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At present, photocatalytic water splitting has attracted widespread attention as
a sustainable pathway for hydrogen (H,) production. However, most studies remain
limited to batch photoreactor systems, which are inconsistent with the industrial trend
toward continuous processes. Therefore, this dissertation aims to design and develop
a continuous photocatalytic water splitting process at the laboratory scale by
integrating knowledge of process engineering design, experimental investigation,
theoretical calculations, as well as techno-economic and environmental analysis.

The laboratory-scale process design focused on the development of a
continuous panel photoreactor, together with auxiliary units such as an H, purification
unit and an automated control system, while considering safety standards. Since
testing the purification unit with high H, concentrations involves safety risks, this
dissertation restricted the scope to prototype testing without the direct feed of
concentrated H, (system-only operation). The panel photoreactor prototype was
experimentally tested using TiO, and 2%Pt/TiO, photocatalysts under UVA-LED, LED,
and natural sunlight irradiation, with and without methanol as a sacrificial agent. The
results revealed that, under methanol-free conditions, the H, production rate was 0.51
umol g min (TiO,, UVA-LED, 25 °C). In contrast, with 10% v/v methanol (2%Pt/TiO,),
the maximum H, production rates were 486.94, 358.25, and 333.82 pmol ¢* min
under UVA-LED, LED, and natural sunlight, respectively. Compared to the conventional
batch photoreactor, the continuous panel photoreactor demonstrated superior
performance, as it facilitated efficient mass transfer of products, suppressed
recombination, and highlighted the potential for industrial-scale applications in the
future.

The theoretical study employed quantum chemical calculations to elucidate
the reaction mechanisms of photocatalytic water splitting along both two-electron and
four-electron pathways, covering reaction pathways, thermodynamic properties, and
kinetics. Special attention was given to photo-to-thermal energy conversion and the

influence of irradiation wavelength. A cluster model, [(TiO,),(H,O),], was adopted to
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investigate photoexcitation and non-radiative relaxation processes, leading to bond
cleavage and isomerization. DFT/B3LYP/TZVP was applied for the ground state (S,) and
TD-DFT/B3LYP/TZVP for the excited state (S;) to construct potential energy surfaces
(PESs). Transition State Theory (TST) was further employed to evaluate thermodynamic
and kinetic parameters. The results indicated that dissociation of 2H,0 on the (TiO,),
cluster can proceed with low or negligible energy barriers, yielding two-electron
products (H,0, and H,) and four-electron products (O, and 2H,). Remarkably, near-
infrared excitation enabled the formation of a second H, molecule on the S; PES with
almost no barrier, whereas the Sy PES exhibited moderate barriers. Thermodynamic
analysis showed that energy transfer from deoxygenation to dehydrogenation
processes can drive a feasible low-temperature H, production pathway, while kinetic
analysis identified the rate-limiting step of the mechanism.

Finally, techno-economic and environmental assessments revealed an
estimated H, production cost of ~46 USD/kg H,, with a cumulative energy demand of
364 MJ/kg H, and greenhouse gas emissions of 5 kg CO.q/kg H, under optimized
operating conditions (LED irradiation and 2%Pt/TiO, catalyst). Although the production
cost remains high, primarily due to electricity consumption and platinum catalyst
expenses, the integration of solar-derived electricity and low-cost alternative catalysts
could significantly enhance the feasibility and competitiveness of the process. Overall,
the proposed system demonstrates promising energy and environmental performance,

indicating strong potential for future practical applications.
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