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ABSTRACT

Metal oxide nanostructures are the most versatile groups of a semiconductor due to their
extensive structural, physical, and chemical properties. The unique and tunable properties of
these metal oxides such as optical, optoelectronic, magnetic, electrical, mechanical, thermal,
catalytic, and photochemical, etc. made themselves excellent candidates for various high-level
technological applications. The various properties of metal oxides can be varied by varying their
growth method or doping etc. Metal oxides can be used as a catalyst due to their ability to bind
and activate CO2 which largely depends on their basicity and reducibility. In our research work,
to improve the conversion efficiency of CO:z into fuel, the nanocomposite based on i) indium
oxide, and ii) copper oxide has been used. These materials are chosen because indium oxide
nanostructures show beneficial interaction with the supporting material, provide large surface
area, and suppress the hydrogen evolution reaction during the CO:2 reduction reaction.
Additionally, the presence of point defects in metal oxides is one of the promising factors that
influence the various properties such as CO:2 reduction, electrocatalysis, photocatalysis, dye
degradation, and gas sensing, etc

Utilizing COz2 through electrochemical reduction to produce valuable hydrocarbons is one of the
promising paths for sustainable development. But the selection of an energy-efficient and stable
catalyst for electrochemical reduction of CO: into CO, selectively, is one of the major
challenges. We have synthesized CuO/In203 nanocomposites by modified sol-gel method, which
acts as the highly active, stable, and cost-effective catalyst for ERC of CO2. We established an
approach for enhancement of COz2 reduction into CO by inducing the different concentration of

oxygen vacancies (Vo) in the CuO/In203 nanocomposites.



ABSTRACT

We have controlled the concentration of Vo by changing the calcination environment from air to
argon during the synthesis of CuO/In20s nanocomposites. The photoluminescence, X-ray
photoelectron spectroscopy and electron paramagnetic resonance measurements demonstrate that
CuO/In203 nanocomposites prepared in an argon environment exhibit higher concentrations of
Vo defects as compared to samples prepared in the air environment. For Vo-rich CuO/In203
nanocomposites, the faradaic efficiency of CO reaches up to 85% in the potential range of -0.6 to
-0.9V vs reverse hydrogen electrode (RHE) and exhibiting low hydrogen evolution reaction,
while Vo-poor CuO/In20s nanocomposite results CO faradaic efficiency ~ 63% at the same
potential. This is because Vo provides the active sites for CO2 adsorption. The hydrogen
evolution reaction have been suppressed due to the presence of indium in the nanocomposite
because high potential is required for adsorption of hydrogen on indium. Combining the
electrochemical measurement with the physical characterizations, it has been observed that
enhancement of CO:2 reduction to CO is mainly due to higher Vo defect concentration in
CuO/In203 nanocomposites. The density functional theory (DFT) calculations provide a plausible
mechanism and depict the role of increased Vo defect concentration in the nanocomposites.

Although many electrocatalysts with very high faradaic efficiency have been developed, the
deactivation of the electrocatalysts due to aging remains an issue. We have provided a facile
approach for the regeneration of aged CuO-Cu20/In203 nanocomposite catalysts as well as
suggest a possible mechanism for the regeneration of activity of aged catalysts. For the as-grown
CuO-Cu20/In203 nanocomposite catalyst, the CO faradaic efficiency (FEco) was obtained about

88%, whereas, for the 12 months aged nanocomposite catalyst, the average CO faradaic
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ABSTRACT

efficiency value gets reduced to 39.6%. The photoluminescence, X-ray photoelectron
spectroscopy, and electrochemical reduction measurements suggest that increase in oxygen
vacancy (Vo) concentration upon aging results in the reduction of faradaic efficiency of CO.
Considering this issue, we have demonstrated that the activity of the aged nanocomposite
towards electrochemical reduction of CO2 can be regenerated by ultra-violet (UV) light
treatment. For the of UV treated nanocomposite, a considerable increase in faradaic efficiency of
CO (~85.6%) closer to the CO faradaic efficiency value of the as-grown catalyst has been
obtained. We have performed first-principles-based calculations under the framework of density
functional theory to understand the role of Vo on the reaction barriers of electrochemical
reduction of CO2 under UV light treatment. From this state-of-the-art combined experimental
and theoretical investigation, we have been concluded that the regeneration of the active sites in
the aged electrocatalysts by UV light treatment helps in regaining the catalytic activity towards
electrochemical reduction of CO:s.

Maintaining the atmospheric COz2 level by the production of valuable solar fuel like methane is
one of the major challenges for humankind. Photocatalytic reduction of CO: is a vital approach
for its conversion into a valuable chemical product. We have prepared In203-rGO
nanocomposites with varying reduced graphene oxide (rGO) content for the investigation of
photocatalytic reduction of CO2. The product obtained by photocatalytic reduction of CO2 by
visible light source has been quantified by the gas chromatography measurements. The catalytic
activity of In203-rGO nanocomposites towards the photocatalytic reduction process of CO: to

CHa gets enhanced as compared to In203 nanostructures due to the enhancement in lifetime of
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photogenerated electron-hole pairs and improvement of charge transfer from In20s to rGO. We
have obtained the maximum yield of methane of 953.72 umol.g by the photocatalytic reduction
of CO2 on In203-2wt%rGO nanocomposite. The highest catalytic performance of In20s-
2wt%rGO nanocomposite may be due to improvement in its optical properties such as optical

band gap and oxygen vacancies (Vo) defects.

Indium oxide is used in many photochemical processes such as wastewater remediation, dye
degradation, and water splitting, etc. However, their large band gaps limit their catalytic activity.
There are numerous methods such as chemical coupling, by nanocomposites formation,
heterostructures design, doping, and inducing surface disorder are developed to improve the
photocatalytic activity of In2Os nanostructures. But these methods have various limitations such
as complex and expensive operations and low photocatalytic activity under visible light
illumination. In the present work, we have developed In20s (I0) nanostructures with different
oxygen vacancies concentrations by controlling the calcination temperatures during synthesis.
The photoluminescence measurements have been performed to analyze the oxygen vacancies
defects concentration in IO nanostructures calcined at 400 °C and 700 °C temperatures. The
photocatalytic activity of both the catalysts has been tested by the degradation of methylene blue
(MB) dye under ultra-violet (UV) light. The rate of degradation of MB dye has been observed to
be faster in the case of 10_700 as compared to 10_400 nanostructures due to the presence of

higher oxygen vacancies defects in 10_700 photocatalyst.

Further, the role of oxygen vacancies in In2O3 nanostructures has been studied for exploring the

gas sensing properties. Due to the physical and chemical properties, the metal oxides are an
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attractive choice in the gas sensor industry. We have developed a highly sensitive colorimetric
gas sensor for H2S gas based on indium oxide (In203) nanostructures. The In203 nanostructures
have been prepared by the modified sol-gel method. The optical darkness ratio (ODR) of H2S
gas-exposed In20s nanostructured samples has been determined by using a smartphone-based
application. The change in color of H2S exposed In203 nanostructured films has been found to be
due to sulfurization of top of In203 nanostructured film and formation of In2Ss layer. The oxygen
vacancies (Vo) defects have been observed to be the promising factor that boosts the formation of
the In2Ss layer. The photoluminescence and X-ray photoelectron spectroscopy measurements
revealed that the Vo defects gets decreased when the In2O3 nanostructured film was exposed to
H2S gas for a longer time. At room temperature, In2O3 nanostructured film has exhibited a lower
detection limit of 10 ppm in 30 seconds for H2S gas. The Vo defects in the In203 nanostructured
film enhance the electron-accepting capabilities of H2S, which assist to boost the the H2S gas

sensing.
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