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ABSTRACT

Photocatalytic CO>2 conversion to solar fuels is considered to be a clean and sustainable
way to generate renewable energy. This green energy technology draws inspiration from the
photosynthesis process in plants, representing a remarkable innovation that captures sunlight,
COo, and H>O and converts it into viable fuel sources such as CO, CHs, and CH3OH. At
present, this concept remains in the realm of fundamental research, with catalyst design as its
central focus for advancing the photocatalytic CO> reduction reaction (CO2RR). However,
designing efficient photocatalysts for selective photoreduction of COz, all while avoiding the
need for sacrificial reagents or external electrical bias, remains a formidable challenge. It is
mainly due to the limited light-harvesting capacity, high bulk charge recombination, and

insufficient surface-active sites of existing photocatalysts.

This thesis focuses on developing highly efficient visible-light-driven photocatalysts
based on metal oxide semiconductors for converting CO2 to hydrocarbons and alcohols.
Chapter 1 introduces CO- utilization, solar fuel production, and the thesis objectives and
scope. Chapter 2 provides an understanding of photocatalytic CO, reduction processes and
reviews metal oxide and perovskite oxide-based photocatalysts and various strategies adopted
by these materials to enhance the performance of photocatalytic CO2RR. Chapter 3 describes

the materials synthesis procedures and experimental protocols.

The core studies and innovations of this thesis are delineated across three consecutive
research chapters. In Chapter 4, I investigated the dynamics of photogenerated charge carriers
using a model photocatalyst of edge-truncated cubic Cu20, with exposed {110} and {100}
facets, employing both computational and experimental approaches. | found that edge-
truncated cubic Cu.O microcrystals show an enhanced charge separation upon illumination,
attributed to the in-built potential difference induced by band bending at the {110}/{100}
facet junctions. When the model edge-truncated cubic Cu2O microcrystals were synthesized
and tested for photocatalytic CO2RR, they showed a superior CH3OH vyield, around 5.5 times
better than the reference simple cubic Cu.O photocatalysts. This experiment result validates
my computational prediction that controlling photocatalyst morphology through crystal facet
engineering increases overall CO2RR activity by improving the separation of photogenerated
electron-hole pairs across two different facets. However, the difficulty in controlling the

growth of crystal structures for synthesizing edge-truncated cubic Cu.O microcrystals on a



mass scale and the inherent self-redox capability of Cu20O pose constraints on its applicability
in photocatalytic CO2RR.

In Chapter 5 of my research, | explored more stable materials to use as photocatalysts for
CO: reduction. Specifically, | synthesized Ga-doped NiTiO3z photocatalysts using Pechini
methods and functionalized their surfaces with Ru nanoparticles. | found that doping Ga into
NiTiOs helps to prolong the lifespan of photogenerated electron-hole pairs by increasing the
electrons' diffusion length. Furthermore, loading Ru cocatalysts on the photocatalysts
enhances the electron-hole separation by forming a metal-semiconductor Schottky junction.
To test the photocatalysts' efficiency, | conducted the CO, photoreduction reaction under
varying pressures from 1 to 4.5 bar in a batch photoreactor. 1 found that an optimal
concentration of 1.0 wt.% of Ru loaded over Ga-doped NiTiO3z photocatalysts suspended in
0.1 M NaHCO3 aqueous solution under 3.5 bar CO» pressure achieved the highest CH3OH
yield at a rate of 84.48 pmol g* h. A small amount of CH4 was also produced as a side
product, evolving at a 21.35 umol g h rate. This superior activity was achieved due to the
synergetic combination of Ga doping and Ru loading onto NiTiOs, which accelerated the
charge transfer and provided more surface-active sites. Additionally, the pressurized
microenvironment facilitated more efficient CO2 solubility and absorption at the catalyst
surface. Nevertheless, the Brownian motion of the suspended particulate photocatalysts made
continuous sunlight harvesting difficult, resulting in low energy efficiency. Moreover, the
nanoscale size of the suspended photocatalyst materials rendered post-reaction separation

challenging, thereby limiting catalyst reusability.

In Chapter 6, | explored the concept of fabricating a photocatalyst sheet through the
immobilization of photocatalyst materials onto a substrate. | synthesized a heterostructure
photocatalyst sheet using Cu-loaded Al-doped SrTiOs as the CO. reduction catalyst and
CoOx-WO3 as the H.O oxidation catalyst, with a gold nanolayer electron mediator. This
composite structure exhibited multiple photo-excitations and excellent charge separation
efficiency through an indirect Z-scheme charge transfer mechanism. I tested the photocatalyst
sheet's COz reduction performance in both indoor experiments using a solar simulator and
outdoor experiments under natural sunlight. | observed that this photocatalyst sheet primarily
converts CO to CH4 and CH3OH, with a slight trace of CO. During the indoor experiment,
the total carbon product formation rate achieved by this system was 3.237 umol cm h?,
while during the outdoor experiment, it reached up to 0.384 pmol cm h. Furthermore, |



tested the photocatalyst sheet over five consecutive CO2RR cycles, during which it exhibited
outstanding performance with minimal efficiency changes, demonstrating its robustness and
reusability. The key factors contributing to the high activity and stability of the photocatalyst
sheet were attributed to the innovative fabrication method employed and the enhanced charge

separation facilitated by the indirect Z-scheme heterostructure.

In conclusion, this research offers a variety of strategies for developing highly efficient
photocatalyst materials capable of harnessing a broad spectrum of solar energy, enhancing
the separation of photogenerated charges, and optimizing CO> reduction sites. These findings
hold promise for driving the progress of durable and scalable photocatalytic CO> reduction
systems. By leveraging the insights gained from this study, future endeavors can strive
towards realizing more sustainable and practical approaches for CO. photoreduction and

solar fuel production.
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