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ABSTRACT
KAMAND, FADI, ZAFER, Masters: April: 2020, Materials Science and Technology
Title: Fabrication of Heterostructured TiO2 Nanorods for Enhanced Solar Water
Splitting
Supervisor of Thesis: Dr. Talal, M., Altahtamouni.
As global population growth and energy demand keep to ramp up, green and sustainable
energy production with environmental concerns has become as one of the most serious
challenges over the past years. Photocatalysis is a promising approach and can be
regarded as a green and efficient energy source. Up to date, TiO2 has been demonstrated
as one of the most used photocatalytic materials for photoelectrochemical (PEC) water
splitting due to its low-cost, non-toxicity, high chemical and physical stabilities, and
the excellent photocatalytic properties. However, TiO2 exhibits drawbacks such as high
rate of electron-hole recombination and wide band gap, which means only ~4% of the
solar spectrum can be absorbed to promote charge carrier generation in the material. In
order to overcome these limitations, various strategies have been developed to improve
its photocatalytic activity toward the solar-driven water splitting including
nanostructured morphology engineering, and construction of heterostructures. One-
dimensional (1D), 2D TiO2 nanostructures exhibit unique PEC properties due to the
faster charges transfer, and lower charges recombination rate. Oxynitrides are class of
semiconducting materials that exhibits a good photocatalytic activity. However, the fast
rate of the charges recombination and the bandgap edges can limit their usage as an
efficient photocatalysts. Fabrication of heterostructure can be efficient approach to
enhance the PEC water splitting. The novel LaMo(ON)x/TiO2 heterostructure (is not

reported in the literature before) was synthesized via two-step procedure. In the first
i



step, TiO2 nanorods (NRs) were prepared using hydrothermal synthesis. After that,
LaMo(ON)x was deposited on the as-fabricated TiO2 NRs by electrophoretic deposition.
The characterization techniques signified that heterojunction structure of LaMo(ON)x
deposited on TiO2 NRs arrays were formed. The various characterization techniques
revealed that the heterojunction preserved the nanorods morphology of pristine TiO>
NRs. The fabricated heterostructure was characterized using scanning electron
microscope (SEM), X-Ray diffraction (XRD), Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS). The photoelectrochemical measurements showed
more than doubled enhancement in the photocurrent density of the heterostructure
compared to the pristine TiO2 NRs. This was attributed to the efficient electron-hole (e
-h*) charge separation at the interface of heterojunction which increases the life time of

the photoinduced e™-h* pairs, and enhance the PEC activity.
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CHAPTER 1: INTRODUCTION

As global population growth and energy demand keep to ramp up, green and
sustainable energy production with environmental concerns has become as one of the
most serious challenges over the past years. Thus, the huge increase in the human
population and the growth in the industrial development result in continuous increase
in the need of the limited sources of energy. Renewable energy development is highly
needed for offering alternative energy resources that are environmentally friendly. The
utilization of traditional fossil fuels led to dramatic increase in the atmospheric CO>
emissions that harm the environment as well as living speciest. Consequently, great
efforts have been devoted to develop renewable sources that substitute fossil fuels such
as wind, biomass and solar energy.

Among the variety of renewable energy resources, solar energy is the most
abundant source on the earth. The radiation of the sun deposits on the Earth planet
around 120,000 TW of radiation, which is covering more than the human energy
requirement as in the highest energy demand scenarios?. It was reported that the amount
of the global utilization energy used was 18 TW in 2015%. However, due to the climate
and seasonal variations of the sunlight, solar energy can be utilized through conversion
to another energy form such as chemical fuels or transferring systems, which allows the
usage, storage, and transportation of the energy when it is required*. Solar energy is
highly abundant clean source of energy that can be used to generate H2 gas through
water electrolysis:

H:Oqp —————> %02 +H2q

To facilitate the above reaction, the system should be provided with energy that

can break the H.O molecule (AG= 237 kJ/mol) using electricity which requires in turn

the combustion of hydrocarbon fuels to be generated®.



Hydrogen (H2) is one of the most attractive energy carriers as it provides an
efficient and clean conversion of chemical energy into electrical via a fuel cell and it
produces water as the only by-product. Therefore, the usage of hydrogen as a fuel have
unbeatable advantage of decreasing the emissions of greenhouse gases to the mother
nature. H is used as green fuel due to its high energy yield (around 122 kJ/g ) that is
almost three times more than the hydrocarbon fuels, and its utilization generates only
water vapor, which prevents the emissions of greenhouse gases to the environment that
could be produced upon the utilization of the hydrocarbon fuelsl. However, the
industrial production of Hz produces large amounts of side products such as greenhouse
gases and it consumes a lot of energy required for heating and reaching high
temperatures, which is costly. Several techniques used to produce hydrogen are
illustrated in Figure 1. To show an example about the major differences between the
non-renewable and renewable hydrogen production, steam-reforming technique, which
is widely used on the industrial scale for production of Hz, would be shown in terms of
the following chemical equations:

CH, + H,0 = CO + 3H, AH; = 206 KJ/mol (1.1)

CO + H,0 = CO, + H, AH; = —41K]J/mol (1.2)
As shown in reaction 1.1, the endothermic reaction requires high temperatures (around
1000 °C) to convert the methane (non-renewable source) of hydrogen. In addition, the
CO will be formed as a product, which will shift reaction 1.2 to the completion, CO2,
the greenhouse gas, is generated in the reaction as a by-product, which contributes to
the global warming. On the other hand, H2> can be produced in sustainable way without
deleterious emissions to the environment by the splitting of water (reaction 1.3) assisted

by the solar energy®:



H,0 (D) = = 0, (g) + Hy(9) AG; = 237 K]/mol (1.3)

The electrolysis of water requires providing an electricity to the reaction, which
is non-renewable approach due to the need to produce the electricity from fossil raw
materials. So, the solar radiations can be used to facilitate the above reaction renewably

(photoelectrolysis)’.

A
| CO, emission
Fossil fuel ———————| Steam Reforming
(Natural gas,
Coal, Oil)
m
=
2
Materials | & Hydrogen
E -
8
o
Water — | Electrolysis
L — Thermochemical water splitting Clean

Figure 1. Renewable and non-renewable techniques for Hz production®

Photocatalysis is a promising approach and can be regarded as a green and
efficient method to accelerate a photoreaction. The photocatalytic process is taking
place at the surface of semiconducting materials under the irradiation of photons.
Photocatalysis process is the core-needed concept required for renewable energy
generation such as water splitting for hydrogen production®. Photocatalysis terminology
is referred to the process of the initiation and the acceleration of the photoreaction upon
irradiation of light at a photocatalyst. The word photo- is added to the word catalyst
because the catalyst active sites are not active in the dark and the activation of the

reaction sites will happen only under light illumination. Furthermore, the density of the
3



active sites plays a major role in the catalytic activity; and in addition, the intensity of
the irradiated light is a major key that determines the reaction rate®.
1.1. Semiconductors and absorption of light
Semiconductors are materials with an energy bandgaps (Eg) smaller than the
insulators and larger than the conductors, which can help the electrons upon the
excitation to jump from the valance band to the conduction band, and to form
photogenerated charges of electron hole (e-h) pairs. Semiconductor materials exhibit
an energy band with a distinction between the valance band (VB) and the conduction
band (CB) separated by the forbidden bandgap (Eg), in which no available states are
existed®. When a semiconductor photcatalyst absorbs the appropriate amount of energy
(equals or larger than Eg) from the light photon, the electrons () in the VB get excited
to the CB and leaves the positively charged holes (h*) in the VB%4. Consequently,
when the photogenerated electrons are capable to be consumed externally (not locally
on the semiconductor surface) through an electrical circuit, an electrical current can be
produced and used as an energy source toward water splitting or electricity generation.
The process of the photogeneration of (e-h) pair from a semiconductor
photocatalyst may be summarized as in the following equation:
2hv —2e” +2h* (1.4)
Where h is Planck’s constant, and v is the frequency of photon.
The photoexcitation of electrons and holes causes the oxygen evolution reaction (OER)
which is oxidation of water by the holes (reaction 1.5), while the hydrogen evolution
reaction (HER) is caused by the reaction of the electrons with H™ ions (reaction 1.6).
The water splitting overall reaction is the combination of the OER and HER half

reactions (reaction 1.7)%°.



o

1 -
1,0 + 21 = 20" + 20,(0) Egxan = —1.229 V vs. SHE (1.5)

2H* +2e” = Hy(g9) Ereqcat = 0Vvs.SHE  (1.6)

1 o — o o o —
1,0 = 20,(9) + Hy(0) AE" = Epoqear + Eogan =123V (1.7)

Relative to the standard hydrogen electrode (SHE), the electrode potential for the
anodic reaction is negative and the electrode potential for the cathodic reaction is zero.
Consequently, the total cell potential (AE®) equals -1.23 V, which is the minimum
voltage needed for the water splitting reaction; in addition, the negative electrochemical
cell voltage indicates that the reaction is non-spontaneous and requires adding energy
to occur 11, For water splitting, the band energy edges (CB and VB) of a semiconductor
must straddle the redox potentials to enable the charge carriers to initiate redox
reactions. The conduction band minimum (or Ec) must has higher energy level and
lower electrochemical potential than the HER potential, and the valance band maximum
(or Ev) must be less in energy level and more in electrochemical potential than the OER
potential. However, the actual potential needed for the water splitting reaction to take
place is more than 1.23 V due to the thermodynamic losses of 0.3-0.4 V2, and 0.4 - 0.6
V applied overpotential to guarantee fast reaction rate'3, which means that the minimum
actual potential (or bandgap of semiconductor) requisite for water splitting reaction is
around 1.9 - 2.2 V4,

1.2. Solar driven water splitting process

Water can be decomposed through photoelectrolysis or photoelectrochemical
(PEC) water splitting. In order to promote the water splitting reaction, a semiconductor
material is required to play the role of the photocatalyst, which captures the energy from
the solar radiations, and deliver it to the water molecules to be decomposed at separated

electrodes®. During the illumination of light, and when the semiconductor material



absorbs energy from the photons equal or higher than the energy bandgap, the
semiconductor material generates electron-hole pair (as described previously). The
photogenerated species play the role of oxidizing and reducing agents where the
electrons will reduce the water molecules to produce the Hz gas, and the holes oxidizes

the water to evolve the oxygen gas (as illustrated in Figure 2).

S Pt
| - "
: c.B. e, “ H*
cel : 7
(T_y : | hv> Eg ‘\‘ Hz
waE = P |
I
<4 m | ) |
: /
/< i H,0 4
«—ht V.B. '
h+—j H2O : |} ) h I|
V.B. :Electrolytesolution 0, e '
TiO, particle
TiO, Counter electrode
(working electrode) (e.g., Pt)

Figure 2: Schematic diagram of photocatalytic water splitting process*®

1.3. The requirements of the good photoelectrode

To design a high performance PEC cell, an efficient photoelectrode material is
needed. In addition to the high electrical conductivity and low resistance features, low
cost, and using the appropriate substrate!’, the photoelectrode should have several

properties for efficient photoelectrochemical water splittinge:

1.3.1. Light absorption and bandgap

The bandgap is responsible for indicating the spectral region of the light absorption of
the semiconductor materials and it shows the minimum amount of energy required to

excite the electron from the VB to the CB.



1.3.2. Chemical stability
It is very important for the good photoelectrode to resist the solid/liquid interface
chemical reactions because these reactions can cause a degradation (dissolution, photo-

and electrochemical corrosion) of the photoelectrode®.

1.3.3. Suitable positions of the band edges

Another needed feature for a semiconductor to perform PEC water splitting is the CB
and VB energy levels in comparison with the H.O oxidation and reduction potential
values. The energy of the CB should be lower than energy potential of the oxidation of
oxygen to water (O2/H20), and the valance band edge energy should be higher than the
reduction potential value of hydrogen ions to hydrogen (H*/H)8. The illustration in
Figure 3 shows several semiconductors band edges (using RHE as a reference
electrode) in comparison with the H.O redox energy levels. It can be seen that there are

limitations toward using the semiconductor materials as photoelectrodes?®.

O2p Bi 6p fl =
’ >~ | /LN Fe4 Ta 6 \ladf)
O2p T | 0 2p* | ‘.\O 2p, \ b P(V \ edp ! \o }p 7 = Conduction
; Bi6p \‘Ls B L N/ 1\7\0 7&. \O2p/ AOZp/ \O2p J band
= r ) T = Y D ( Y/ , ey & L
\ Wép | | Wép | | | {weéep /| (O2p*| L ~ = 7§
’ \oz2p/ \o2/ /—— \02p/ ¢ \ (_Fe3d R ) N — Ta 5d
Ti3d ) o i ) Qo) @y - Cu3d) (Nbsd _Fe3d Ti 3d
=
=
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S+
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D @ [ O €S A /) [
fe3d AR < | \ f \ \ | | | P\ / P\
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+3 Q }, o | J \ “ 02 \\ | 02 - 2p | 1&1 } /[ A\ [ // \‘ }‘ band
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Figure 3. The bandgap edges positons with respect to RHE and the water redox energy

levels®®



1.3.4. Efficient charge transport
The good charge transfer in the semiconductor suppresses the charge recombination, to
produce high photoconversion efficiency, and vice versa'®4,

Many semiconductor systems were utilized for photocatalytic water splitting
such as metal oxides, metal sulfides, metal phosphides, metal nitrides, oxynitrides, and
selenides. Metal oxides exhibit an extreme chemical and photo-stability. Up to date,
TiO2 has been demonstrated as one of the most used photocatalytic semiconductors for
PEC water splitting owing to its low-cost, non-toxicity, high chemical and physical

stabilities, and excellent photocatalytic properties?®2,

1.4. TiO2 properties as photoelectrode

In addition to its major role in assisting the degradation of organic pollutants??,
and the high efficiency dye-sensitized solar cells?®, TiO exhibits several properties that
made it one of the most studied metal oxides due to various structural and electronic

properties that will be presented in the following sections:

1.4.1. The structural properties of TiO2

TiO; can be found in several crystalline structures i.e., anatase, rutile?*, and the
brookite, which is the least common structure due to the difficulties of its preparation
(monoclinic baddeleyite-like form and an orthorhombic are rare phases can exist under
high pressures)®. The high activity of the anatase TiO. and the good stability of the
rutile phase motivated the scientists to study them more®®. The three crystalline
structures of TiO are formed by six oxygen atoms surrounding single Ti atom in
octahydral configuration (TiOs) chains, with a noticeable difference in the distortion
and assembly pattern between the atoms bonding. The unit cell of each crystalline phase

are presented in figure 4.



Anatase Rutile Brookite

Figure 4. The unit cell of the TiO2 crystalline phases (the most common)?’

As it can be seen from Figure 4, the rutile phase exhibits a little orthorhombic
distortion, where the anatase phase is showing more significant distortion and lower
degree of symmetry compared to the rutile. Furthermore, the Ti-Ti distance of the rutile
phase is smaller and the Ti-O distances are larger than the anatase phase. The phase
transformation from a phase to another can take place by heating; for example, anatase

can be converted to rutile upon heating at 600 °C. The phase transformation is affected

by various parameters such as the annealing conditions, grain size, morphology, and

the presence of dopants or impurities?®.

1.4.2. The electronic properties of TiO2

The wide-bandgap of the three phases is different to some extent; the anatase
and the bookite phase are indirect transition bandgaps with Eg= 3.2 eV and 3.4 eV,
respectively. The rutile phase exhibits a direct bandgap equals to 3.05 eV3L. Figure 5

shows a schematic diagram illustrates the concept of both direct and indirect band gap.
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Figure 5. illustration shows the band structure of (a) direct and (b) indirect gap

semiconductors

As it is represented in Figure 5a, the direct band gap exhibits conduction band minimum
above the valance band maximum exactly occurs at same value of momentum. On the
other hand, the indirect bandgap, in Figure 5b, means that the conduction band minima
is not above the valance band maxima with different value of momentum32. The indirect
bandgap causes losing some energy to change the momentum of the photoinduced

electrons.

1.5. TiO2 photocatalyst drawbacks

Despite the several advantages of metal oxides and in particular TiO2, they
(especially TiO2) exhibit some drawbacks such as; high rate of charges recombination,
which limit the photocatalytic activity. The main limitation that can suppress the

practical application of a photocatalyst is the low separation possibility of the
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photoinduced electron-hole pairs in most of the stable and commonly used forms. Thus,
it is required to fabricate a photocatalyst with improved charge separation to afford
efficient water splitting®3. In addition, the wide band gap of ~3.2 eV and of ~3.0 eV for
anatase and rutile phases, respectively®*. Which means that only photons with a
wavelength in the ultraviolet (UV) region (A < 380—400 nm) is absorbed and thus only
~4% of the solar spectrum can be absorbed to promote charge carrier generation in the
material. The development of a photocatalyst that can absorb the energy in the visible
region is required because the visible light constitutes 43% of the incoming solar energy
to the earth.

In order to overcome these limitations, various strategies have been developed
such as nanostructured morphology engineering®, surface modification®®, elemental

doping®’ and construction of heterostructure3,

1.6. TiO2 photocatalyst performance enhancement approaches

1.6.1. Nanostructure morphologies

The nanostructured design of semiconductor materials attracted the scientists
for water splitting. In general, the nanostructures can improve the photocatalytic
performance because of the higher surface area of the material which provides more
active sites, efficient charge separation, and facilitated charge transfer with shorter
route. Several one-dimensional (1D) TiO2 nanostructures were studied and investigated
(like nanrods®, nanowires®, nanotubes*, nanofibers*!, nanosheets*2. . .etc.) due to the

less recombination of the charge carriers, which is needed for better PEC performance.
1.6.2. Coupling with heterostructures

Semiconductor coupling is approach used to utilize the solar light for water

splitting. The heterojunction is considered as a hybrid system that provides synergic
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improvement in PEC performance because of the less electron-hole recombination, and
the fast separation of the photogenerated species. The coupling of large energy bandgap
with a small bandgap semiconductor that has more negative conduction band than the
larger bandgap semiconductor can improve the efficiency of PEC water splitting. The
conduction band electrons have the ability to be injected from smaller energy bandgap
into the larger bandgap semiconductor®®. Several heterojunction systems of TiO2 were
studied and investigated to overcome the shortage in the photocatalytic activity of TiO».
Metal sulfides*, phosphates oxides and metal phosphides*, and metal nitrides*® and
oxynitrides, were used as heterojunctions materials coupled with TiO».

Elemental doping approach can increase carrier concentration and creates
dopant energy levels in the energy gap of TiO, which effectively narrows the band gap
of the material and consequently causes the red-shift of the optical absorption to the
visible light regions*’* #¢> 4%, However, the main focus of this work is to improve the

PEC performance of TiO2 NRs by the formation of heterostructures.

1.7.Heterojunctions with TiO2

Although the band edge alignment is a vital factor to improve the
photocatalysis performance (will be explained in 1.7.1 section), materials that exhibit a
conduction band more negative than the TiO2 are supposed to be suitable for coupling
with it. The combination of certain materials with TiO. is expected to form a
heterojunction that shows expanded light absorption capability and lower
recombination rate of charge carriers. For instance, several oxynitride perovskites
semiconducting materials were fabricated for various applications such as solar driven
water splitting®>®!. These novel photocatalysts can absorb most of the visible light due

to its bandgap. Metal oxides and oxynitrides are suitable candidates for the
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heterojunction with TiO2. Nonetheless, most of oxides and oxynitrides are narrow
bandgap semiconductors which have several drawbacks such as the fast charges

recombination rate and the high trapping density®2.

1.7.1. Band alignment in heterojunctions

Semiconductors-semiconductor heterostructures could be classified into three
types based on the band alignment of the two semiconductors as shown in Figure 6.
The two semiconducting materials (SC-A: semiconductor 1, and SC-B: semiconductor
2) form a heterojunction of type I, type I, or type Ill. In type | heterojunction, the VB
of SC-A is more positive in potential than the valance band of SC-B and the CB of SC-
A is more negative than that of SC-B. Type Il shows different case where the valance
band of SC-A more negative than that of SC-B, and a conduction band situation similar
to type I. However, type 111 exhibits valance band and conduction band lower than the

conduction and valance bands of SC-A.
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Figure 6. Band diagram that shows the three possible band alignment types: (a) type |

(b) type 11 (c) type 111°3
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In type I, the charge carriers will accumulate in SC-B (the smaller bandgap) and this
will facilitate the electron-hole recombination and decrease the photocatalytic activity
(Figure 6a). Type Il exhibits better photocatalytic performance because of the better
electron-hole pair separation because they are distributed in both semiconductors of the
heterojunction. Electrons move from CB of SC-A to the CB of SC-B to initiate the
reduction reaction, and holes move from VB of SC-B to VB of SC-A to facilitate the
oxidation reaction (Figure 6b). However, no heterojunction system can be formed in
type 111 alignment because electrons and holes in SC-A or SC-B do not have the ability
to transport from one semiconductor to another and the system will be treated as
separated as two separated semiconductors materials (Figure 6¢)>.

In this work, the photoelectrochemical performance of TiO2 will be improved
by applying two enhancement strategies to improve its photocatalytic activity. Firstly,
by the fabrication of one-dimensional (1D) nanostructured morphology of the TiO>
nanorods. Secondly, by the coupling with bandgap matched material to form a
heterostructure hybrid system. The Nano-dimensions of the TiO, rods can provide
several advantages because it can provide shorter diffusion length perpendicular to the
charge colleting substrate, yielding lower recombination rate of e-h pairs. In addition,
a larger surface area for more reaction sites, and excellent light trapping. The rapid
charge transfer pathway for the carrier collection is one more advantage for using the
nanostructured materials. The usage of another photocatalytic material to form the
heterostructure helps in lowering the band gap of the TiO2 by shifting the absorption
edge to the visible region. In addition, it improves charge separation for lower

recombination rates, which results in better solar PEC performance for water splitting.
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CHAPTER 2: LITRETURE REVIEW

Since the early report on photoelectrochemical activities of titanium dioxide
(TiO2) for hydrogen production from water splitting, which demonstrated by Fujishima
and Honda in 1972%, a variety of semiconducting materials have been investigated for
PEC application®®. Up to date, TiO2 has been demonstrated as one of the most used
photocatalytic materials for PEC water splitting due to its low-cost, non-toxicity, high
chemical and physical stabilities, and especially excellent photocatalytic properties?.
Several 1D TiOz nanostructures were studied and investigated (such as nanorods,
nanowires, nanotubes, nanofibers...etc.) due to the less recombination of the charge
carriers, which is needed for better PEC performance. The nanostructured morphology
engineering approach involves creation of specific morphologies with novel properties
3 while the surface modification approach can decrease the surface recombination
velocity of the material®’. Due to the water splitting application that is based on the
absorption of sunlight, the growth of TiO: is required to be on conductive transparent
substrate. The first step was achieved when Bin Liu and Eray S. Aydil were able to
grow single-crystal, rutile nanorods of TiO: on the fluorine-doped tin oxide (FTO) glass
substrate by using simple hydrothermal technique and they were able to provide the
experimental details that indicate the parameters that could control the shape, length,
diameter, and other different structural properties of the grown film®. The controlled
growth technique on a transparent conductive substrate opened new horizons for
achieving enhanced cell performance for different applications. A variety of parameters
could control the growth of the TiO2 nanorods, the growth time, growth temperature,
effect of the substrate, the influence of the reactants’ concentrations, the acidity of the
medium, the type of the titanium source, and the addition of the surfactants®.

Several strategies were demonstrated to overcome the shortage of TiO, PEC
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performance such as elemental doping of metals and nonmetals. Ta doped TiO>
nanorods showed improved charge separation for the PEC water splitting using the
hydrothermal technique on FTO substrate. The location of Ta* dopant in the TiO2
crystal lattice caused a reduction in the diameter of surface TiO2 nanoparticles. Among
several studied Ta concentrations, the photocurrent yield was ~1.36 mA cm2at 1.23 V.
The enhancement of the photocurrent was explained by the larger interface area of the
surface TiO nanostructure and the effect of Ta doping on the electronic conductivity®.
Tin (Sn) could be introduced as a TiO2 photocatalyst’s dopant based on inducing sub-
band level on the conduction band that enhances the photocatalytic performance of the
TiO, semiconductor by supporting the separation of the photoexcited charges®:®2. Er
could play a role for doped TiO: as a study mentioned the results of lowering the band
gap from 3.31 eV to 3.26 eV for the 0.4% Er®. However, Fe doped TiO, photocatalytic
performance was studied and compared to the un-doped TiO2 semiconductor. It was
found that Fe™ dopant provided a stabilization effect to the photocatalyst. The
improvement of the photocatalyst performance was introduced based on reducing the
band gap energy that results in more absorption in the visible light region (red shift of
optical response toward visible light)®*. Darinka Primc and others published a work
mentioned that the active material of the photoanode was prepared using doped TiO>
with amorphous iron oxide. It was found that the photocurrent was increased to 2.2 mA
cm2 at 1.23 V under the illumination of 1.5 AM simulation of sunlight due to the iron
doping where the iron oxide heterojunction and the creation of the layer that cause the
blocking®. Furthermore, co-doping technique can be used to achieve an improved
photocatalytic performance of the TiO2 photocatalyst by using two different dopants®®.
Recently, co-doping of TiO2 with two elements was used to achieve higher PEC

activity. Hwang et al fabricated a Sn and C co-doped TiO2 nanostructure with 2.8 mA
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cm at 1.23 V photocatalytic activity®”. Another group mentioned that W and C co-
doped TiO. produced a photocurrent density of 1.8 mA cm? at 1.23 V. The
improvement of the performance is originated from the synergistic effects of co-doping
technique due to the better electrical conductivity. However, Ni/Si TiO, co-doped
system showed enhanced photocatalytic activity for water splitting®®. Another study
provided a preparation method for N/Si co-doped TiO2 system grown on FTO glass

substrate which resulted in improved solar to hydrogen efficiency equals to 1.1%°°.

Table 1. List of Several Dopants Types Used for TiO2 Doping.

Dopant Doping type
Ta Metal doping
Sn Metal doping
Er Metal doping
Fe Metal doping

Fe203 Non-metal doping
Sn/C Co-doping
N/Si Co-doping

TiO2 heterojunction method had attracted a lot of attention due to the
combination between the photocatalytic of the TiO2 and the ability to increase the
efficiency of it by coupling with another semiconducting material, which can increase
the charges transfer and decrease the recombination rate’®. ZnO@TiO heterostrcture
was fabricated and analyzed by a group of scientists. The fast and low cost sol-gel based

preparation method allowed the deposition of anatase TiO2 on ZnO nanowires. The air

17



annealing effect was studied and it was found that it induces lower charge carrier
recombination and enhanced charge separation. The photocurrent was obtained ant it
showed 2.2 times improvement in the PEC performance compared to the pristine
material*. BiOCI/TiO, photocatalyst was tested as visible light photocatalyst fricated
via sol-gel technique. The prepared heterostructure showed higher visible-light-
responsive photocatalytic performance than the separated two component of the
heterostructure. The degradation rate of the rhodamine B was used to calculate the PEC
improvement and it was 46 times higher than the pristine TiO2 and 11 times higher than
the pure BiOCI. The improvement of the photocatalytic performance could be attributed
to the higher visible light absorption and the enhanced charge separation efficiency’.
The photocatalytic activity of TiO. was improved by the fabrication of RuO./TiO>
nanobelt heterostructure. The improved catalytic performance was achieved under UV
and visible light irradiation due to the better separation of the photogenerated species
and the accelerated transport of charges™’®. Fe,0s-TiO, is another attractive
heterostructure that showed several times enhanced photocatalytic activity. The
heterostructure was synthesized by plasma enhanced-chemical vapor deposition
technique. The higher photocurrent enhancement is attributed to the more favorable
hole dynamics for water oxidation, and because of the enhancement of the separation
of the electron-hole pairs’. MoS,/TiO, heterostructure was fabricated for efficient
photocatalytic hydrogen evolution process. The high photocatalytic activity was
achieved due to the higher conductivity of MoS, edge site that can enhance the
interfacial conductivity and limit the electron-hole recombination. Furthermore,
MoS,/TiO; heterostructure can regulate the electrons transfer after the separation from
TiO», which facilitates the photoexcited charges to be transferred to the active site on

the MoS,’%44. Another TiO2 heterostructure was synthesized to promote photocatalytic
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activity, CdSe/TiO2 nanotubes heterostructure was created via chemical bath deposition
(CBD). The content of CdSe dopants into TiO> was studied to determine the optimum
content for the improvement of the PEC performance. Furthermore, coupling TiO2 with
CdSe provided better photocurrent density than the pristine CdSe material. The
experimental results showed lower average excitation lifetimes, which reveals the
participation of the photoexcited CdSe in injecting electrons into TiO2'". BizM0QOs
nanosheet/TiO2 nanobelt heterostructure was prepared via hydrothermal method. The
prepared heterostructure showed an excellent photocatalytic activity and high
photocatalytic oxygen production under irradiation of the solar illumination. The
improved PEC performance under UV and visible light can be ascribed to the large
specific surface area, matched energy band of heterostructure, higher charge transfer
efficiency, and lower photoelectron-hole recombination rates’®’®. CeO/TiO;
heterostructure was reported in the literature as an efficient photocatalyst with several
more advantages such as low cost, and recyclability®. The simple hydrothermal method
allows the assembly of the CeO> nanoparticles on the rough surface of the TiO>
nanobelts. Both UV and visible photocatalytic activity of the CeO2/TiO2 heterostructure
was greatly improved compared to the pure TiO2 and pristine CeO, material®®.
Graphene oxide (GO) was assembled on the top of TiO. nanobelt to form a
heterostructure via an in situ photochemical reduction facile method. This method was
conducted by wrapping TiO2 nanobelts with reduced graphene oxide nanosheets. This
heterostructure improve the separation of the photoinduced charge carriers due to the
zero bandgap of graphene and the presence of Ti-O-C bonds, which produces higher
photocurrent performance and enhanced photocatalytic activity. This remarkably better
photocatalytic performance is because of the special and unique electronic properties

of the reduced graphene oxide. GO/TiO, heterostructure showed improved
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photocatalytic activity for water splitting that produces hydrogen. Furthermore, it
exhibits a good stability after five cycles because no loss of activity was achieved, with
an excellent recyclability property®. Fe,TiOs-TiO, nanocages heterostructure was
synthesized to achieve highly efficient solar energy conversion by using
heterostructured semiconductor photocatalyst. The heterostructure photocatalyst was
fabricated to achieve enhanced PEC performance for water splitting and stable
heterostructure formation. It was observed that the heterojunction and the well-defined
hollow structures are needed to improve the performance of the semiconductor
photocatalyst to be used as an efficient photocatalyst®.

Metal oxides with perovskite structure are essential functional materials that are
used in many applications such as superconductors, gas sensors, and photocatalysts®8,
A group of scientists fabricated a heterostructured composite of BiVO4/TiO, via
hydrothermal technique. The coupling between TiO, and BiOVa helps in the
enhancement of the photocatalytic activity for the heterojunction system and in getting
better charge separation. The photocurrent experimental results showed a noticeable
improvement in the photocatalytic activity with higher current density compared to the
pristine TiO2 and BiVVO4 materials under visible light illumination. The heterojunction
formation facilitated the charge separation of the photogenerated species, which was
proved by the smallest arc of the Nyquist plot of the electrochemical impedance
spectroscopy (EIS)®. Another novel heterostructure was BiOF/TiOz, which was
prepared by solid-state stirring. The optimum molar ratio of the heterojunction system
(1:3) showed seven times higher photocurrent density than BiOF nanopowder and two
times higher than TiO». The noticeable photocatalytic enhancement was explained by
the red shift of the absorption edge of TiO2 from the UV to visible region of the spectra

that allows lowering the bandgap and absorption more visible light. In addition, the
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BiOF improved the charge separation process®’. Another interesting heterostructure is
hydrogenated TiO2/ZnO nanorods on FTO substrate via solution-coating method. The
proposed preparation method allowed achieving homogenous distribution of ZnO
coating on the TiO2. The remarkable PEC water splitting and the red shift is due to the
hydrogenation process that creates oxygen vacancies in the TiOz and interstitial
hydrogen in ZnO, which produced several times higher current density than the pure
TiO2 and ZnO®. However, three times higher current density than TiO, was obtained
using ZnIn2S4/TiO2 nanorod heterojunction by using the hydrothermal technique for
water splitting application. Furthermore, the system showed a high cycle stability, and
the onset potential was reduced from +0.05 to -0.5. The improved and fast electron-
hole transfer and separation was verified by the EIS measurements of the interface
charge transfer Kinetics®®%. CdS/TiO, nanotubes were synthesized by ac
electrodeposition to enhance the photoelectrode performance toward the water splitting.
The fabricated heterostructure exhibited much better photocurrent density in the visible
wavelengths than the pristine TiO2. Furthermore, the time and the voltage of the ac
deposition affect directly the architecture of the heterostructure, which is related to the
photocatalytic performance of the electrode and improves the water photocleavage due
to the more contact area of the electrode and the electrolyte®l. A variety of approaches
can be used to achieve the red shift toward the visible region light absorption, CoTiO3
—encapsulated TiO2 heterostructure was fabricated to enhance the TiO2 nanowires
photoresponse to the visible light range. The encapsulation of CoTiO3z on the surface of
TiO2 nanowires allows the formation of core-shell heterostructure. In comparison with
the pure TiO., the photocatalytic activity of the heterostructure was improved about
30% more, and the charge carrier concentration was increased 346% than the pristine

material®?. Oxynitrides had been studied as effective photcatalysts due to their bandgap
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that allow the absorbance of visible light. LaNbON> was studied as a solar photocatalyst
for water oxidation purpose. The unique band gap of the material of 1.65 eV allows to
absorb the light at around 750 nm at wide visible-light absorption band. It was found
that under the irradiation of light on LaNbON?>, water oxidation takes place due to the
anion vacancies that act as donors in semiconductors®. BaTaO,N was introduced as a
promising photoanode for water splitting by annealing in argon environment. The
charge separation and the crystallinity from the surface to bulk showed an improved
solar driven water splitting process®*. Therefore, it is promising to study the coupling

of oxynitride material with TiO> to obtain enhanced PEC performance.
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CHAPTER 3: EXPERIMENTAL
3.1. Materials
Titanium (1V) butoxide C16H3s04Ti (97%) was purchased from Sigma Aldrich,
USA. Hydrochloric acid HCI (37% ) Analar NORMAPUR was purchased from VWR
Chemicals, UK. Lanthanum (I1l) nitrate hexahydrate La(NO3)3-6H20O (99.99%),
Ammonium molybdate (NH4)sM07024-4H20 (99.98% ) and citric acid (CeHsO7) had
been bought from Sigma Aldrich, USA. The FTO substrates were bought from Ossila
Company, UK. Deionized water (DI) was the solvent in this study. All materials were
used as received without any treatment.
3.2. Material Preparation
Hydrothermal synthesis technique has attracted much attention for fabricating
nanostructures that have unique properties for wide range of applications. The
substances crystallize in high temperature and pressure in presence of solvent in a
closed system. The technique produces highly pure and homogenous crystal structures
with novel properties by allowing the size control of the product in shorter times
compared to the other techniques. The hydrothermal reaction is performed in a steel
vessel (autoclave) that the synthesis conditions are controlled by the temperature,
and/or the pressure. Usually, the internal removable part of the autoclave is made of

Teflon.

3.2.1. Synthesis of TiO2 nanorods

The fabrication of TiO2 nanorods was conducted using hydrothermal method by
preparing 30 mL aqueous hydrochloric acid (HCI) freshly prepared solution through
adding 15 mL concentrated HCI (Sigma Aldrich, Analytical grade, 37%) to 15 mL
deionized (DI) water obtained directly from water deionizer (Millipore, Direct-Q 5UV).

After magnetically stirring for 10 minutes, the addition of 0.3 mL Titanium (I1V)
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butoxide (TiBu, Sigma Aldrich, 97%) took place and gently stirred for 15 min.
Subsequently, the prepared solution was placed into a 100 mL Teflon-lined stainless
steel autoclave (BAOSHISHAN, PTFE Lined Vessel), where the cleaned FTO
substrates (1.5 x 2 cm) arranged inside the Teflon beaker with a FTO side facing the
Teflon beaker wall. Figure 7 demonstrates the Teflon-lined stainless steel autoclave that
was used for the hydrothermal synthesis. Prior to the hydrothermal synthesis, the FTOs
were cleaned by ultrasonication in acetone, methanol, and DI water separately for 10
min each, respectively. The hydrothermal growth was carried out at 180 °C for 10 hours
in an electric oven (Nabertherm, Model: TR-061RN) and allowed to cool down to room
temperature. The fabricated TiO2 on the FTO/glass were rinsed extensively with DI
water several times and dried on air. The preparation method was reported in the

literature before *°. Lastly, the annealing step was conducted.

Stainless
Steel cap

Stainless Steel
Teflon autoclave
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Stainless Steel TiO, NRs @ FTO
plate

Figure 7. lllustration of Teflon-lined stainless steel autoclave
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3.2.2. Thermal treatment
The annealing treatment is used to convert the physical properties of the
materials. The as-fabricated TiO. was annealed for crystallization and for increasing

the electrical conductivity. The thermal treatment was conducted in air at 400 °C for 4

hours with heating ramp of 1degree/minute, and the cooling down at room temperature.
MTI GSL 1500X-OTF 2 inches tube furnace was used for the thermal treatment

process.

3.2.3. Preparation of LaMo(ON)x

LaMoOg was synthesized by using sol-gel method®® with 0.2 g La(NO3)s-6H,0,
1.2 g (NH4)6sM07024-4H,0 and 0.8 g of citric acid to achieve the metal molybdates. The
30 mL prepared solution of La(NOz3)3-6H20, (NH4)sM07024-4H,0 and citric acid was
refluxed by heating the water bath to 90 °C and stirring for 3 hours until the observation
of the transparent sol. Then, after the drying of the gel for 5 h at 100 °C, the sol was
mixed with the gel. Next, the calcination step of dried gel powder for 4 h at 600 °C in
air at heating rate of 5 degree/minute (°C /min) to obtain the LaMoOg powder. To
achieve the oxynitride of the product, additional annealing step in ammonia was

conducted at 700 °C for 2h and by heating ramp of 5 °C /min.

3.2.4. Preparation of LaMo(ON)x/TiO2 heterostrostructure

The electrophoretic deposition technique (illustrated in Figure 8) was used to
fabricate the heterostructured hybrid system of TiO>. A 50 mL beaker was used to place
0.0025 g of LaMo(ON)x and it will be ultrasonicated in 30 mL acetone for 20 min. The
0.1 g iodine will be added to the sonicated suspension and sonicated again for 5 min in
ultrasonic bath at room temperature. Then, the two probes of the DC power supply was
connected to the FTO as blank (negative side) and the as-fabricated TiO to the positive
side of the power supply, and both will be immersed directly on the prepared iodine
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suspension. The direct current (DC) electric field of 15 V will be applied for 5 min. All
the experiments were prepared by the same deposition conditions and conducted at the

room temperature.

Power
Supply
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Figure 8. lllustration of the electrophoretic deposition preparation process

3.3. Photoelectrochemical measurements
The generated photocurrent is recognized as a measure to evaluate the
photoelectrodes performance for water splitting using the current-voltage
measurements. This type of measurements provide detailed information about®’:
1. Energy conversion efficiency, photocurrent density and the dark current of the
photoelectrode as a function of potential.
2. The photocurrent sign and onset potential.

3. The electron-hole recombination rate and the transport limitations.

Quartz three-electrode system (Figure 9) is used to measure the photocatalytic
performance toward the water splitting via potentiostat. The three-electrode system
consists of a working electrode, which is used at specific potential versus the reference
electrode, and the obtained current by changing the applied voltage under light

illumination or in the dark is recorded. This permits the construction of current-voltage
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plot. However, the performance of the counter electrode will not be relevant due to the
role of potentiostat in supplying whatever voltage between the counter electrode and
the photoelectrode (working electrode) to maintain the current at a definite voltage with
respect to the reference electrode.

Impedance is the measure of the circuit’s ability to resist the flow of electrical
current. The term impedance refers to the frequency dependent resistance to current
flow of a circuit element and it can be represented by either Nyqist plot or Bode plot.
The electrochemical cells can be modeled as a network of passive electrical circuit
elements called equivalent circuit, which can be calculated (double layer capacitance,
electron transfer resistance, electrolyte resistance...etc.) and compared to the
experimental EIS response of the cell®®,

Instrumentation

The PEC measurements were performed by using Potentionstat/Galvanostat
INTERFACE 1010 from GAMRY INSTRUMENTS, USA. The standard three-
electrode system was connected to the working electrode to the studied sample, and the
platinum (Pt) wire was connected to the counter electrode and Ag/AgCl standard
electrode was the reference electrode by carrying out the PEC measurements in a quartz
electrochemical cell (PINE). The measurements were conducted in non-buffered 1M
KOH solution (electrolyte). The copper crocodile clipper was used to hold the sample
and to establish the electrical connection by being in contact with the uncovered portion
of the FTO substrate. The light source SunLite ™ from ABET TECHNOLOGIES,
USA, model: 11002 was the solar simulator. The quartz photocell was placed in 1 sun
equivalent distance, as the power intensity was kept at 100mW/cm? which was
calibrated by silicon reference cell (ABET). The illumination of light was by 100 Watt

Xenon Arc Lamp. The PEC performance was investigated by conducting three
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experiments: linear sweep voltammetry (LSV), electrochemical impedance
spectroscopy (EIS), and chronoamperometry. The linear sweep voltammetry was
carried out under light and on dark with initial voltage of 0.4 to 1.5 V vs Ag/AgCl at 5
mV s scan rate and step size of 1mV/s. The electrochemical impedance spectroscopy
experiments were conducted under light and on dark from initial frequency of 10° Hz
to final frequency of 102 Hz at DC voltage of 0.8 V, and by collecting 10 points/decade.
In addition, the chronoamperometry experiment at voltage of 0.8 V for 200 seconds by

alternating the light on/off each 10 seconds.

[ Potentiostat ]7
Ag/AgCl reference

electrode

Working electrode Pt electrode

Light

source I

Figure 9. Illustration of quartz three-electrode system of PEC measurements

Quartz PEC cell

3.4. Material characterization and Equipment
The fabricated materials have been characterized to study the structural,
morphological, and photoelectrochemical properties by using several characterization

techniques.

3.4.1. Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is used to study surface morphology
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of the sample by focusing the high-energy electron beam (0.2-30 KeV) on the scanning
probe that scan the specimen surface. The primary electron beam will interact with the
sample and produces several responses (illustrated in Figure 10) that can be measured

using different detectors and produce various information about the studied sample.

primary electron beam

characteristic X-rays (EDXS) backscattered electrons (BSE)
continnum X-rays . .
cathodoluminescence (CL)
7 N

7

Figure 10. Schematic diagram of the interactions between the sample surface and the

primary electron beam?’

The incident primary electron beam interacts with the studied sample and
produces back-scattered electrons (BSE), secondary electrons (SE), and X-rays. The
elastic scattering between the primary electrons and the nuclei is the reason behind the
BSE interaction. The BSE provides a qualitative information about the composition
since the specimen with higher atomic number produces more BSE. However, the
inelastic interactions with the sample generates SE when the amount of transferred
energy is enough. Various signals can be produced due to the interaction with the
specimen such as X-rays that can identify the elements by the characteristic X-rays for

each element, Auger electrons, and catholuminescence®.
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Instrumentation

The morphology of the TiO.@FTO/Glass and the heterostructures was
observed by SEM (FEI NOVA NANOSEM 450) operated at acceleration voltages
between 0.5 and 30 kV. The SEM is equipped with energy dispersive spectroscopy

(EDS) operating at primary beam acceleration voltage between 10-20 kV.

3.4.2. Raman spectroscopy

Using a laser beam source, the inelastic scattering of the monochromatic light
happens because of the excitation of the vibration modes in atoms of the sample. As a
result of the inelastic scattering, the energy of the re-emitted photons from the sample
will be measured and recorded. However, the re-emitted photons energy can be shifted
up or down the original monochromatic light frequency (Raman effect)'®. The shift
provides information about the rotation and vibration transitions in the sample. The
obtained Raman spectrum is a relation between the scattered light intensity and the
Raman shift. The Raman shift is a change in wavenumbers between the laser light
source (W frequency) and the scattered radiation of the sample. Figure 11 illustrates
the possible scattering types of Raman spectroscopy. The obtained Raman spectra
consists of Stokes spectral lines (with frequencies lower than W) because the Stokes
spectral lines have higher intensities than the anti-Stokes scattering does (spectral
region with higher frequencies than W.). The scattered light that preserves its

wavelength is the Rayleigh scattering®*.
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Figure 11. A schematic diagram shows the scattering types of Raman spectroscopy®?

Instrumentation

A ThermoFisher Scientific Raman spectrometer equipped with a microscope
MPlan 10X/0.25 BD was used to obtain the Raman spectra of TiO, and the
heterostructures. The samples were excited with laser beam of 633 nm wavelength

before spectra recording.

1.4.3. X-Ray diffraction

The non-destructive analysis technique is used to recognize the structural
properties and the various phases in the characterized material. The crystalline planes
of the material will diffract the incident X-rays to form destructive or constructive
interference. Based on Bragg’s law, the constructive interference occurs when the path
length difference of the scattered x-rays of the crystal planes is an integer multiple of

the incident wavelength (Bragg’s law)1%3:
nAd = 2dpy; Sin Oy
Onw describes the angle between the three crystal planes and the incident X-rays,
and dn is referred to the distance between the crystal planes of Miller indexes (hkl)

(Figure 12). Which indicates that the diffracted X-rays detector should be located at an

angle 26nq with respect to the incident X-rays®.
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Instrumentation

PANalytical EMPYREAN X-Ray diffraction,40 KVV/30 mA, Cu-Ka radiation (A
= 1.54056 A) was used to obtain the 0-20 spectra at a scan rate of 2°/min with a
diffraction angle 26 between 10° and 80°. The system is equipped with a detector that

allows data collection from -45° to +45° vertically and from 0° to 160° horizontally.

1.4.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a unique analysis technique that
provides an information about the surface (2-5 nm depth) composition. The quantitative
elemental and chemical analysis is used to detect the elemental structure of the surface
by exciting the core shell electrons via X-rays capable to break the binding energy (B.E)
between the electron and the nucleus of the atom which will produce a kinetic energy
of the electron that will be calculated through a sensitive detector (electron energy
analyzer) that can calculate the kinetic energy (K.E.) which is characteristic for each
element. Consequently, the bonding nature, and the oxidation status will be detected.
Figure 13 demonstrates the main parts of the XPS instrument including electron gun,

electron analyzer, focused X-ray beam, and monochromator®.
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Figure 13. A schematic diagram of the XPS instrument%

The x-rays focused beam with 1.5 kV will be directed to the sample where the
photo-emitted electrons with energy lower than 1.5 kV will be ejected from the
sample’s surface of the specimen. Then, the electron collection lens will direct the
escaped electrons toward the electron energy analyzer that measures the kinetic electron
of the electrons and the electrons detector counts the number of electrons that indicates
the intensity of the obtained spectra. However, XPS technique requires ultra-high
vacuum inside the chamber (less than 10 Torr)!%".

Instrumentation

The measurements were conducted using X-ray photoelectron spectroscopy (AXIS
Ultra DLD) which designed with monochromatic Al- Ka electrons source and with
spherical mirror electron analyzer that detect the surface electrons and count its kinetic

energy and its number.

1.4.5. UV-Vis spectroscopy
Ultraviolet-visible spectroscopy is a nondestructive technique that is used to
determine the optical transitions of the material. This optical characterization method

allows monitoring the electronic transitions of the semiconductors. The spectrometer
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measures the transmittance and reflectance of the sample, which allows to calculate the
absorbance of the opaque material, and to approximate the bandgap of the material by
using Tauc relation®®. The sample would be placed in the holder in a direction of the
light beam to study the interaction between the light and the deposited material. For the
transmittance measurements, the sample should be placed in the entering light side to
the integrated sphere. However, for the reflectance measurements, the sample should

be placed on the other side of the sphere (as illustrated in the following illustration).

Light beam direction .
= TiO, The transmittance measurement
Light beam direction
g - Q TiO, The reflectance measurement

Figure 14. UV-Vis experimental setup of the transmittance and the reflectance

measurements

However, the blank (FTO) transmittance values should be subtracted from the sample
transmittance measurements to eliminate the interference of the glass.
Instrumentation

The UV-Vis spectroscopy was performed with a Perkin Elmer Lambda 1050
spectrophotometer equipped with 150 mm diameter integrated sphere (reflectance
larger than 99% in 400-1500 nm range). The optical characterization measurements

were conducted between 250-800 nm wavelength.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1. Fabrication of TiO2 nanorods

TiO2 nanorods were synthesized via hydrothermal technique using several
preparation conditions such as growth temperature, growth time, and HCI/Ti source
volume ratio. The nanorods growth was conducted onto fluorine-doped tin oxide (FTO)
substrates based on previously reported method®®, followed by thermal treatment
(annealing) step at 400 °C for 4 h in air. The three parameters were studied to identify
the optimized growth conditions that will affect the NRs shape, morphology, and the
PEC performance of the prepared TiO>. The prepared TiO2, NRs samples were
examined by morphological and photoelectrochemical studies. SEM was used to
investigate the morphology, TiO2 nanorods density, orientation, and the length. In
addition, PEC measurements were conducted to evaluate the activity of different
samples and to determine the optimized conditions that provide the highest PEC

performance.

4.1.1. The effect of growth temperature

TiO2 NRs were prepared at three different temperatures (140,160,180 °C) to
investigate the influence of growth temperature on the morphology and PEC
performance. Other growth parameters are held constant i.e. (the growth time is 10
hours and the HCI:Ti volume ratio is 50:1). Figure 15 a, b, ¢ shows the top view SEM
images of the prepared TiO- at different growth temperatures. It is observed that the
temperature has remarkable effect on the shape and density of fabricated NRs. As the
temperature increased from 140 °C to 180 °C, the average diameter of the NRs
increased from about 50 nm for the sample prepared at 140 °C to 100 nm for the sample
prepared at 160 °C. TiO2 NRs sample prepared at 180 °C showed average diameter

close to 1 um, and the NRs shape changed from circular to rectangular shape.
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Furthermore, the cross—sectional SEM images (Figure 15 d, e, f) show that the length
of the TiO2 nanorods increases with increasing the growth temperature. The NRs
lengths were found to be 1.2 um, 3.2 um, 5 um for 140 °C, 160 °C, and 180 °C,
respectively. It is also noteworthy that the density of NRs increases with increasing the

growth temperature.

Figure 15. Top-view SEM images of TiO2 NRs fabricated at: (a) 140 °C (b) 160 °C
(c) 180 °C and cross-sectional SEM images of TiO2 NRs fabricated at: (d) 140 °C (e)

160 °C (f) 180 °C

The PEC performance of TiO. prepared at different temperatures is given in
Figure 16. Figure 16a represents the linear sweep voltamograms (LSV) of TiO2 samples
measured in 1 M KOH solution at 25 °C. It shows that the onset voltage (Eonset) is 1.1
V for 140 °C, 0.85 V for 160 °C, and almost 1.4 V for 180 °C. These results confirm
that the sample prepared at 160 °C revealed the highest catalytic activity. The

photoelectrochemical performance of samples was further confirmed by
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electrochemical impedance spectroscopy (EIS). Figure 16b exhibited Nyquist plots of
samples prepared at different temperatures in 1 M KOH solution. The results depicted
that the radius of semicircular arc decreases in the following order: 140 °C (2425 Q
cm?) > 180 °C (2150 Q cm?) > 160 °C (312 Q cm?). This confirms that the sample
prepared at 160 °C has the lowest resistance and thus the highest PEC activity. This can
be verified by the chronoamperometric measurement at 0.8 V vs. Ag/AgCI (Figure
16¢). Sample prepared at 160 °C exhibits the highest photocurrent density (1.68
mA/cm?). As a result, the growth temperature of 160 °C is selected to be optimum
growth temperature due to the morphological and PEC experimental results. The

obtained PEC experimental data are summarized in Table 2.
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Figure 16. PEC measurements of TiO. fabricated at 140 °C, 160°C, and 180 °C: (a)

Linear sweep voltammograms under light (b) Nyquist impedance plots of different-
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electrodes recorded at 0.8 V vs. Ag/AgCl in 1 M KOH. (c) Amperometric on-off curve

at 0.8 V vs Ag/AgCl with light on/off cycles

Table 2. Summary of PEC Experimental Results for the Effect of Temperture.

Growth Eonset potential Rp Maximum
temperature (V vs. Ag/AgCl) (Q cm?) current density
(°C) (mA cm?)
140 1.10 2425 0.52 mA/cm?
160 0.85 312.40 1.68 mA/cm?
180 ~1.4 2150 0.77 mA/cm?

4.1.2. The effect of growth time

Upon optimization of the growth temperature at 160 °C, the effect of growth
time on the morphology and PEC activity was investigated. TiO2 NRs were prepared at
different growth periods i.e. 6, 10, 14 h at 160 °C and HCI:Ti volume ratio of 50:1.
Figure 17 represents top view and cross-sectional images of the prepared samples. It is
evident that the increase in the growth time led to increasing of the length of the NRs.
The average measured length of TiO2 NRs was found to be 2.5 um, 3.2 um, and 3.7 um

for growth times of 6, 10, and 14 h, respectively (Figure 17 d, e, f).
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Figure 17. Top-view SEM images of TiO2> NRs prepared at different growth period :
(@ 6 h (b) 10 h (c) 14 h and cross-sectional SEM images of TiO> NRs prepared at

different growth period: (d) 6 h (e) 10 h (f) 14 h

The PEC performance of samples was investigated by electrochemical
measurements. Figure 18a depicts the linear sweep voltammograms of TiO2 NRs
prepared a different growth times in 1 M KOH solution. The results show that the
sample prepared in 10 h has the highest PEC activity and lowest onset potential (Eonset).
Nyquist plots (Figure 18b) showed that TiO2 NRs prepared in 10 h has the lowest charge
transfer resistance. In addition, light on-off chronoamperometric measurements at 0.8
V vs. Ag/AgCI (Figure 18c) revealed current density following the order: TiO2 NRs-10
h (1.68 mA/cm?) > TiO2 NRs-14 h (1.62 mA/cm?) > TiO, NRs-6 h (1.60 mA/cm?).

The obtained PEC experimental data are summarized in Table 3.
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Figure 18. PEC measurements of TiO fabricated at 6h, 10h, and 14h: (a) Linear sweep
voltammograms under light (b) Nyquist impedance plots of different electrodes
recorded at 0.8 V vs. Ag/AgCl in 1 M KOH. (c) Amperometric on-off curve at 0.8 V

vs Ag/AgCl with light on/off cycles

Table 3. Summary of PEC Experimental Results for the Effect of Time.

Growth Eonset potential Rp Maximum
time (V vs. Ag/AgCl) (Q cm?) current density
(h) (mA cm)
6 0.87 324.20 1.60
10 0.85 312.40 1.68
14 0.88 487.30 1.62
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4.1.3. The effect of HCI:Ti volume ratio

The effect of HCI:Ti volume ratio factor was studied by changing the HCI:Ti
ratio from 40:1 to 60:1 at constant growth temperature (160 °C) and growth time (10
h). Figure 19 shows the top view and cross-sectional SEM images of TiO2 NRs prepared

at different HCI:Ti precursor ratios.

Tpm=y ¢t~ 3.2 um

Figure 19. Top-view SEM images of TiO2 NRs prepared at different HCI: Ti volume
ratios : (a) 40:1 (b) 50:1 (c) 60:1 and cross-sectional SEM images of TiO2 NRs prepared

at different growth period: (d) 40:1 (e) 50:1 (f) 60:1

It can be observed that with increasing the ratio of HCI:Ti, the length of TiO>
NRs decreases. However, the 60:1 sample showed a nonhomogeneous distribution and
growth orientation of the NRs. The length of NRs decreased from 5.2 um in case of
(HCI:Ti: 40:1) to 3.2 um (HCI:Ti : 50:1) to 2.8 um when the ratio increased to 60:1.

The PEC performance of TiO- prepared by using different HCI: Ti volume ratios

is given in Figure 20. It represents the linear sweep voltamograms of TiO2 samples
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measured in 1 M KOH solution at 25 °C. It shows that the Eonset is 1.05 V for HCI:Ti:
40:1, 0.85 V for HCI:Ti: 50:1, and almost 1.35 V for HCI:Ti: 60:1. These results
confirm that the sample prepared at HCI: Ti: 50:1 provided the highest catalytic activity.
The photoelectrochemical performance of samples was further confirmed by
electrochemical impedance spectroscopy (EIS). Figure 20b exhibited Nyquist plots of
samples prepared at different temperatures in 1 M KOH solution. The results revealed
that the radius of semicircular arc decreases in the following order: HCI:Ti: 60:1 (=
7000 ©Q cm?) > HCI:Ti: 40:1 (= 5000 Q cm?) > HCI:Ti: 50:1 (312 Q cm?). This confirms
that the sample prepared by using HCI:Ti: 50:1 has the lowest resistance and thus the
highest PEC activity. This can be verified by the chronoamperometric measurement at
0.8 V vs. Ag/AgCI (Figure 20c). Sample prepared by using HCI:Ti: 50:1 exhibits the
highest photocurrent density (1.68 mA/cm?). However, the samples of HCI:Ti: 40:1 and
HCI:Ti: 60:1 show photocurrent density 1.39 mA/cm? and 0.27 mA/cm?, respectively.

The obtained PEC experimental data are summarized in Table 4.
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Figure 20. PEC measurements of TiO» fabricated using HCI:Ti volume ratios: 40:1,
50:1, and 60:1: (a) Linear sweep voltammograms under light (b) Nyquist impedance
plots of different electrodes recorded at 0.8 V vs. Ag/AgCl in 1 M KOH (c)

Amperometric on-off curve at 0.8 V vs Ag/AgClI with light on/off cycles

Table 4. Summary of PEC Experimental Results for Effect of the HCI:Ti Volume: Ratio.

HCI:Ti Vol. ratio Eonset potential Rp Maximum
(V vs. Ag/AgCl) (Q cm?) current density
(mA cm)
40:1 1.05 ~ 5000 1.39
50:1 0.85 312.40 1.68
60:1 ~1.35 ~ 7000 0.27
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To summarize, we investigated the morphology and PEC activity of TiO2 NRs prepared
by varying the growth temperature, growth time, and HCL:Ti volume ratio. The

optimized conditions are given in Table 5.

Table 5. Optimized Synthesis Conditions of TiO2 NRs.

Growth temperature 160 °C
Growth time 10 hours
HCI:Ti volume ratio 50:1

4.2. Characterization of pristine TiO2

Several characterization techniques were used to determine the characteristic
properties of the fabricated TiO to provide structural evidences of the prepared TiO>
material. The morphology and composition of the pristine TiO> NRs were studied by
SEM-EDX. The selected optimized sample was grown hydrothermally at growth
temperature of 160 °C, growth time 10 hours, and HCI:Ti ratio 50:1. The fabricated
samples were thermally treated by annealing on air environment at 400 °C for 4 hours
and heating rate 1 degree/min. Figure 21 shows SEM morphology images of the grown

TiO2 NRs on FTO substrates and the EDX spectra of the NRs.
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Figure 21. SEM images of the annealed TiO2 NRs: (a) top view, (b) cross-sectional, (c)

SEM-EDX spectrum of the annealed TiO>

As it can be observed in Figure 21a, the TiO2 NRs have tetragonal shape and
square top facets. The nanostructure forms a uniform coating over the FTO substrate
with high adhesion. The NRs growth was (quasi aligned) on the substrate and with an
angle for many NRs. Furthermore, it can revealed the tips of the NRs are rougher than
the side faces of the NRs owing to the axial growth on the FTO. The cross-sectional
SEM micrographs (Figure 21b) revealed the direct contact between the formed NRs

and the charge-collecting FTO layer and the well alignment to the FTO substrate. The
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formed NRs arrays exhibit a homogenous diameter size distribution of the single NRs
over the specimen with a thickness (length of the NR) of approximately 3 um and
average diameter of about 50 nm, the diameter size distribution is between 40 nm and
60 nm. The energy dispersive X-ray spectroscopy (EDX) analysis of the pristine TiO-
(Figure 21c) shows mainly Ti, O, Sn, and Si elements, which indicate the phase purity
of TiO2 NRs, the Sn and Si are shown due to the FTO/glass substrate.

The crystallinity of pure TiO2 NRs was investigated using XRD. The diffraction
patterns are given in Figure 22. The spectrum of TiO2 NRs shows the characteristic
peaks of the rutile phase for the TiO2: (101), (211), (002), in addition to diffraction
peaks from FTO substrate at 20 of 37.7°, 41.2°, 51.4°, and 61.6°. The dominant

crystalline plane is (101) as revealed by the X-ray diffractogram.
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Figure 22. XRD pattern of the as-fabricated rutile TiO-
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The crystallites size was calculated using Scherrer’s Equation®:

_ KA
BcosB

Where,

D= crystallite size (nm)

K= Scherrer constant (0.9)

A = Wavelength of the X-ray radiation source (0.15406 nm)

= The full width at half-maximum of the diffraction peak (FWHM) in radians

6= Peak positin (radians)

The crystallite size was estimated using the main peaks of the rutile TiO: (101) and
(002) diffraction peaks. The calculated crystallite size of TiO2 was found to be 24.9 nm,
which is similar to previously reported values!*.

Hydrothermally-grown TiO2> NRs arrays show a rutile phase structure, which is in
accordance with a previously published work®. The diffraction peaks at angle of 36°,
and 63° are indexed to the crystal planes of (101), and (002) of the rutile phase,
respectively. It could be noticed that some diffraction peaks of the rutile TiO2 are absent
such as (110) and (111).

Raman spectroscopy is performed to analyze phase evolution and structure
change. It is usually used for structural identification characterizing the different phases
of TiO2 nanostructures, to distinguish a single-phase formation. Raman spectroscopy
technique is sensitive to metal-oxide vibrations (metal-oxygen bond) structural
environment and the bond length. Figure 23 represents Raman spectra of the pristine

rutile TiOo.
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Figure 23. Raman spectra of the pristine rutile TiO>

As shown in Figure 23, TiO2 is Raman active in 100-900 cm™ range!!**11?, The
rutile TiO2 has two molecules in the unit cell with the space group Dan(P42/mnm) with
tetragonal crystal structure!!3, and possesses four Raman active modes (B1g, Eq(SO),
Eg, A1g) that correspond to the characteristic Raman modes of the rutile TiO> structure
(rutile phase implies 15 vibrational modes)'!*.The Eq mode is associated with the
symmetric stretching vibration. The Byg is related to the symmetric bending vibration,
and the Aig mode associated with the anti-symmetric bending vibration of O-Ti-O°,
The Eg band at 240 cm™ is a characteristic multiphonon peak of the rutile TiO2 phase!®®.
However, the intensity of these vibrational modes are correlated with the metal oxide
crystallinity, which can be altered by the thermal treatment!!’. The Raman frequencies

values are Big: 143 cm, E4(S0O): 240 cmt, Eq: 447 cmt, Ayg: 612 cm™, are compared
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to the Raman spectra that was recorded by Porto!8

and it showed good agreement.
XPS is a powerful technique to probe the chemical environment of the structure
and the surface defects, due to the high sensitivity of this tool to the surface. XPS survey
and high-resolution spectra of TiO2 NRs are presented in Figure 24. The survey spectra
showed in Figure 24a revealed the presence of Ti 2p and O 1s peaks of TiO3, confirming
the presence of TiO.. High-resolution XPS spectra (Figure 24b) shows two peaks
assigned to Ti 2p12 and Ti 2paz. spin-orbital splitting photoelectrons are located at
binding energies of 464.5 and 458.6 eV, respectively. These peaks are attributed to the
crystalline rutile TiO2. As shown in Figure 24b, the separation between the Ti 2p12 and
Ti 2pap peaks is about 5.91 eV, which is in agreement with previously reported
results''®. The binding energies of Ti 2p having spin-energy separation of 5.91 eV are
the characteristic feature of Ti** in the rutile phase. The difference of 70.1 eV between
the binding energy peak of Ti 2p1/2 and O 1s is confirmed previously in the literature,
t00'%’. Figure 24c represents the high-resolution spectrum of O 1s core level. It depicted

the presence of two peaks. The first peak at 529.8 eV can be assigned to O atoms bonded

to Ti (Ti-O), while the other peak at 533 eV can be indexed to Ti-OH bonds.
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Figure 24. XPS spectra of pristine TiO2: (a) XPS survey spectra, high-resolution XPS

spectra of (b) Ti 2p and (c) of O 1s

Another characterization technique was used to confirm the formation of the
TiO2 NRs using UV-Vis absorption spectra to test the light-harvesting capability of the
pristine TiO> NRs. Optical absorption spectra was obtained by measuring the
transmission and reflection of the film using bare FTO glass as a reference (FTO
contribution was subtracted). As illustrated in Figure 25, the absorption edge is
positioned at around 410 nm, which is in agreement with the tabulated rutile TiO;
bandgap of 3.06 eV. TiO2 can absorb up to 410 nm as shown in Figure 25 due to the
wide bandgap. Tauc plot was plotted based on Tauc equation assuming direct allowed

transitiont20:

(ahv)¥" = C (hv — Eg)
50



The straight line showed in Figure 25 inset represents plot of (ahv)? versus
energy (hv) for TiO2 (the extrapolation of the abscissa from the linear fit of the curve),
through which the band gap was estimated at about 3.06 eV, which is in a good

agreement with the reported values in the literature?,
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Figure 25. The UV-Vis absorbance spectrum of TiO,. The inset shows the plot of

(Ahv)? versus energy (hv) for TiO;

4.3. Heterostructure fabrication

The formation of heterojunction is regarded as one of the devoted approaches
to enhance the PEC catalytic performance of TiO2. Several types of materials have been
coupled to TiOz (such as sulphides, oxides, nitrides,...etc.). Among them, oxynitrides
received great interest owing to their narrow band gap and high photoelectrochemical
stability. Herein, we synthesized novel mixed oxynitride LaMo(ON)x and we coupled

it to TiO2 NRs to enhance their PEC activity.
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LaMo(ON)x/TiO2 heterostructure was synthesized via two-step procedure. In the first
step, TiO2 nanorods (NRs) were prepared using hydrothermal synthesis. After that,
LaMo(ON)x was deposited on the as-fabricated TiO2 NRs by electrophoretic deposition

technique.

4.4. Characterization of the LaMo(ON)x/ TiO2 heterostructure

The morphology and microstructural details of as-fabricated TiO2 NRs,
LaMo(ON)y, and the LaMo(ON),/TiO2 NRs were investigated by SEM. Figure 26a
shows SEM image of the as-fabricated TiO, with NRs width of 50 nm. Figure 26b
reveals the morphology of the LaMo(ON)x particles obtained by sol-gel method
followed by annealing in NHs. The size of the LaMo(ON)x particles is around 300-500
nm. LaMo(ON)y/ TiO2 heterostructure is presented in Figure 26c¢. The top view SEM
image shows an irregular covering of the LaMo(ON)x on the top of the TiO2 NRs. The
rough surface of the TiO2> NRs provides a preferential nucleation sites for the
LaMo(ON)x particles to deposit. This results in homogenous coverage of the
LaMo(ON)x on the TiO2 NRs. The larger irregular—shaped aggregates covering some
NRs tips are observed, too. The SEM-EDX spectrum of the heterorstructure (Figure
26d) reveals that the nanorods are composed of Ti and O element (Sn, Si are existed
because of the FTO/glass substrate), and the heterostructure is composed of Ti, O, La,

Mo, and N.
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Figure 26. The SEM top view images of (a) pristine TiO2, (b) LaMo(ON)x, (c)

LaMo(ON)x/ TiO2 (D) SEM-EDX spectrum of LaMo(ON)x/TiO> heterostructure

Figure 27 revealed the diffraction pattern of FTO/TiO2 and FTO/TiO,/
LaMo(ON)x. The formation of the heterostructure can be confirmed from the XRD
spectrum that shows the characteristic peaks of the rutile phase TiO> in addition to the

LaMo(ON)x peaks that are located at 15.6°, 22.1°, 27.8°, 39.5°,45.1°,48.8°.
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Figure 27. XRD patterns of pure TiO2 and LaMo(ON)x/TiO: heterostructure

Figure 28 demonstrates the Raman spectra of the TiO, and LaMo(ON)x/TiOs.
The four rutile TiO characteristic Raman active peaks are observed with typical bands
of the rutile TiO2. However, two additional peaks are observed at around 329.7 cm™,
and 901.5 cm for the LaMo(ON),/ TiO2 Raman spectra , which can be well-ascribed
to the LaMo(ON)x phase. Furthermore, peaks located at 447 cm™ and 612 cm™ of the
heterostructure spectra were shifted to a lower wavenumber of 442.7 cm™ and 609.7
cm for Eq and Aig peaks, respectively. The Raman peaks shift toward the lift at 447
and 612 cm™* bands implies an increase in the length of O-Ti-O bonds, which could be

explained by the formation of the heterostructure.
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Figure 28. Raman spectra of pristine TiO> (black) and LaMo(ON)x/TiO> (red)

Figure 29 shows the XPS spectra of the LaMo(ON)x/TiOz heterostructure. The
survey spectrum demonstrates the existence of the elemental La, Mo, N, O, and Ti
components as presented in (Figure 29.a), which confirms the phase purity of the

LaMo(ON)x/TiO2 heterostructure.
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Figure 29. XPS spectra of LaMo(ON)x/TiO2 heterostructure: (a) XPS survey spectra

and the high resolution XPS spectra of (b) La 3d (c) of Mo 3d (d) O 1s (e) Ti 2p and (f)

N 1s

4.6. Photoelectrochemical performance
Electrochemical measurements were investigated to acquire the information

about the PEC performance of the TiO2 heterojunctions. Figure 30a demonstrates linear
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sweep voltammograms of pure TiO2 and TiO2/LaMo(ON)x in 1 M KOH solution under
illumination with simulated sunlight. The heterostructure revealed higher current
densities and lower onset potential (0.81 V vs. Ag/AgCl) compared to pure TiO2 NRs
(0.86 V vs. Ag/AgCI). Figure 30b demonstrates Tafel slope for pristine TiO2 and
TiO2/LaMo(ON)x. The reaction kinetics were evaluated by calculating the Tafel slopes.
The calculated Tafel slope values for both electrodes were 0.67 and 0.58 V decade™ for
TiO2 and TiO2/LaMo(ON)y, respectively. Which affirms the acceleration in the charge
transfer rate and the enhanced oxygen evolution reaction (OER) kinetics of the
heterostructure compared to pure TiO2'%2, To further confirm the enhanced PEC activity
of TiO2/LaMo(ON)x heterostructure compared to the pure TiO3, the electrochemical
impedance spectroscopy measurements were investigated. (EIS) is nondestructive
technique and it was employed to obtain in depth understanding of the PEC
performance and it was tested under the light illumination in frequency range 1072-10°
Hz with 5 mV amplitude. Figure 30c demonstrates the Nyquist plot in the form of
variation of imaginary part of impedance (Z”) with the real analogy (Z’), the EIS
Nyquist plot exhibits only one large arc resistance semicircle for pristine TiO2 and
smaller semicircle for the heterostructure. The larger arc radius resistance was achieved
for the pristine TiO2 compared to the smaller arc radius resistance of the
LaMo(ON)x/TiO2, which was obtained due to the dramatic reduction in the charge
transfer resistance to the electrode-electrolyte interface after the deposition of
LaMo(ON)x on the TiO> NRs arrays. The smaller the radius, the lower the charge
transfer impedance at the electrode-electrolyte interface®®. Under the light illumination,
the LaMo(ON)x/TiO2 shows higher photocurrent density than the pristine TiO> at 0.8
V versus Ag/AgCl, which corresponds to the chronoamperometry experimental results.

The chronoamperometric i-t curves were recorded upon intermittent light irradiation
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(on-off) (Figure 30d). Because of the chopped light illumination, the samples show
around zero current in the dark environment and after the light illumination, a transient
increase is observed, which verify the good photoresponse. As it can be observed from
Figure 30d, the heterostructure of TiO2 exhibits higher photocurrent density (3.75 mA
cm?) than the pristine TiO, (1.68 mA cm2), which verify the suitable combination of
LaMo(ON)x with TiO2 NRs. The PEC performance increased by around the double as
high as that of the pristine TiO2 NRs under simulate one-sun illumination. However,
the sharp decrease shown in the photocurrent density of the heterostructure at the first

cycle is due to the carrier recombination rate according to Kamat?3,
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Figure 30. (a) The linear sweep voltammograms of pristine TiOzand LaMo(ON)x/TiO>
(b) Tafel plots of TiO2and LaMo(ON)x/TiO2 (c) Nyquist impedance plots of TiO, and
LaMo(ON)x/TiOz recorded at 0.8 V vs. Ag/AgCIl in 1 M KOH. (d) Amperometric on-

off curve of TiO2 and LaMo(ON)x/TiO2at 0.8 V vs Ag/AgCl with light on/off cycles
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Figure 31 represents the Bode phase plots based on the following relation to

calculate the interfacial electron recombination time:
Th=(1/ Zﬂfmax)

The longer tn value, the slower interfacial electron recombination and more trapping
density'?*, The characteristic peak frequency shifts to a lower value for the
heterostructure as represented in Bode phase plot (Figure 31). As a result, the

heterostructure exhibits longer electron lifetime compared to the pristine TiOx.
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Figure 31. (a) Bode phase plot of pristine TiO2 and LaMo(ON)x/TiO>
The longer lifetime of the photogenerated charges in the heterojunction system

could be because the heterojunction separates the photoexcited electrons and holes

efficiently.

59



Table6. The Maximum Frequency and Electron Life Time of TiO2 and
LaMo(ON)/TiOa.

Sample fmax Tn
TiO2 750 Hz 0.21 ms
LaMo(ON)/TiO. 158 Hz 1.01 ms

The energy bands of TiO. and LaMo(ON)x are schematically shown in Figure
32 and a mechanism depicting the movement of the photogenerated charge transfers is

illustrated.

Figure 32. Schematic diagram photocatalytic mechanism of the LaMo(ON)x/TiO>

heterostructure under light

The experimental results demonstrated that the energy bands of LaMo(ON)x
have a good alignment with TiO2 to construct the indicated heterojunction. The

appropriate band alignment allows the charges transfer from one semiconductor to
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another?®

. After the illumination of light, the valance electrons of LaMo(ON)x will be
excited to the CB, and the holes will be generated. Then, the electrons migrate from the
CB of LaMo(ON)x to the CB of TiO- to initiate the reduction reaction of the H* ions to
form the Hz gas. However, the holes migrate from VB of TiO, to VB of LaMo(ON)x
where the oxidation reaction of water takes place to produce the O, gas. As a
consequence, the formation of a semiconductor-semiconductor heterojunction results
in longer e-h* charges lifetime, which reduces the photogenerated charges

recombination rate to produce better photocatalytic activity than pristine TiO2 or

LaMo(ON)x.
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CHAPTER 5: CONCLUSION

The fabricated novel heterostructure LaMo(ON)x/TiO2 NRs arrays introduces a
heterojunction system that was not reported in the literature before. After the
preparation of the as-fabricated TiO> NRs on the FTO/glass substrate using
hydrothermal synthesis, LaMo(ON)x have been deposited on the TiO. NRs by
electrophoretic deposition. The experimental characterization results revealed the
formation of the heterostructure by the coupling with the TiO2 NRs. The SEM images
showed a homogenous well covering of the LaMo(ON)x particles on the TiO2 NRs. The
X-ray diffraction of the heterostructure showed the characteristic rutile XRD peaks and
the peaks of the LaMo(ON)x, which is a structural evidence of the heteostructure
formation. Raman spectroscopy signified that the main Raman peaks showed a shift in
the peak position which confirms the new phase formation of the LaMo(ON),/TiO>
heterostructure. The photocatalytic activity of the LaMo(ON)x/TiO2 heterostructure
showed higher photocurrent density of more than two times than the pristine TiO2 NRs,
which confirms the enhancement of the PEC performance. The EIS showed lower
charge transfer resistance, and longer photogenerated electron lifetime for the
LaMo(ON)x/TiO2 compared to the pristine TiO2. The improvement of the
photocatalytic activity of the LaMo(ON)x/TiO2 could be due to the rapid and efficient
charges transfer and the longer electron lifetime that decreases the photogenerated
charges recombination rate. The new heterojunction system provides several
advantages of the efficient e-h separation, faster charge transfer, and longer electron
lifetime, which are the main reasons behind the enhanced PEC performance. The
LaMo(ON)x/TiO2 heterostructure is used for efficient solar driven water splitting by
enhancing the photocatalytic performance of TiO> NRs through coupling it with

LaMo(ON)x via a simple deposition technique.
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FUTURER WORK

TiO2 heterojunction is attracting a lot of interest due to its ability to enhance the
photocatalytic performance of the TiO>, which can be used in several applications. The
novel LaMo(ON)x material can be coupled efficiently with TiO2 NRs to achieve
improved photocatalytic activity. In the future, several strategies could be tested to
obtain more remarkable improvements such as the formation of the heterostructure
using different deposition techniques, synthesizing LaMo(ON)x material with different
morphological shapes (nanoflakes, nanorodes, nanobelts.....etc). It is interesting to
study the effect of deposited thickness of the LaMo(ON)x material on the TiO2. This
work evidenced that coupling TiO2 with other materials (such as oxynitride) is a

promising method to enhance PEC performance.
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