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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfillment
of the requirement for the Degree of Doctor of Philosophy
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SELENIDE SENSITISED TITANIA NANOTUBES FOR
PHOTOELECTROCHEMICAL CELLS

By

ASMAA KADIM AYAL

April 2017

Chairman : Professor Zulkarnain Zainal, PhD
Faculty : Science

Solar energy is an alternative sustainable energy resource that can be harvested using
photoelectrochemical cell comprised of inorganic sensitized nanostructured oxide
semiconductor electrode. In this work, the electrochemical synthesis, characteristics
and photoelectrochemical performance of cadmium selenide (CdSe) sensitized
titanium dioxide nanotube arrays (TiO> NTAs) were studied. TiO, NTAs thin film
electrodes were prepared by the anodisation method of titanium foil in a two
electrode cell containing NH4F solution. Parameters affecting the morphology,
structure and geometry of TiO2 NTAs were investigated in three different electrolytic
media namely the acidic aqueous solution (NH4F/H>O), mixture of aqueous/organic
solution (NH4F/H2O/EG) and an organic solution (NH4F/EG). The characteristics of
TiO2 NTAs were examined using X-ray diffractometry (XRD), energy dispersive X-
ray analysis (EDX), field emission scanning electron microscopy (FESEM),
Transmission Electron Microscopy (TEM) and High Resolution Transmission
Electron Microscopy (HRTEM) and UV-visible diffuse reflectance spectroscopy
(UV-DRS). Meanwhile, the photoelectrochemical responses of TiO> NTAs were
investigated using linear sweep photovoltammetry (LSPV).

Three electrochemical deposition methods were used to deposit CdSe onto TiO»
NTAs by applying the potentiostatic deposition, cyclic voltammetric deposition and
pulse electrodeposition methods. CdSe was electrodeposited onto TiO> NTAs from
an electrolyte containing CdClz and SeO2 with Na;SOs as the supporting electrolyte.
Cyclic voltammetry was used to select the probable range of the potential for
deposition which was found to be from -0.65 V to -1.00 V. Potentiostatic
electrodeposition techniques has been carried out at the different potential of
deposition, time of deposition, concentration of SeO,, concentration of CdCl,, pH
and temperature of annealing. For pulse electrodeposition, the effect of varying
deposition potential, deposition time, duty cycle, concentration of SeO-,
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concentration of CdCl,, pH, and temperature of annealing were studied. The effect of
different potential range, scan rate, number of cycles, pH and temperature of
annealing were investigated for cyclic voltammeric deposition. X-ray diffraction
(XRD) patterns showed that the deposited CdSe onto TiO, NTAs were
polycrystalline with hexagonal structure. The photoelectrochemical (PEC) properties
of the synthesised films were evaluated using linear sweep photovoltammetry
(LSPV) by illuminating the samples intermittently with a halogen lamp (120 V, 300
W) while immersing in 0.01 M NaxS electrolyte. Photocurrent was observed due to
the reaction involving generated minority carriers (holes) on the electrode surface.
Therefore, the deposited CdSe is an n-type semiconductor in this work. The XRD
and PEC results suggested that the suitable electrolyte bath composition for CdSe
deposition was 20 mM CdCl,, 5 mM SeO;, and 20 mM Na>SOs. Uniform
potentiostatic deposition of CdSe onto TiO> NTAs was obtained at the potential of -
0.7 V with the deposition time of 30 minutes at pH 3.0 under the annealing condition
of 250 °C in N, atmosphere for 60 minutes. Meanwhile, pulse electrodeposition
involved pulse potential of -0.85 V at 20 minutes of Ton With 50% duty cycle under
the annealing condition of 350 °C in N, atmosphere for 60 minutes. Besides, cyclic
voltammetric deposition was conducted at the potential range of -0.60 V to -1.00 V
with the scan rate of 5 mV/s for 6 cycles at pH 3.0 under the annealing condition of
250 °C in N2 atmosphere for 60 minutes. It was found that the optical properties of
CdSe/TiO; nanotubes films have direct optical band gap energy values (Eg) in the
range of 1.7 eV to 1.84 eV. The morphological property of the prepared samples was
examined by field emission scanning electron microscopy (FESEM). The crystallite
sizes of CdSe determined from XRD were in between 10.80 for potentiostatic
technique, 15.50 nm for pulse electrodeposition and 7.00 nm for cyclic voltammetric
deposition. The ratio of Cd:Se was 1:1 as shown in EDXenergy dispersive X-ray
analysis. The photoefficiency was evaluated in 0.01 M Na,S under halogen
illumination. The CdSe/TiO2 nanotubes film deposited using pulse deposition
displayed the best photoefficiency (1.96%) compared to potentiostatic and cyclic
voltammetric techniques.
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UNTUK SEL FOTOELEKTROKIMIA

Oleh

ASMAA KADIM AYAL

April 2017

Pengerusi : Profesor Zulkarnain Zainal, PhD
Fakulti : Sains

Tenaga solar adalah sumber tenaga lestari alternatif yang boleh dituai menggunakan
sel photoelektrokimia terdiri daripada semkonduktor oksida terpeka tak organic.
Dalam karya ini, sintesis elektrokimia, ciri-ciri dan prestasi fotoelektrokimia
titanium dioksida bertiub nano (TiO2 NTAs) terpeka kadmium selenide (CdSe) telah
di kaji. Elektrod filem nipis TiO2 NTAs disediakan dengan kaedah penganodan plat
titanium tulen dalam sel piawai 2-elektod mengandungi larutan NH4F. Parameter
yang memepengaruhi morfologi, struktur dan geometri NTAs telah dikaji dalam tiga
media elektrolisis yang berbeza iaitu larutan akua berasid (NH4F/H>0O), campuran
larutan akua-organik (NH4F/EG/H20) dan larutan organik neutral (NH4F/EG). Ciri
TiO2 NTAs telah dianalisis menggunakan pembelauan sinar-X (XRD), analisis
penyerakan tenaga sinar-X (EDX), mikroskopi pengimbasan electron pancaran
medan (FESEM), mikroskopi pancaran electron (TEM) dan spektoskopi ultra
lembayung Nampak-pantulan resapab (UV_DRS). Sementara itu, gerakbalas
fotoelektrokimia TiO2 NTAs dianalisis dengan menggunakan ujian fotovoltammetri
pengimbas linear (LSVP).

Tiga kaedah pengendapan elektrokimia telah digunakan untuk mengendap CdSe di
atas TiO, NTAs iaitu dengan menggunakan kaedah potensiostat, kaedah
pengendapan voltammetri siklik dan kaedah elektropengendapan denyut. CdSe telah
dimendapkan di atas TiO> NTAs daripada elektrolit yang mengandungi CdCl, dan
SeO bersama NaxSO4 sebagai elektrolit penyokong. Kaedah voltammetri siklik
digunakan untuk memilih kemungkinan julat untuk keupayaan pengendapan dan
julat keupayaan yang diperolehi adalah daripada -0.65 V kepada -1.00 V. Teknik
elektropengendapan potensiostat telah dijalankan pada keupayaan pengendapan yang
berbeza, masa pengendapan, kepekatan SeO», kepekatan CdCl,, pH dan suhu
penyepuhlindapan. Untuk kaedah elektropengendapan denyut, kesan perbezaan
keupayaan pengendapan, masa pengendapan, kitaran kerja, kepekatan SeOo,
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kepekatan CdClo, pH dan suhu penyepuhlindapan telah dikaji. Kesan perbezaan julat
keupayaan, kadar imbas, jumlah kitaran, pH dan suhu penyepuhlindapan telah dikaji
untuk kaedah pengendapan voltametri berkitar. Corak pembelauan sinar-X (XRD
menunjukkan bahawa mendapan CdSe di atas TiO, NTAs adalah berpolihablur
dengan struktur heksagon. Sifat fotoelektrokimia (PEC) filem yang telah disintesis
telah dinilai dengan menggunakan ujian fotovoltammetri pengimbas linear (LSVP)
dengan memancarkan lampu halogen (120V, 300W) ke atas sampel sambal
menenggelamkan sampel ke dalam elektrolit 0.01 M NaxS. Fotoarus telah
diperhatikan kerana tindakbals melibatkan lubang yang janaan pembawa minoriti.
Oleh yang demikian, mendapan CdSe di dalam kajian ini adalah semikonduktor jenis
n. Keputusan XRD dan PEC telah mencadangkan komposisi rendaman elektrolit
yang sesuai untuk CdSe adalah pada 20 mM CdCl, 5 mM SeO2, dan 20 mM
Na»SO4. Pengenapan potensiostat yang seragam oleh CdSe di atas TiO» NTAs telah
diperolehi pada keupayaan 0.7 V dengan masa pengendapan selama 30 minit pada
pH 3.0 di bawah suhu penyepuhlindapan 250 °C di dalam keadaan N; selama 60
minit. Sementara itu, elektropengendapan denyut mencatatkan keupayaan denyut -
0.85 V di Ton pada masa 20 minit dengan 50% kitaran kerja di bawah suhu
penyepuhlindapan 350 °C di dalam keadaan bernitrogen selama 60 minit. Selain itu,
voltammetry siklik pula telah dilakukan pada julat keupayaan dari 0.60 V sehingga
1.00 V dengan kadar imbas 5 mV/s sebanyak 6 kitaran pada pH 3.0 di bawah suhu
penyepuhlindapan 250 °C dalam keadaan bernitrogen selama 60 minit. Didapati jalur
ruang optik filem nanotiub CdSe/Ti0; adalah jalur ruang terus dengan nilai diantara
julat 1.7 eV hingga 1.84 eV. Morfologi sampel yang telah disediakan telah diuji
dengan menggunakan mikroskopi pengimbasan electron pancaran medan (FESEM).
Saiz hablur CdSe yang ditentukan daripada XRD adalah di antara 10.80 nm untuk
kaedah potensiostat, 15.50 nm untuk kaedah elektropengendapan denyut dan 7.00
nm untuk kaedah pengendapan voltammetri siklik. Nisbah Cd-Se adalah 1:1 seperti
yang ditunjukkan daripada analisis penyerakan tenaga sinar-X. Fotokecekapan telah
diyji di dalam 0.01 M Na,S di bawah sinaran halogen. Filem nanotiub CdSe/TiO>
dimendapkan menggunakan pengendapan denyut memaparkan fotokecekapan
(1.96%) yang paling terbaik berbanding teknik potensiostat dan voltammetry siklik.
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CHAPTER 1

INTRODUCTION

1.1 Background of study

Solar energy is considered to be the best solution for the global energy crisis because
of some its unique and important properties that include environment friendliness,
cleanliness, abundance and sustainability. There are a number of methodologies
using which the sunlight can be transformed into usable energy. The silicon-based
solar cells have been extensively used for the process of photovoltaic conversion.
However, the material expenses for these solar cells and the consumption of energy
for producing the high purity wafers are usually high. So far TiO: is considered to be
one of the most studied PEC materials and it is believed to have the maximum
potential (Burda ez al., 2003; Linsebigler et al., 1995). TiO> is compatible with
various sensitizer systems and electrolytes that are utilised to increase solar
conversion efficiency (Bak et al., 2002; Linsebigler ef al., 1995) and it offers a great
deal of stability during photocorrosion. A combination of different parameters that
can be optimised to improve efficiency determines the performance of TiO> PEC
materials. The following are the factors that influence the performance of PEC cells
and the perpetual adoption of TiO» as the prime PEC material:

a) Uniform films and viable nanostructures

b) Porosity and adequate surface area

¢) Absorption in the visible region of solar spectrum

d) Lessen charge carrier recombination and increased charge carrier production

From doped materials to unique nanostructures, a number of variants of TiO2 have
been analysed to optimise these four factors and in turn improve the PEC
performance. Due to the high number of grain boundaries of TiO> nanoparticles
which can encourage recombination. Therefore, TiO2 nanoparticles used in solar
cells undergo to difficulties with electron transport. Also, porous TiO> is low in
mobility largely because of the random movement of charge carrying electrolytes,
charge trapping at defects, and the tapering of the electric field as a result of the
polarizable TiO; nanoparticles (Hendry et al., 2006; Kopidakis ef al., 2000).

1D structure like nanotubes ( Lim ez al., 2012) and nanowires ( Chen et al., 2007)
are deemed to offer solution to these mobility issues. 1D structure holds a greater
advantage over 0D nanoparticles in regard to charge carrier dynamics for materials
used as photoanodes. The exceptional light absorption features of TiO> can be
attributed to the antenna-like structure of vertically oriented TiO» nanostructures
(Bang and Kamat, 2010; Fitzmorris et al, 2012; Hoang et al, 2012; Hurum et al.,
2003; Kopidakis et al., 2000; Villa et al., 2010). Because of fewer interfacial grain
boundaries, nanowires, nanotubes, and nanorods will demonstrate slower charge
recombination. Despite these benefits, their use is limited on the industrial scale as



they exhibit numerous problems related to adherence to different surfaces and
uniformity.

The TiO, absorption to UV wavelengths is limited due to the band gaps of anatase
and rutile which are 3.2 and 3.0 eV, respectively ( Chen Mao, 2007; Coronado et
al., 2013; Hurum et al., 2003). Since visible light accounts for ~45% of solar output
and UV light accounts for ~3% (Wheeler er al., 2013), the final objective of
researchers is to transform TiO; so that it can absorb visible light and utilise this
feature in the solar output. To improve visible light absorption, and in turn the PEC
effectiveness of TiO», two potential paths, namely sensitisation and doping, have
been adopted and followed.

Sensitisation is usually accomplished with charge introducing molecules such as
small band gap semiconductors (Baker and Kamat, 2009; Chen et al., 2011; Hensel
et al., 2010; Kongkanand et al., 2008), or dyes (Grétzel, 2004; Law et al., 2005;
Macék et al., 2005; Zhu et al., 2007) which absorb visible light and enable the
charge transfer of photoexcited electrons into the TiO2 conduction band. Hence, the
necessity for TiO2 to absorb visible light becomes irrelevant. Doping TiO: in order
to modify the band structure is another potential technique to improve the visible
light absorption ability of TiO2. The alteration of the crystal structure of TiO2 using
deposition techniques or chemical treatment comprises lattice substitution of oxygen
with C, N, F, P or S (Asahi et al., 2001; Hensel et al., 2010; Hoang ef al., 2012; Park
et al., 2006). Additionally, since TiO> has the capability to combine with molecules,
it can be coupled with sensitising agents such as small band gap semiconductors or
dyes that are responsive to visible light. As a result of this molecular binding, the
electron injection properties of the sensitising agents improve the photocurrent of
Ti0; production. Hence, to improve the photoresponse of pure TiO; in the visible
spectrum, the approach of sensitisation mediated by charge injection offers the most
practicable route. The latest endeavours to raise the visible absorption in TiO2 have
encompassed photosensitisation through the usage of metal, dyes, and semiconductor
nanoparticles (Fitzmorris et al., 2012; Hensel et al., 2010; Hu et al., 2010;
Kongkanand et al., 2008; Osterloh, 2013) or heterostructures involving other items
(Kudo and Miseki, 2009; Osterloh, 2013). Sensitizers have been favourably
deployed in PEC materials and solar cells. If a semiconductor (for example, a metal
chalcogenide or a sensitizer) is to offer sensitisation to TiO2, the semiconductor’s
conduction band edge has to be a bit higher compared to that of the metal oxide. This
facilitates electron injection (Kongkanand er al., 2008). Metal chalcogenides,
including CdSe, have a more negative conduction band which facilitates alignment
of band edges and transfer of electrons with greater efficacy.

Many methodologies have been deployed to deposit metal chalcogenides like CdS
and CdSe. These include chemical bath deposition (Hensel et al., 2010; Liu ef al.,
2010; Wang et al., 2012), sputtering (Fitzmorris et al., 2012; Larsen et al., 2012),
direct attachment through modification with a linker (Tvrdy and Kamat, 2009),
SILAR (Lana-Villarreal et al., 2010), and electrochemical deposition (Bang and
Kamat, 2010; Robel ef al., 2006). CdS (Kudo and Miseki, 2009; Lana-Villarreal et



al., 2010; Larsen et al., 2012; Liu et al., 2010; Wang et al., 2012) and CdSe
(Leschkies ef al., 2007) have been favourably used in TiO; sensitisation.

Recently, binary and multinary-metal chalcogenide-based semiconductor films have
been drawing more and more attention in the field of innovative solar technology
because of their greater efficacy, adaptability and handiness. Moreover, thin film
solar cells are beneficial with regards to their cost of processing and the minimum
material that they consume. Thus, this technology can be definitely elevated to a
large manufacturing scale. In recent times, groundwork and analysis of the physical
properties of thin films have turned into a remarkable research as the various
techniques bring out the different properties of films so that they can be used in
electronic devices and solar cells, etc. Several researchers have laid emphasis on
physical procedures to formulate CdSe; this encompassed an intricate and high-cost
setup.

This work has deployed electrochemical deposition methods as they provide
adaptable parameter control, easy setup and a single-step deposition to acquire films
of good quality. Even though, previous study had shown that CdSe deposited by
cyclic voltammetric technique onto TiO: particluate films on ITO glass, the
efficiency obtained was low eventhough the band gap energy of the hybrid film was
1.7 eV (Liu and Kamat, 1993). Furthermore, Lv et al. (2014) have studied the
influence of electrolyte concentration and deposition time on potentiostaitc
deposition CdSe on TiO2 NTAs for photocatalytic degradation. The variation of the
preparation conditions on the structural and optical properties of films have been
studied by many researchers. Nevertheless, there is a need to study the structural and
optical properties of thin films prepared by electrochemical deposition and with
different stoichiometric conditions in order to obtain uniform and homogeneous
CdSe/TiO; NTAs thin films.

In this study, we have conducted a methodical and thorough scrutiny on the effect of
parameters utilised in the electrochemical technique on CdSe’s photoelectrochemical
properties onto TiO2 NTAs.

1.2 Problem statements

The earth is facing difficult global environmental degradation and energy resources
because of continuing use of conventional fossil fuels which lead to the greenhouse
effect. In order to solve this energy resource and environmental problems,
photoelectrochemical cell has been at the centre of attention. In order to improve the
photoresponse of semiconductor materials under sunlight, different synthesis
methods have been adopted to obtain these materials in the nanoscale range.
Therefore, it is important to innovate methods to produce nanostructured
multicomponent materials to improve light absorption capability as well as facilitate
interfacial reactions and carrier injection and flow which may lead to higher
measured photoconversion efficiency. Some of the current methods used involve air-
sensitive or toxic chemicals which require intensive controlled conditions and long
preparation time. Even though these methods are capable of producing high quality
materials, they are too expensive for large scale production and utilisation.
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Moreover, in some cases the materials produced has poor dispersion, non-uniform,
amorphous, and contaminated with impurities. Therefore, emphasis should be on
methods which are environmentally-friendly, energy efficient and low-cost. The
electrochemical technique can control some of these disadvantages and improve the
composition of multi-component particles and heterostructures. In this work, a full
electrochemical approaches are adopted in the preparation of nanostructured
CdSe/Ti0O,. The effect the three type’s electrodeposition methods to deposit CdSe
onto TiO, NTAs to improve electronic properties, specifically on the PEC
characteristics, has been performed here for the first time, to the best of our
knowledge, there was a gap of knowledge in the area. It is not clearly understood
how the type of electrodeposition may effect of the deposition CdSe onto TiO-
NTAs and their photoelectrochemical properties.

1.3 Objectives of study
The objectives of this work are summarized as follows:

1. To prepare nanotubes thin film of TiO; by electrochemical anodization of Ti
in the mixture of an aqueous solution of NH4F and ethylene glycol.

2. To enhance photocurrent response of TiO2 nanotubes by deposition of CdSe
nanoparticles via potentiostatic, pulsed, and cyclic voltammetric deposition.

3. To optimize the deposition parameters for electrodeposition of CdSe onto the
TiO; nanotubes.

4. To determine the surface morphology, elemental composition and crystal
structure of the CdSe on TiO2 nanotubes.

5. To evaluate the optical properties, the photoelectrochemical properties, and
the photoconversion efficiency of CdSe on TiO2 nanotubes.

14 Scope of study

This work dealt with the understanding of the relationships between the synthesis
conditions, surface sensitisation processes and the photoresponse performance of
cadmium selenide on titania nanotubes in photoelectrochemical cells. In particular,
this work thoroughly examined the effect of parameters utilized in the
electrochemical technique on photoelectrochemical properties of CdSe/TiO2> NTAs
resulted from their interesting physico-chemical properties and their potential for
further extensive researches. A composite material, CdSe nanoparticle/TiO2
nanotube arrays (CdSe/TiO2 NTAs) were assembled through the insertion of CdSe
nanoparticles onto the anodized TiO: nanotube arrays via electrochemical
deposition. Electrochemical techniques are capable of producing high purity
uniformly distributed nanoparticles. In order to understand how to tune the
properties of nanoparticles, it is necessary to have an understanding of the nucleation
and growth processes that affect the morphology, particle size, uniform distributions
and other properties of the CdSe nanoparticles onto TiO> NTAs. The experimental
condition such as potential, deposition time, concentration of precursors, pH of
electrolyte, duty cycles, cycle’s number, scan rate, and annealing temperature affect
the quality of nanoparticles on TiO> NTAs. In the first step of this work, the self-
organized TiO2 NTAs were fabricated by anodisation due to the capability of this

4



method to produce the product with high spatial orientation, excellent charge transfer
structure, and large internal surface area which are crucial properties influencing the
absorption and propagation of light. The anodisation process was optimised using
different electrolyte composition and voltage. The subsequent stage was surface
modification of TiO> NTAs by depositing CdSe using electrochemical techniques to
enhance photoelectrochemical response. The effect of parameters utilized in the
electrochemical deposition were investigated in order to search for the optimum
condition to deposit CdSe onto TiO2 NTAs. The work was concluded by analyzing
the photoelectrochemical response of CdSe/ TiO» NTAs in photoelectrochemical
cell.
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