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ABSTRACT

With the depletion of fossil-fuel reserves, an urgent challenge confronting human
beings is to seek a clean and sustainable alternative-energy source. In this regard,
semiconductor photocatalysis has gained immense attention by the scientific and
engineering world because of the great potential as one of clean, low cost, and
environmentally friendly strategies to solve the energy crisis and environmental issues
toward sustainable processes. As Fujishima and Honda first presented the concept of
photo-electrochemical water splitting into H, and O, over a TiO; electrode, TiO; has and
continues to be the most widely studied material for photocatalytic applications.
However, recent researches on ZnO semiconductor have shown that it has the potential to
be an alternative material for the photovoltaic cells and photocatalytic decomposition of
organic pollutants due to its high quantum efficiency. The emergence of ZnO as an
alternative is due to having a band gap similar to TiO, and also having much higher
electron mobility than that of TiO, thus lowering the charge recombination. Apart from
this, ZnO semiconductor can be fabricated into a variety of nanostructures and their
morphology can be modified easily by using different synthetic methods. However, there
are two obvious drawbacks of the ZnO as a photocatalyst. On one hand, ZnO is a wide
band gap semiconductor that restricts the photoresponse of the only UV, thus
significantly depressing the visible light utilization of the solar spectrum can only absorb
the UV light, which accounts for only 4 % of the total sunlight. On the other hand, the
quick recombination rate of photogenerated electron-hole pairs in ZnO results in low
quantum efficiency of photocatalytic reactions. Also, more importantly, ZnO normally

suffers from intrinsic drawback of photocorrosion, which greatly reduces its photoactivity

v



and photostability. As a result, it still posts a long-standing challenge to resolve these
fundamental disadvantages for diverse aspects of photocatalytic applications. To solve
these problems, research activities have been proliferated to reinforce the photocatalytic
properties by manipulating nanostructures or morphologies of ZnO including polymer
passivation, surface doping with non-metallic/metallic elements or semiconductor oxides
and surface deposition of the metal nanoparticles. In these cases, of particular note is the
coupling of ZnO nanostructures covered with a mid/narrow band gap sensitizers such as
CdS, PbS, Bi,S3, CdSe, Ag,S, CdTe to form the so-called core/shell nanostructures which
not only chemically passivates surface-related trapping sites, but also retards the electron-
hole pairs recombination. To further suppress the electron-hole pair recombination, the
idea of forming type-11 band alignment in the core/shell nanostructures is explored, which
results in electron wavefunction mainly residing in one semiconductor and the hole
wavefunction in other semiconductor, leading to efficient separation of photogenerated
charge carriers at the core/shell interface and enhancing the photocatalytic efficiency of
ZnO based core/shell nanostructures in the visible region.

The motivation of the present research originated from the idea that the coupling
of wide band gap semiconductor with the mid/narrow band gap semiconductor (which
acts as sensitizer) forms an efficient heterostructure for the separation of photogenerated
charge carriers and makes it a good candidate for visible-light photocatalysis and
photovoltaics.

Thus, the present thesis is aimed to shift the optical absorption of ZnO from UV to the
visible spectral range and improve its photocatalytic activity under visible light

irradiation by using the core/shell geometry with mid/narrow band gap sensitizers.



In the current study, we have synthesized anisotropic ZnO core/shell
nanostructures using a facile surface-functionalization method. These core/shell
nanostructures were synthesized using citric acid as the surface functionalizing agent.
The fabricated core/shell nanostructures exhibited efficient light harvesting with high
photocatalytic and photovoltaic efficiency due to their wide range of light absorption and
type-11 band alignment. We have investigated the mechanism of the photodegradation of
RhB and MB to elucidate the efficiency enhancement of the ZnO based core/shell
nanostructures. The thesis deals with the synthesis, characterization and band gap
engineering of type-ll ZnO based core/shell nanostructures for photocatalytic and
photovoltaic applications.

Chapter 1 A brief overview of research in the area of photocatalysis and band gap
engineering of semiconductor metal oxides using core/shell morphology with a sensitizer
is discussed. Of particular interest is type-Il band alignment, a highly desirable property
for photocatalytic and photovoltaic applications which is discussed in detail in this
introduction chapter. Synthetic methodologies for obtaining core/shell nanostructures and
the motivation behind the present study have been outlined.

Chapter 2 Core/shell nanorods of ZnO/CdS have been synthesized with varying shell
thickness and their shell thickness dependent photocatalytic and photovoltaic properties
have been investigated. The optical absorption of the nanorods can be tuned to cover
almost the entire visible region of the solar spectrum through the effects of shell
thickness. The photocatalytic studies confirmed that the ZnO/CdS core/shell nanorods
exhibit improved degradation efficiency compared to bare ZnO and CdS under simulated

solar radiation. The core/shell nanorods having shell (CdS) thickness of 30 nm
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(ZnO/CdS3) displays the highest photocatalytic efficiency for the degradation of
Rhodamine B under simulated solar radiation, indicating efficient separation of electron-
hole pairs. These nanorods having CdS shell of 30 nm (ZnO/CdS3) are also superior in
charge separation as well as carrier transport, thus exhibiting a 14-fold increment of
short-circuit current density for a conversion efficiency (y) enhancement of 232-fold as
compared to bare ZnO nanorods. We have discussed the importance of the core/shell
geometry and the effect of shell thickness on the light harvesting performance for
photocatalysis and photovoltaic cells in this chapter.

Chapter 3 deals with the efficient and environmentally benign one-dimensional
Zn0O/In,S; core/shell nanostructures to be used as a photocatalyst to overcome the
drawback of low photocatalytic efficiency brought by electron-hole recombination and
narrow photoresponse range. The photocatalytic activity under visible light to degrade
Rhodamine B (RhB) was enhanced by these core/shell nanostructures due to the
formation of heterojunctions, which prolongs the separation of photogenerated electrons
and holes. We have also investigated the reusability of these core/shell nanostructures for
degradation of RhB.

Chapter 4 This chapter deals with the design and synthesis of environmentally benign
ZnO/Ag,S core/shell nanorods for photocatalytic applications and compared with
ZnO/CdS core/shell nanorods. Compared to bare ZnO and ZnO/CdS nanorods,
ZnO/Ag,S core/shell nanorods exhibit considerably higher photocatalytic efficiency for
the degradation of MB dye due to its improved visible light harvesting properties owing

to the incorporation of narrow band gap sensitizer Ag,S. Through this work, we
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demonstrate ZnO/Ag,S as an efficient photocatalyst that has the potential to replace Cd-
based sensitizers for eco-friendly applications.

Chapter 5 In this chapter we have tuned the absorption of ZnO nanorods using PbS
nanoparticles as the sensitizer. ZnO/PbS core/shell nanorods show the improved light-
harvesting performance compared to the individual counterparts. Compared with the bare
ZnO nanorods, the light absorption ability of the ZnO/PbS core/shell nanostrcutures is
significantly enhanced due to the shift of the absorption spectrum to the visible-light
region (maxima at 485 nm). Photodegradation performance of the core/shell nanorods on
the organic dye methylene blue (MB) under visible light irradiation, shows that these
core/shell nanorods could utilize the visible light to decompose MB with considerable
efficiency. We have discussed that the core/shell architectures offer the possibility of
bandgap engineering through the combination of different semiconductor materials and
provide efficient light-harvesting medium which extends the control over the spatial
localization of charge carriers.

Chapter 6 In this chapter we have designed the band gap tailored ZnO/CuS core/shell
nanorods to enhance the photocatalytic efficiency of bare ZnO nanorods. One-
dimensional ZnO/CuS core/shell heteroarchitectures with high  visible-light
photocatalytic activity has been successfully obtained by surface functionalization
method. Compared with the pure ZnO nanorods, the obtained ZnO/CuS heterostructures
showed enhancement of the visible-light photocatalytic activity to degrade methylene
blue (MB) because of the formation of heterojunctions, which might improve the
separation of photogenerated electrons and holes derived from the coupling effect of ZnO

and CusS heterostructures. Moreover, these core/shell nanostructures could be reused for
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degradation of MB during a three-cycle experiment without significant decrease in the
photocatalytic activity which is very important for these ZnO/CuS core/shell nanorods to
be of practical use in environmental applications.
Chapter 7 We outline the major results of our studies on enhancing the photocatalytic
and photovoltaic efficiencies by introducing core/shell morphology. These core/shell
nanorods provide a facile and compatible frame for potential applications in nanorod-
based solar cells and as efficient photocatalysts. Our achievements indicate that the
core/shell nanorods guarantee efficient charge separation and are truly promising
components for future photocatalysts and photovoltaic devices. We also suggest future
directions to be pursued which may lead to further enhancement in photocatalytic and
photovoltaic properties.

In these regards, it is expected that an introduction of a narrower band-gap
sensitizer to the current core/shell heterostructures could bring more red-shifts in the
absorption threshold and boost the overall efficiency. Efforts are underway to

demonstrate a multi-sensitizing system for more improved photoconversion efficiency.
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