
TMAOH to allow for the removal of Ti for delamination, which was pursued by
performing a mild sonication. The creation of ZnO nanoparticles was completed with
10 minutes of microwave-assisted hydrolysis of zinc acetate, leading to a generation
of 3 nm particles. To assemble the two components electrostatically, the two mixtures
(MXene dispersion with -35 mV zeta potential and ZnO suspension with +22 mV zeta
potential) were mixed using a pH of 4.

Comprehensive Materials Characterization
Structural and Morphological Properties

Technique Instrument Parameters Purpose

XRD Bruker D8 | Cu Ko, 5-80° 260, | Phase identification, crystallite
Advance 0.02°/step, 2°/min size  (Scherrer eq.), lattice

parameters

SEM JEOL JSM- | 5 kV, WD 8 mm Surface  morphology, particle
7800F aggregation

TEM/HRTEM | JEOL JEM- | 200 kV, 0.19 nm | Nanostructure, lattice fringes,
2100F resolution heterointerfaces

AFM Bruker Sitip, 1 Hz scan rate | Nanosheet  thickness,  surface
Dimension Icon roughness

Rietveld refinement (GSAS-II): Gd-ZnO/SnO: showed 1.8 at% Gd substitution,
lattice strain € = 0.23%.

Chemical Composition and Electronic Structure

XPS (Thermo K-Alpha+, Al Ka, 100 eV pass energy):

O 1s:531.2 eV (V_0O, 8.2% of total oxygen)

Gd 4d: 142 eV, confirmed substitutional doping

Zn 2ps/>: 1021.8 eV, 0.3 eV shift vs pure ZnO (band bending)

FTIR (PerkinElmer Spectrum Two): g-CsNa peaks at 805 cm™ (tri-s-triazine), 1200-
1600 cm™ (C-N/C=N).

Optical Properties and Charge Dynamics

UV-Vis DRS (Shimadzu UV-3600, 200-800 nm):

Tauc plot: E_g = 2.95 eV (Gd-ZnO/Sn02), 2.70 eV (g-CsN+/CuTCPP)
Absorption edge: 420 nm (visible light response)

Page 56




Time-resolved PL (Horiba Fluorolog, 325 nm excitation):
Average lifetime t = 8.2 ns (doped) vs 1.1 ns (pristine)
Confirms 7.5% charge separation improvement

Electrochemical impedance spectroscopy (EIS):

CHI660E workstation, 0.1-10° Hz, 5 mV AC amplitude

Three-electrode: FTO/catalyst || Ag/AgCl || Pt

R ct=152 Q-cm? (heterojunction) vs 487 Q-cm? (ZnO alone)

Mott-Schottky analysis: Flat band V_FB = -0.42 V vs NHE, donor density N_D =
3.2x10" cm™.

Theoretical Calculations

Density Functional Theory (DFT) using VASP 5.4.4:
Exchange-correlation: HSEQ6 hybrid functional
Pseudopotentials: PAW method

k-point sampling: I"-centered 4x4x1 Monkhorst-Pack
Plane-wave cutoff: 500 eV

Slab model: ZnO(101) 4x4 supercell, 18 A vacuum

Key results:

Oxygen vacancy formation energy: E_f(V_O) =2.1eV
Bandgap narrowing: AE g =0.42 eV via Gd 4f states

Charge density isosurfaces confirm Type-11 junction alignment

Photocatalytic Performance Evaluation

Solar Simulator and Reactor Design

Light source: Newport 91160A solar simulator (AM1.5G, 100 mW/cm? + 5%, 50x50
cm2 beam)

Radiometry: THORLABS S130C power meter (50-1100 nm)

Reactor: Custom quartz annular reactor (100 mL, 2 mm light path, 316L SS holder)

Hydrogen Evolution Reaction (HER)

Catalyst loading: 50 mg dispersed in 100 mL 20 vol% triethanolamine (TEOA, pH 10)
Co-catalyst: 0.5 wt% Pt (photodeposition from H2PtCls:6H20)

Purging: High-purity Ar (50 mL/min)

Analysis: Agilent 7890B GC-TCD, molecular sieve 5A column

Quantum yield: ® = (2 x mol Hz) / (mol incident photons, 350-800 nm)

Stability testing: 12-hour continuous run, 10 cycles (each evacuated/refilled).

Performance Benchmarking of Solar-Driven Hydrogen Evolution

10000

8000

SH000 4

4000 -

Hydrogen Evolution Rate (ymolhig)

2,500

2000 - 1.800
1.200

o | |

MoS2/BiOBr Sd-ZNOISNO2 g-C3INA/CUTCPP
Nanomaterial Composition

Pt/g-C3N4

Figure 6. Comparative analysis of photocatalytic hydrogen evolution rates (umol/h/g)
for various synthesized nanomaterials under AM1.5G illumination.
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Organic Pollutant Degradation

Model pollutants:

Methylene Blue (MB): 20 mg/L, A_max = 664 nm

Rhodamine B (RhB): 20 mg/L, A_max = 554 nm

Real wastewater: Textile effluent (COD = 1200 mg/L, TOC =450 mg/L, pH 8.2)

Photocatalytic Degradation Efficiency under Solar Irradiation

98% 100%

at 60 min

at 120 min

at 90 min

Removal Efficiency (%)

Methylene Blue Rhodamine B Cr(v1) Tetracycline
Organic Pollutant / Contaminant

Figure 7. Comparative mineralization efficiency of synthesized nanomaterials against
model organic pollutants (Methylene Blue, Rhodamine B, Tetracycline) and heavy
metals ($Cr(VI1)$) under simulated solar irradiation. Performance benchmarks
demonstrate >92% removal efficiency across all target contaminants within 60-120
minutes of exposure.

Analysis:

UV-Vis: Shimadzu UV-1800 (every 15 min)

HPLC-MS: Waters Acquity UPLC, C18 column, ESI+

TOC: Shimadzu TOC-L, non-purgeable organic carbon

Active species trapping: EDTA-2Na (h"), isopropanol (- OH), benzoquinone (- O2")
Kinetics: Pseudo-first-order: In(Co/C) =k _app x t

Bacterial Inactivation

Microorganism: E. coli ATCC 25922 (107 CFU/mL inoculum)

Protocol: Spread 100 puLL sample on LB agar, 37°C incubation (24h), colony counting
Fluorescence: SYTO9/PI live-dead staining, CLSM imaging

Pilot-Scale Validation

Reactor design: 1 m¥h annular fixed-bed (Pyrex window, 316L SS)
Catalyst coating: 500 g/m? wash-coated cordierite honeycomb

Flow rate: 1-10 L/min (real textile wastewater)

Solar tracking: Dual-axis (£0.2° accuracy)

Performance metrics:

Space-time yield: mol m=3 h™!
Catalyst durability: >1000 h target
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Pressure drop: <0.5 bar

Quiality Control and Statistical Analysis

Using a variety of ways to test and compare different materials through statistics
allowed companies to have enough data to support a product's viability as
economically reasonable or commercialized. Products can be compared statistically
for their materials and then have that resulting statistically significant data used to
support a company developing a commercial plan on how to market or develop such a
product. In total, 127 different nanomaterials were analysed in this manner.

Results

This section presents the experimental results from our systematic investigation of
innovative nanomaterials for solar-driven photocatalysis. We evaluated 127
nanomaterial compositions across three performance metrics: hydrogen evolution
reaction (HER), organic pollutant degradation, and bacterial inactivation. Key
findings demonstrate that rationally engineered heterostructures achieve 8-12x higher
activity than conventional TiO., with quantum efficiencies approaching 10% under
AML.5G illumination.

Structural and Morphological Characterization

XRD and Crystallite Analysis

Figure 3.1: XRD patterns confirm successful synthesis of all target phases. Gd-
Zn0O/Sn0O: shows characteristic wurtzite ZnO (JCPDS 36-1451) and cassiterite SnO:
(JCPDS 41-1445) peaks with no separate Gd20s phase, indicating substitutional
doping. Average crystallite sizes calculated via Scherrer equation:

Material ZnO (nm) | SnO: (nm) | Lattice Strain (%)
Pure ZnO 12.3+04 - 0.12

Gd-ZnO/SnO: 8.7+£0.3 6.2+0.2 0.23
g-CsN4/CuTCPP - - Amorphous

Rietveld refinement quantified 1.8 at% Gd incorporation and 0.42% lattice
expansion due to larger Gd** ionic radius (0.938 A vs Zn?* 0.74 A).

Morphology and Surface Area

SEM/TEM imaging (Figure 3.2) reveals:

Gd-Zn0O/Sn0:: Quasi-spherical nanoparticles (20-50 nm) with clear heterointerfaces
g-CsN4/CuTCPP: Ultrathin nanosheets (3-5 nm thick, >1 um lateral) decorated with
porphyrin clusters

MXene-ZnO: 2D stacked sheets (10-20 layers) interspersed with 3 nm ZnO QDs

BET surface areas:

text

Gd-ZnO/Sn0Oz: 145 m?/g (BJH pore size: 3.8 nm)
g-CsN4/CuTCPP: 82 m?*/g (mesoporous)
MXene-ZnO: 320 m#g (hierarchical porosity)
Pure TiO: (P25): 48 m?/g (benchmark)

Optical Properties and Bandgap Engineering
UV-Vis DRS confirmed visible light response across all nanomaterials (Figure 3.3):

Material Absorption Edge (nm) | Bandgap (eV) | Redshift vs Bulk
Pure ZnO 387 3.37 -

Gd-ZnO/SnO: 420 2.95 33 nm
g-CsN«/CuTCPP | 460 2.70 Native
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MoS./BiOBr 515 2.40 Native

Tauc plots show direct allowed transitions. Gd-doping introduces mid-gap states
from oxygen vacancies and Gd 4f electrons, enabling 43% solar spectrum utilization
vs 4% for pure TiOx.

Photocatalytic Hydrogen Evolution

Rate Performance Comparison

Figure 3.4 shows H: evolution rates under AM1.5G (100 mW/cm?, 20% TEOA, 0.5
wit% Pt):

Catalyst H: Rate (umol h*' | AQY (420 | Enhancement VS
g nm, %) TiO:

P25 TiO: 180 £ 12 0.12 £0.02 1x (baseline)

Gd-ZnO/SnO. | 1,820 £ 65 1.45+0.08 10.1x

g- 2,503 + 89 2.18+0.11 13.9%

CsN4/CuTCPP

Pt/g-CsN4 10,023 + 342 8.92 +0.45 55.7x

g-CsN+/CuTCPP achieved highest sustained rate (2503 pmol h™!' g') due to S-scheme
junction preserving strong redox potentials while facilitating charge separation.

Long-term Stability

10-cycle stability test (Figure 3.5): All heterostructures maintained >92% initial
activity after 60 hours. Post-reaction XRD/TEM showed no phase transformation or
sintering. XPS confirmed persistent oxygen vacancies (V_O decreased only 12% after
10 cycles).

Pollutant Degradation Performance
Model Dye Degradation
Methylene Blue (20 mg/L) degradation kinetics (Figure 3.6):

Catalyst k app (h™) | t {1/2} (min) | Mineralization (TOC, %)
P25 TiO- 042+0.03 |99+7 32+4
Gd-ZnO/Sn0O. [ 3.81+0.22 |11+1 89+5
g-CsN4/CuTCPP | 562+0.31 |71 95+ 3

95% TOC removal confirms complete mineralization, not just decolorization.

Real Textile Wastewater

Industrial effluent (COD 1200 mg/L, TOC 450 mg/L, 15 dye types):

Gd-ZnO/SnO: (1 m* h pilot):

COD removal: 85% (4h)

TOC removal: 72% (4h)

Color removal: 97% (2h)

Stable 1000+ hours

HPLC-MS identified degradation intermediates (aromatic — aliphatic — CO.),
confirming ring-cleavage pathway.

Active Species Identification

Trapping experiments (Figure 3.7) reveal dominant mechanisms:

Gd-ZnO/SnOz: *OH (62%) > h* (28%) > *O2 (10%)

g-CsN4/CuTCPP: h* (48%) > O (35%) > *OH (17%)

EPR spectroscopy (DMPO spin trapping) confirmed - OH and - O signals under
solar irradiation, strongest for Gd-ZnO/SnOs..
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Charge Dynamics

Time-Resolved Photoluminescence

Pristine ZnO: t_avg=1.1+0.1 ns

Gd-ZnO/SnO:: ©_avg = 8.2 + 0.4 ns (7.5% longer)

g-CsN4/CuTCPP: 1_avg = 6.8 £ 0.3 ns (vs 2.1 ns pure g-CsNa)

Biexponential decay indicates fast (interface trapping) and slow (radiative)
components.

Electrochemical Impedance

EIS Nyquist plots:

R_ct values:

P25 TiOa: 487 + 32 Q-cm?

Gd-ZnO/Sn0z2: 52 £ 4 Q-cm? (9.4% lower)
g-CsN+/CuTCPP: 38 + 3 Q-cm? (12.8% lower)

Bacterial Inactivation
E. coli (107 CFU/mL) under solar light (Figure 3.9):

Catalyst Inactivation (log) | Time | Mechanism
No catalyst 0.3 60 min | -

P25 TiO- 3.2 60 min | ROS
Gd-ZnO/Sn0O: | 7.1 30 min | - OH attack
Ag-BiVO. 6.8 30 min | Ag* + ROS

Live/Dead staining confirmed complete membrane damage via lipid peroxidation.

Pilot-Scale Results
1 m3/h reactor processing real textile effluent (500 g/m? catalyst loading):

Daily throughput: 24 m?® wastewater

COD removal: 82-87% (stable 35 days)

Catalyst attrition: <0.3%/week

Pressure drop: 0.28 bar (acceptable)

Space-time yield: 2.4 mol COD m2 h™! (industrial benchmark: 1.8 mol m= h?)

DFT Validation
Computed bandgap alignment matches experiment:

ZnO CB: -0.52 V — SnO: CB: -0.15 V (Type-II)
V_0O formation energy: 2.1 eV (matches XPS V_O binding energy)
Charge density: Electrons accumulate at ZnO/SnO:- interface

Performance Summary
Table 3.1: Overall comparison across all metrics:

Metric Best Performer | Enhancement vs TiO: | Industrial Viability
H: evolution Pt/g-CsNa 55.7x Excellent

Dye mineralization | g-CsN+/CuTCPP | 15.2x Excellent
Wastewater COD | Gd-ZnO/SnO. | 9.1x Excellent

Bacterial kill Ag-BiVO. 22x Good

Stability All >92% 10x Excellent

These results demonstrate that defect-engineered heterostructure design principles
systematically overcome the three fundamental limitations of traditional
photocatalysts: poor visible light absorption, rapid charge recombination, and
insufficient active surface area.
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Discussion

Fundamental Performance Enhancements: Dissecting the Mechanisms

The dramatic 10-55x% performance improvements observed across our nanomaterial
platforms arise from three meticulously engineered design principles that
systematically eliminate the core limitations of conventional photocatalysts. Principle
1: Visible-light harvesting through defect-mediated bandgap engineering. Gd** doping
in ZnO/SnO: reduces the bandgap from 3.37 eV to 2.95 eV (33 nm redshift), enabling
absorption of 43% of the solar spectrum versus TiO:'s 4%. This matches our DFT
calculations showing Gd 4f states and oxygen vacancies (V_O at 531.2 eV XPS)
creating mid-gap donor levels 0.42 eV below the conduction band minimum. The
quantitative correlation is striking: H: evolution rate scales linearly with V_O
concentration (R2 = 0.94, 4.2-8.6% range), confirming traps extend carrier lifetimes
from 1.1 ns to 8.2 ns (PL spectroscopy).

Principle 2: Spatial charge separation via heterojunction band alignment. Type-II
(ZnO/Sn02) and S-scheme (g-CsN./CuTCPP) architectures position reduction (CB = -
0.52 V) and oxidation (VB = +3.5 V) sites on different material phases.
Electrochemical impedance spectroscopy reveals 9.4-12.8x lower charge transfer
resistance (R_ct = 38-52 Q-cm? vs 487 Q-cm? for pristine materials), while time-
resolved photoluminescence confirms 6.8-8.2 ns lifetimes versus 1.1-2.1 ns for single
components. This preserves thermodynamic driving force for Hz evolution (E° =0 V)
and - OH generation (E° = +2.8 V) while kinetically suppressing recombination.
Principle 3: Active site maximization. Surface areas of 82-320 m?/g (versus P25 TiO:
at 48 m?/g) provide 2.7-6.7x more reaction sites per gram. Oxygen vacancies serve as
dual-function sites: electron traps (extending lifetime) and - OH precursors (lattice
oxygen participation confirmed by 90% H:'*0O — H.'°O isotope exchange). The
composite activity metric (H2 rate x surface area x lifetime) predicts performance
with 92% accuracy across our 127 compositions.

Structure-Activity Correlations and Design Rules Quantitative
relationships emerge clearly from our dataset:

Apparent quantum yield (420 nm): AQY = 0.023 x [V_0%] x (SA/100 m?/g) x (t/5
ns)

Dye degradation rate: k_app = 1.8 x [*OH flux] x In(1 + SA/50 m?¥/g)

H: evolution: HER =450 x SA x (1/R_ct) X f(facet exposure)

S-scheme mechanism superiority: g-CsN+/CuTCPP achieves 2503 umol h™! g! (2.18%
AQY) versus Type-1l limits because the S-scheme recombines spatially separated
weak carriers (low-potential electrons + weak holes) while preserving strong
reduction (g-CsN. CB = -1.2 V) and oxidation (CuTCPP VB = +1.8 V) sites. This
explains the 13.9x P25 TiO: enhancement at 1/100th Pt loading.

Facet effects: While direct measurement awaits, our microwave-synthesized ZnO
nanoparticles likely expose high-energy {002}/{001} facets (8x more - OH active
than {101} per literature). MXene-ZnQO's 320 m2/g hierarchical porosity and metallic
conductivity (8500 S/cm) further accelerate radial diffusion (Da > 1.2).

Benchmarking Against State-of-the-Art
Table 4.1: Comprehensive literature comparison:

Catalyst Journal/Sourc | Yea | H: Stability Cost | Our Best
System e r Rate Match
CoO/TiO2 | Nature Comm. | 2023 | 1450 | 5 cycles Hig |g-
umol h CsN4/CuTCPP
h! : 2503, 12
g! cycles
MoS./CdS | ACS Nano 2024 | 3200 | 20h Med | Pt/g-CsNa:
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umol | photocorrosio 10,023, 60h
h™! n stable
gfl
BiVO+/WO | JACS 2022 | 4.8% | 50h Hig | Pilot:  5.2%
3 STH h STH, 1000h
Cu/zZnO Science 2023 | 8.1% | 100h Med | 2.18% AQY,
AQ earth-
Y abundant

Our earth-abundant catalysts match noble-metal performance with superior durability,
positioning them for commercialization.

Mechanistic Insights from Spectroscopic Validation Active species
quantification reveals material-specific pathways:

Gd-ZnO/Sn0:: *OH (62%) > h* (28%) > *0z~ (10%)

Mechanism: SnO: VB (+3.5 V) exceeds *OH threshold (+2.8 V)

g-CsN4/CuTCPP: h* (48%) > +02 (35%) > *OH (17%)

Mechanism: S-scheme preserves both redox potentials

EPR spectroscopy (DMPO trapping): Characteristic - OH quartet (a N =a H = 1.49
mT) peaks 4.2x higher for Gd-ZnO/SnO:.Isotope studies demonstrated about 90% of
lattice oxygen taking part in the generation of -OH characteristic of Mars-van
Krevelen's defect mechanism.

The path of dye degradation, via HPLC-MS analysis, shows the sequence from the
initial chromophore through quinoid intermediates to ring-cleaved products to
carboxylic acid and culminating in complete mineralization of the starting material
(i.e., 95% of total organic carbon removed).

Pilot-Scale Validation and Techno-Economic Feasibility:

1 m3/h industrial demonstration establishes technology readiness level 7 (system
prototype). Key metrics:

COD space-time yield: 2.4 mol m h™' vs commercial Fenton 1.8 mol m™> h™*

The Catalyst Attrition Rate Is 0.28%/Week, Acceptable For Fixed-Beds. (Pressure
Drop For The Catalyst Is 0.28 Bar; 0.5 Bar Maximum). Continuous Run Time 35
Days Maintaining An 85% COD Removal Rate. 20-Year NPV For The Levelized
Cost Analysis Of An 8% Discount Rate Is As Follows: Text. Hydrogen Production
From A 1-GW Scale Pilot Project, $3.2/Kg (Pilot) To Economies Of Scale $1.8/Kg
(GW Scale). Wastewater Treatment $0.18/M3; Biological Wastewater Treatment Plus
Fenton's Process Is $0.85/M3 + $1.2/M3. Two Revenue Sources From Hydrogen
Production At $2.5/Kg H2 And Wastewater Treatment At $0.45/M? For A Total $2.95
Total Value. Net Margin At Scale 65%. Carbon Footprint For Hydrogen Production
0f 0.42 Kg CO2/Kg H: Is 9.5 Kg CO2/Kg Gray Hydrogen (A Reduction Of 95%).

Stability Mechanisms and Degradation Resistance Exceptional
durability (>1000h pilot operation) arises from three factors:

1.Type-11/S-scheme alignment prevents photocorrosion-inducing band bending
2.0xygen vacancy self-healing: Dark storage regenerates V_O (XPS: 8.2% — 7.1%
after reaction — 8.0% after 24h dark)

3.Robust heterointerfaces: TEM shows no delamination after 60h solar exposure
g-CsNa protection: CuTCPP coordination stabilizes tri-s-triazine units against
hydrolysis (FTIR: C=N stretching 1200-1600 cm™! unchanged).

Critical Limitations and Optimization Roadmap

1.Quantum efficiency: 2.18% (420 nm) vs theoretical 25% (Shockley-Queisser analog)
2.External mass transfer: Pilot Da = 0.12 (diffusion-limited)
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3.Co-catalyst dependence: Pt (0.5 wt%) contributes 25% to $3.2/kg Ha cost

Three-phase optimization plan:

Phase 1 (2026): Single-atom Pt/Co catalysts (TOF >3000 h™')

Phase 2 (2028): Turbulent flow reactors (Da > 2.0, microstructured mixers)

Phase 3 (2030): Noble-metal-free HER (MoS: edge sites, Ni2P)

Machine learning acceleration: Random forest models trained on our 127-composition
dataset predict optimal V_O concentration (8-12%), heterojunction offset (0.3-0.6 V),
and facet ratios with Rz = 0.91.

Disruptive Potential and Global Impact:

Dual functionality creates unique economics: 1 kg H: production simultaneously
treats 2.5 m3 textile wastewater, generating $2.95 revenue versus $1.8 cost. Circular
integration: Industrial effluents supply sacrificial donors, eliminating TEOA costs.

Deployment scenario (5% global market penetration by 2035):

Annual Ha2: 50 million tons (5% of projected demand)

Wastewater treated: 125 billion m3/year (10% industrial total)

CO: offset: 2.1 Gt/year (5% of energy sector emissions)

CapEx requirement: $450 billion (comparable to offshore wind)

Policy leverage: Carbon credits ($80/tCO.), IRA subsidies, and developing nation
wastewater levies accelerate adoption.

Technology Landscape Positioning

Alkaline Electrolysis: $3/kg vs $5/kg Ha (solar electricity free)

Fenton Oxidation: 85% COD vs 65% (no iron sludge)

UV/H20. AOP: Solar-driven vs $0.52/kWh electricity

Biological Treatment: 4h vs 24h HRT, recalcitrant dyes destroyed

Solar-driven nanophotocatalysis is the only technology available that produces fuels
and cleans wastewater simultaneously and has the potential to deliver those products
at grid-parity pricing, establishing it as the cornerstone of circular energy systems.

Conclusions and Future Perspectives

This comprehensive investigation demonstrates that innovative nanomaterials
fundamentally transform solar-driven photocatalysis from laboratory curiosity into
industrial reality. Our systematically engineered heterostructures Gd-doped
Zn0O/Sn02, g-CsN4/CuTCPP S-scheme, and MXene-ZnO hybrids—achieve 10-
55x higher activity than commercial TiO. (P25) across all critical metrics: hydrogen
evolution (2503 pmol h™' g™), pollutant mineralization (95% TOC removal), and
bacterial inactivation (7-log E. coli kill). These breakthroughs arise from three
validated design principles: defect-mediated bandgap narrowing (2.95 eV enabling
43% solar utilization), heterojunction charge separation (8.2 ns lifetimes vs 1.1 ns),
and high-density active sites (145-320 m2/g surface area).

Key Technological Achievements
Table 5.1: Performance Summary vs Commercial Benchmarks

Metric Our Best | Commercial | Enhancement | Industrial
Catalyst TiO: Status
H: Evolution 10,023 pmol h™* | 180 pmol h™ | 55.7x Pilot
g (Pt/g-CsNa) | g validated
Dye 95% TOC (2h) | 32% TOC | 15.2x 1 m3/h reactor
Mineralization (2h)
Wastewater 85% (textile | 45% (Fenton) | 9.1x 1000h stable
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COD effluent)

Bacterial Kill 7-log E. coli (30 | 3-log (60 min) | 22x Potable water
min) ready

Stability >1000h 200h 5% Commercial
continuous maximum viable

Economic and Environmental Impact

Techno-economic validation confirms grid-parity potential:

Hydrogen: $3.2/kg (pilot) — $1.8/kg (GW-scale)

Wastewater: $0.18/m? vs $0.85/m? biological treatment

Dual revenue: $2.95 total vs $1.8 cost = **65% margin**

CO: footprint 0.42 kg CO2/kg H2 vs 9.5 kg gray Ha (**95% reduction**)

1 m3h pilot success establishes Technology Readiness Level 7: 85% COD removal
from real textile effluent, 2.4 mol m™ h™! space-time yield, <0.3% weekly attrition.
This bridges the lab-to-factory gap that has stalled photocatalysis for decades.

Critical Scientific Insights

S-scheme heterojunctions preserve strong redox potentials while eliminating
recombination losses, achieving 2.18% apparent quantum yield (420 nm)—earth-
abundant alternative to noble-metal catalysts.

Oxygen vacancies serve dual roles: electron traps extending lifetimes 7.5x and lattice
oxygen sources for - OH generation (90% confirmed by isotope labeling).

MXene conductivity (8500 S/cm) eliminates ohmic losses in thick catalyst beds,
enabling continuous-flow reactors absent in powder suspensions.

Global Deployment Roadmap

2026: Commercial pilot plants (10 m3/h, $5/kg Hz)

2028: Regional facilities (1000 m3/h, $2/kg Hz)

2030: GW-scale clusters (grid-parity solar fuels)

2035: 5% market penetration = 50M tons H: + 125B m* wastewater/year

Gt CO: offset annually (5% energy sector emissions) positions solar photocatalysis
as critical climate technology.
Remaining Challenges and Solutions

Challenge Current Target Solution Strategy
Performance (2030)

Quantum 2.18% (420 nm) 15-25% Single-atom catalysts,

Efficiency tandem PV

Mass Transfer Da = 0.12 (pilot) Da>2.0 Microstructured reactors

Co-catalyst Cost | Pt 0.5 wt% | Noble-metal | MoS:, Ni.P HER catalysts
($0.8/kg Hz) free

Solar Daytime only 2417 Hybrid battery + thermal

Intermittency operation storage

Policy and Commercialization Recommendations

Carbon credits: $80/tCO: creates 35% additional margin
Wastewater levies: $0.2/m3 in developing nations funds 80% CapEx
IRA subsidies: 45V tax credits accelerate US deployment
Public-private partnerships: Textile districts + energy majors

Broader Scientific Implications

This work establishes generalizable design rules for photo(electro)catalysis across
energy and environmental applications:
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Activity o< f(V_0O%, heterojunction quality, surface area, conductivity)
Stability o f(charge balance, interface robustness, self-healing defects)
Scalability « f(synthesis cost, reactor engineering, attrition resistance)
Machine learning models trained on our 127-composition dataset (R? = 0.91) predict
optimal heterostructure parameters, accelerating discovery 100x versus trial-and-error.

The Paradigm Shift

Solar-driven photocatalysis evolves from "promising but impractical™ to deployable
disruptive technology. Unlike single-purpose solutions (electrolysis for H2, Fenton for
wastewater), our integrated platform simultaneously produces solar fuels while
destroying recalcitrant pollutants creating dual revenue streams that conventional
technologies cannot match.

GW-scale deployment by 2030 becomes not just feasible, but economically
compelling. The combination of earth-abundant materials, pilot-validated
performance, grid-parity economics, and dual environmental benefits positions
nanostructured photocatalysts as cornerstone technology for circular energy systems.

Future research should prioritize:

Noble-metal-free HER catalysts (MoS: edge engineering)

Turbulent flow reactors (Da > 2.0)

Tandem PV-photocatalysis (target 20% STH)

Standardized benchmarking protocols for commercialization

Solar-driven nanophotocatalysis stands ready to convert sunlight's vast potential into
practical solutions for energy security and environmental restoration—delivering on
decades of fundamental research with tangible global impact.
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