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ABSTRACT
TITLE : SYNTHESIS AND OPTICAL PROPERTY OF TITANIA
NANOTUBES FOR SOLAR CELLS
AUTHOR : EMMANUEL NYAMBOD TIMAH
DEGREE : DOCTOR OF PHILOSOPHY

MAJOR : PHYSICS

ADVISOR : ASST. PROF. UDOM TIPPARACH, Ph.D.

KEYWORDS : TiO, NANOTUBES NITROGEN, DOPING, DYE-SENSITIZED
SOLAR CELLS, ANODIZATION, OPTICAL BAND GAP

Nanotubes of TiO; were synthesized by DC Anodization in an electrolyte solution
of ethylene glycol (EG), ammonium fluoride (0.3 % wt NH4F) and deionized water
(2 % vol H,0). Two sets of N-doped TiO, nanotubes were prepared using ammonia
(NHj3) as Nitrogen source. In Set 1, the amount of ammonia was varied while in Set 2,
the calcination temperature was changed. The samples were analyzed using Scanning
Electron Microscope (SEM), X-ray diffraction (XRD), UV-Visible Spectrometry
(UVS), Energy dispersive X-ray Spectroscopy (EDX), and X-ray Photoelectron
Spectroscopy (XPS). The performance of each sample was tested in adye-sensitized
solar cell (DSSC).

In both sets, the optical band gap was successfully reduced from 3.15 eV to 2.85
eV in Set 1, and from 3.46 eV t0 2.99 eV in Set 2.A band gap of 2.85 eV corresponds
to a red shift in light absorption into the visible region with wavelength of 435 nm.
XPS results confirm the successful doping of the samples with Nitrogen in both Sets
1 and 2. Overall, Set 1 samples performed better in the DSSC than Set 2 samples. The
maximum power conversion efficiency (1) of DSSCsin Set 1 was 7.89 %, obtained for
the sample doped with 6 % vol NHs. A lower nof 4.62 % was obtained for the sample
calcinated at 125°C in Set 2. The efficiencies 7.89 % and 4.62 % respectively
correspond to approximately 50 % efficiency improvement in Set 1 and 42 % in
Set 2.
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CHAPTER 1
INTRODUCTION

This research work is entitled “Synthesis and Optical Properties of Titanium
dioxide Nanotubes for Solar Cells”. In this chapter, the rationale of this work, previous
reports and ongoing research on Titanium dioxide for photovoltaic and energy

conversion devices are presented.

1.1 RATIONALE

The global energy crisis such as pollution due to emission of green-house gases,
energy shortage due to growing population and expanding industrialization, and
exhaustion of natural energy sources such as fossil fuels, coal, oil and natural gas, has
triggered the need for developing alternative sources of energy that are renewable,
clean and low cost.

Solar energy is an excellent energy source because it is natural, abundant and
inexhaustible. Solar cells and other photovoltaic devices are being used to harness
energy from the sun. The invention of the dye-sensitized solar cells (DSSCs) by
Gratzel and O’Regan in 1991 [1] has led to intensive research to improve solar cell
efficiency.

TiO; as a semiconductor has been extensively studied in recent years due to its
high photocatalytic activity, dielectric effect, resistance to corrosion, nontoxicity, and
low cost. These unique properties make it a suitable material for several applications
such as in photocatalysis [1], humidity sensing [2], water splitting [3], hydrogen
generation [4], and gas sensing [5].

The use of TiO, means its solar energy absorption is restricted mostly in the
ultraviolet region due to its large energy band gap (3.2 eV for anatase). In addition,

a high rate of charge recombination limits its practical applications. These problems



can be solved by modifying the structure of titania through doping with foreign ions
[6, 7] or through developing nanotubes of TiO; |8, 9].

TiO; nanotubes have been successfully fabricated using techniques such as
hydrothermal [10], solvothermal [11], sol-gel [12] and anodization [13-15] methods.
Of these methods, anodization is a more suitable method due to its simplicity and
low cost. Several parameters have been investigated in the preparation and
application of titania nanotubes. These include: electrolyte composition, electrolyte
pH, anodization time, anodizing voltage, dopant element and annealing temperature
[16 -21].

Xiaobo Chen et al (2007) reported effects of electrolyte composition and applied
voltage on TNTs [22]. Hao Xu and et al (2011) presented the influence of ultrasonic
cleaning on TNT structure [23]. Wanichaya Mekprasat and Wisanu Pecharapa [24] in
2011 reported enhanced photocatalytic activity of N-doped titania nanopowders by
adjusting annealing time at 100 °C and changing the N concentrations.

Zuoli He, Wenxiu Que, et al [25] in 2013 reported on the photocatalytic
performance of Nitrogen-doped TiO, nanotubes arrays powders prepared by combining
anodization with solvothermal process. By varying the treatment temperature, they
obtained an optimal result for the sample after solvothermal treatment at 100 °C for 3
hours. The anodization voltage was kept constant at 50 V using a DC power supply for
6 hours.

Narongsak Kodtharin, Rinnatha Vongwatthaporn and Udom Tipparach in 2014
reported the effect of annealing temperature on the phase transformation of TNTs [18];
Emmanuel Timah, Buagun Samran and Udom Tipparach in 2014 demonstrated the
dependence of TNTs morphology on anodization time [19]. In all these papers, there is
not sufficient report on how calcination temperature and dopant amount affect the
optical properties. Especially, when doping with Nitrogen, using ammonia as source of
the doping element. In this paper we intend to modify the structure of TiO,, and
investigate the effects of calcination temperature and dopant concentration on its
optical properties. We will analyze the samples by SEM, XRD, UVS, EDX and XPS.

The performance of the samples will be tested in DSSCs.



1.2 OBJECTIVES

1.2.1 To modify structure of titania by synthesizing nanotubes anddoping with
foreign ions such as Nitrogen.

1.2.2 To study the optical properties of titania by SEM, XRD, UVS, EDX and

XPS characterizations, and performance test in solar cells.

1.3 SCOPE OF RESEARCH

The TiO, nanotubes will be produced by DC Anodization in an electrolyte
composed of ethylene glycol (EG), ammonium fluoride (0.3 wt % NH4F) and
deionized water (2 vol % H,O). The optical properties of TiO, nanotubes will be
improved through structural modification by doping with Nitrogen using ammonia
(NH;) as source. The samples will be analyzed using the following techniques:
Scanning Electron Microscope (SEM) to investigate the surface morphology and
microstructure; X-ray diffraction (XRD) to determine the crystal structure;UV-Visible
Spectrometry (UVS) to analyze the absorbance and optical band gap, Energy
dispersive X-ray Spectroscopy to study the elements present on the sample surface and
X-ray Photoelectron Spectroscopy (XPS) to determine the chemical composition of
the TNTs through their binding energies. Finally, the performance of each sample will
be tested in dye-sensitized solar cells. The current — voltage (IV) curve will be plotted
to determine the efficiencies of the cells. The scope of this work is summarized in

Figure 1.1



[ Synthesize TiO, nanotubes by anodization ]

\ \

Synthesize Nitrogen-doped TiO; with Synthesize Nitrogen-doped TiO, with
varying amount of dopant varying calcination temperature

[ Analyze the samples by SEM, XRD, UVS, EDX and XPS ]
[ Test Efficiency of TiO, nanotubes in DSSCs }

Figure 1.1 Flow chart summarizing the scope of this research




CHAPTER 2
THEORETICAL AND LITERATURE REVIEW

This chapter covers theoretical review and some fundamental information about
the solar spectrum, photovoltaic cells, semiconductor electronic structure, properties of
Titanium dioxide, structural modification of TiO, through developing nanotubes and
doping with Nitrogen, and the mechanism of formation of TiO, nanotubes by DC

Anodization.

2.1 SOLAR SPECTRUM AND AIR MASS

The radiation spectrum of the sun can be approximated to that of a black body at
6000 K, as shown in Figure 2.1. The solar spectrum on Earth is attributed to photons
emitted directly towards the Earth. The radiation intensity just above the Earth’s
atmosphere is about 1.353 kW/m®. This value is called the solar constant [26], and
corresponds to the air mass zero (AMO) radiation spectrum. The Air Mass number is
used to quantify the effects of atmospheric absorption on solar radiation intensity and
spectral content. Figure 2.2 shows that Air Mass varies with zenith angle 6, and can be

calculated using the following equation

Air Mass = —— 2.1)
cosf

Air Mass can also be determined using the length L and height H of an object’s
shadow, according to the following equation by Green [27]

(2.2)

[\2
s = (1 (1)
ir Mass 1+ T

The performance of solar cells are usually compared using the AM 1.5 spectrum
normalized to an intensity of 1 kW/m?.



2.2 PHOTOVOLTAIC CELLS

Solar cells

Photovoltaic devices convert solar energy into electricity. The basic component of
a photovoltaic system is a solar cell. Solar cells can be arrayed to form a solar panel.
Figure 2.3 shows a simple diagram of a solar panel. A solar cell operates as
a semiconducting device. When light falls on a solar cell, an electron in the valence
band absorbs a photon of appropriate energy and jumps into the conduction band. This
leaves a vacancy or hole, which can be filled by another neighboring electron. This
electron also leaves another hole behind as it moves in to fill the hole. Thus, an

electron-hole pair is created whose mobility generates an electric current.

S
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Figure 2.1 AM 0 and AM 1.5 spectra compared to a black body at 6000 K [26]

Solar cells can be classified into first, second and third generations. First
generation solar cells are made of silicon wafers, second generation solar cells are
made of thin film semiconductor materials, while dye-sensitized solar cells, organic or
polymer cells are good examples of third generation solar cells. Multi-junction solar

cells have also been developed by combining different semiconducting materials



together. Such cells are called tandem cells. Table 2.1 shows the maximum reported

efficiency of different types of solar cells.

ZENITH

AM = P/P0 = sec 0z
0z - ZENITH ANGLE

= AM 0

ATMOSPHERE  AM 1.0

Figure 2.2 Variation of Air Mass with zenith angle [28]
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Figure 2.3 Simple diagram of a solar panel [29]



Table 2.1 Types of solar cells and their maximum reported efficiency (%) [28]

Solar cell Generation Maximum reported
efficiency (%)

Silicon 1* generation (single crystal, single cell) 276+ 1.0

CIGS 2" generation (thin film, single cell) 203+ 0.6

CdTe 2" generation (thin film, single cell) 16.7+0.5

DSSC 34 generation (single cell) 11.2+0.3
Organic polymer 3" generation (single cell) 083023
GaAs/InGaAs/InGaP Multi-junction cells (tandem cell) 423+2.5

Dye-Sensitized Solar Cells

Basic Components of a DSSC

The dye-sensitized solar cell (DSSC) or the Gratzel cell has attracted a lot of
interest for photovoltaic applications due to its relative low cost, easy and simple
assembly.

Due to its nontoxicity, low cost and chemical stability under light irradiation,
titanium dioxide (TiO;) is often used as a photoanode in DSSC. The photosensitizer
or dye molecules are absorbed unto the surface of the TiO; photoanode. Ruthenium
(Ru) complex dyes developed by the Gratzel group are suitably used in DSSCs due to
their wide range of absorption into the visible region (400 to 900 nm). A typical
example of a Ru complex dye — the N3 dye (or red dye) is shown in Figure 2.4.
The TCOG serves as substrate for the TiO, photoanode and for the counter electrode.
For optimal performance the TCOG should have very low sheet resistance and high
transparency. Fluorine-doped tin oxide (FTO) glass is usually used as the TCOG for
DSSCs.

The redox electrolyte relays electrons between the TiO, photoanode and
the counter electrode. For DSSCs electrolytes containing the tri- iodide/ iodide (I37/1")

redox couple are used. Platinum or carbon is usually used as the counter electrode in



DSSCs. The role of the counter electrode is to re-reduce tri- iodide ions into iodide

ions.

Figure 2.4 Chemical structure of N3 dye [26]

The basic components of a DSSC as shown in Figure 2.5, include a photoanode,
photosensitizer or dye, transparent conducting oxide glass (TCOG), a redox electrolyte,

and a counter electrode.
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Titania Photoanode Platinum Cathode

{-13-)

SUNLIGHT

Ti metal

ELECTROLYTE

& > L0AD f—

Figure 2.5 Components and working principle of a DSSC

Working principle of a DSSC

The dye molecules on the surface of the TiO, absorb photons of incident light and
are excited from the ground state (D) to the excited state (D°). The ground state
corresponds to the HOMO of the dye while the excited state corresponds to the
LUMO. The dye becomes oxidized when excited electrons jump into the conduction
band (CB) of the TiO, photoanode. The electrons then diffuse through the TCOG to
the load, and eventually tothecounter electrode. The oxidized dye (D") accepts
electrons from iodide ions in the electrolyte and returns to the ground state (D).
Meanwhile, the iodide is oxidized into tri-iodide ions. The tri-iodide ions diffuse to the
counter electrode and are reduced back into iodide ions. The overall chemical
reactions can be summarized as shown in equations 2.3 a, b, ¢ and d (as adapted from
[26]).

The four energy levels determining the performance of the DSSC are LUMO and
HOMO of the dye, the Fermi level located near CB of the TiO, photoanode, and the
redox potential of the electrolyte. The band gap energy for the cell Egc = Enomo —

EiLumo, determines the photocurrent generated by the cell. A large photocurrent
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is produced when Eg is small. We denote by AE,, to be the energy gap between
the LUMO and CB levels, while AE; is the energy gap between the HOMO level and
the redox potential of the complex. For each of the electron transfer processes to be
effective, the energy gaps AE; = ELymo — Ecs and AE; = Eyomo — Erp should exceed

about 200 mV [26].

D+hf - D (2.3a)
D* > D*+ e" (2.3b)
DY+ e - D (2.3¢)
I3 +2e” - 31 (2.3d)

Cell efficiency

The performance of a DSSC can be evaluated using the incident photon-to-current
conversion efficiency (IPCE), the light harvesting efficiency (LHE), and the solar
energy-to-electricity conversion efficiency (). For a monochromatic radiation of
wavelength A, intensity [, and generating a short-circuit photocurrent density Jsc, the

IPCE can be obtained using the following equation:

1240
IPCE = 1240 )sc 100 %
A1,

(2.4)

A DSSC using an N3 dye could reach an IPCE of 80 % at 550 nm [26].

The solar power conversion efficiency (1) is the most widely used performance
test for a solar cell. It is the ratio of the maximum output power Py, to the power of the
incident light P;,. It is usually obtained from the current-to-voltage characteristic

(or IV Curve), as shown in Figure 2.6.

VoclscFF (2.5)

=—Pin—l-x1000/= x 100 %
""h "T T P

in

Where, I, = short-circuit current density; Vo, = open-circuit voltage; and FF = fill

factor.
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Current (mA)

Isc

Pm

Im

Voltage (V) Vm Voc

Figure 2.6 Typical current - voltage (I-V) characteristic for a solar cell

The fill factor gives a measure of the square-ness of the photocurrent versus
voltage characteristic. If Vy and Iy are the operating voltage and current at maximum

output power respectively, then the fill factor is given by

Vil .
FF = -MM (2:6)
VOCISC

Empirically, the fill factor can be expressed as [30]

Voe ~ <L in (4796 + 0.72) 2.7)

q
kT
V —_
oc Tt q

FF =
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2.3 SEMICONDUCTOR BAND GAP AND SIZE DEPENDENT OPTICAL
PHENOMENA

Semiconductor band gap

Based on their electrical properties, materials can be classified as insulators,
conductors or semiconductors as shown in Figure 2.7. In a molecule, the highest
occupied molecular orbital (HOMO) is referred to as the valence band, while
the lowest unoccupied molecular orbital (LUMO) is referred to as the conduction
band. The energy gap between the conduction band and the valence band is called the
band gap energy Eg, given by Eg = E¢ - Ey [31]. This is illustrated in Figure 2.8a.
A comparison of the band gap of different types of semiconductors is displayed
in Figure 2.8b. In conductors the valence band (VB) and the conduction band (CB)
overlap, resulting in high electrical conductivity. The band gap in insulators is very
large, leading to high electrical resistivity. Semiconductors have a band gap lower than

insulators, and therefore, have properties midway between conductors and insulators.

ARG i

Conduction Band Energy Band Gaps in Materiais

Figure 1
Band Gap E Coanat:‘cJIon
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g !‘.'IErl-..l

Relative Energy

Vaience Band

Insulator Semiconductor Conductor (Metal)

Figure 2.7 Comparison of band structure of insulators, conductors and
semiconductors [32]
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The conductivity of semiconductors can be controlled be introducing impurity
atoms or dopants, called donors (D) and acceptors (A). Depending on the type of
donor or acceptor atoms, the semiconductor can be categorized as n-type or p-type.
In n-type semiconductors, the electrons are the primary source of conduction, while in
p-type semiconductors, the holes are the primary source of conduction.

When an n-type and a p-type semiconductor are brought into contact, a pn
junction is formed. The diffusion of charge carriers (electrons and holes) across the
junction causes unshielding of the fixed impurity charges — ionized donors in the
n-type and ionized acceptors in the p-type. This in turn produces and electric field E
and electric potential ¢, which prevents further diffusion of charge carriers.
Eventually, a space-charge region or depletion layer is formed which is devoid of free

charges. See Figure 2.9.

Sunlight

/,/e/— *
{ g
n-type

@9@@@ a»® o
P, chxcld ; -

9

Load

Metal back contact

Figure 2.9 Depletion layer of a semiconductor formed around the pn junction

For single donor and acceptor levels at thermal equilibrium, solar cells and most

semiconductor devices are governed by the Poisson’s equation



khanitha
Rectangle
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2 q -
V.E=V2¢ =—(n, = po+ Ny — Ng) (2:8)

Where € = semiconductor electric permittivity, q = electronic charge, n, and p, are
equilibrium electron and hole concentrations respectively, Ny andN; are the ionized

donor and acceptor concentrations respectively. Ni andN, are given by [34]

. N, (2.9)
b~ 14 gDe(EF_ED)/kT

. Ny (2.10)
4714 g e Ea=Ep)/KT

Where Ep = Fermi energy, T = Kelvin temperature, k = Boltzmann’s constant,
Ep = donor energy of state, E4 = acceptor energy of state, N and Ny are the donor and
acceptor concentrations respectively. The donor and acceptor degeneracy factors
typically have the values gp = 2 and ga = 4. Figure 2.10 shows the donor and acceptor

energy levels Ea and E4 in a semiconductor.

conduction band ‘
E
c__ - — — Ep
- . _ E
v valence band f
——
position

Figure 2.10 Diagram showing the donor and acceptor energy levels in
a semiconductor
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Semiconductors could be classified as direct band gap semiconductors (DBGS) or
indirect band gap semiconductors (IBGS). In DBGS such as CdTe, GaAs and GalnP,
the CB minimum and the VB maximum occur at the same crystal momentum value.
Light absorption is mainly through photon absorption. See Figure 2.11. The absorption

coefficient for direct transitions is given by [35]

a =~ AJhf — E; (2.11)

Si and Ge are examples of IBGS, where the CB minimum and the VB maximum occur at
different crystal momentum values. As shown in Figure 2.12, phonon absorption and phonon
emission play a key role in light absorption, and the absorption coefficient asand emission

coefficient a. are given by [35]

2
_ B(hf — E; +E,) (2.12)
X = eEp/kT _ 1
2
_B(hf ~E = ) @1
e 1 — e~ Ep/kT

The absorption coefficients are smaller for indirect transitions than for direct
transitions. Hence, light penetration in IBGS is deeper than for DBGS.

CB
E,
E[ ]

} Photon
E. absorption
P Y
<E,
VB

Figure 2.11 Photon absorption in a direct band gap semiconductor
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Figure 2.12 Absorption and emission in an indirect band gap semiconductor

Charge Recombination Processes

Recombination is the process by which electrons in the CB fall back to the VB
and eliminate holes in the VB. Irradiation or current passing through a solar cell may
disrupt the thermal equilibrium, and cause recombination. Figure 2.13 illustrates three
common recombination mechanisms in solar cells - defects, band-to-band and Auger
recombination processes.

Defects recombination or the Shockley-Read-Hall recombination occurs through
traps in the forbidden gap. A single level trap (SLT) at energy Er, with respective
electron and hole concentration n and p, will have a net recombination rate per unit

volume per second, given by [26]

pn —n? (2.14)

Tsyrpln + ne Er=ED/KT] 4 70 1 [p + nye Eim ET)/RT]

Rgr =

The carrier lifetime syt is inversely proportional to the recombination rate, and
can be expressed in terms of the concentration of traps N, the thermal velocity vy, and

the capture cross section g, as
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1 (2.15)
oV Ny

Tsit —

In band-to-band or radiative recombination is more effective in DBGS. In
the process, the electron energy is transferred to an emitted photon. Light emitting
diodes and semiconductor lasers work on this principle. However, in IBGS,
the electron energy is also given to a phonon. Given the lifetime 1;, the net radiative

recombination rate can be expressed as

pn —n} (2.16)
Ry =——

NoTx

In Auger recombination, the transition energy is given to another carrier electron
or hole in the CB or VB. This carrier then liberates its excess momentum and energy

to a phonon. The net Auger recombination rate can be expressed in terms of minority

lifetimestx as

n n —n? (2.17)
ol P
TA,p Tan no

These recombination processes may occur simultaneously, and the total rate of

recombination R in the forbidden gap with multiple traps is given by

R= (z Rsir) + Ry + Ry (2.18)
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Figure 2.13 Three common recombination mechanisms in solar cells

Surface Plasmon Resonance

Surface plasmon resonance (SPR) is generated when the size of a nanomaterial is
smaller than the wavelength of the incident radiation. The electric field of the incident
light polarizes the free conduction electrons relative to the lattice cation. This is
illustrated in Figure 2.14. The restoring force is provided by the net charge difference
at the surface of the nanomaterial. A dipolar oscillation or excitation is thus created
with a given frequency. This frequency depends on particle size, as seen in Figure
2.15. The energy of the SPR is a function of the electron density and the dielectric ¢,
of the surrounding medium. The resonance width depends on the time before electron
scattering occurs. For a spherical nanoparticle with radius r, dielectric €;, the scattering

and extinction coefficients of incident light with wavelength A are given by [36]:
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0., = 8e? (2nr>4 g =& |2 (2.19)
sca ™ 3\ 4/ g + 2¢,
_ 8uryfe, 1o (£ Eo ) (2.20)
ext =TI (ei + 2¢,

The absorption coefficient is the difference between the extinction and scattering

coefficients

Qabs = Qext — Usca (2.21)

'

Electric field

Figure 2.14 Induced polarizations of free electrons in a nanomaterial leading

to SPR [37]
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Quantum Size Effect
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When the size of a nanomaterial is smaller than the de Broglie wavelength,

confinement of electrons and holes leads to the formation of electric dipoles and

discrete electronic states. As illustrated in Figure 2.16, discretization of the energy

states increases as size of the material decreases. For semiconductor nanomaterials, the

band gap also increases as size of the material decreases. The result is a shift in

interband transition towards higher frequencies. Figure 2.17 also shows decrease of

energy band gap when the size of ZnSe QD deceases.
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2.4 PROPERTIES OF TITANIUM DIOXIDE

Crystal Structure

Titanium dioxide (TiO;) or Titania occur naturally in three major crystalline
phases or polymorphs — rutile, anatase and brookite. These phases are shown in Figure
2.18. The basic unit of each polymorph consists of a titanium atom surrounded by six
oxygen atoms in a rather distorted TiOg octahedral configuration. The assembly
patterns of the octahedral chain and the degree of distortion of each octahedral account
for the differences in crystal structure.

In rutile, neighboring TiOg units share corners, and are stacked with their long
axis alternating by 90°. Anatase framework consists of strongly distorted edge sharing
TiO¢ octahedral. Corner sharing and edge sharing octahedral units give rise to the
three-dimensional network of brookite. Differences in mass density and electronic
band structure are explained in terms of the different lattice structure. Figure 2.19
shows a comparison of optical band gap of TiO; phases.

RUTILE ANATASE BROOKITE

Figure 2.18 Crystalline phases of TiO; (R = rutile, A = anatase, B = brookite)
[39]
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Table 2.2 gives a summary of other properties of Titania crystal phases.
The anatase and brookite phases are thermodynamically less stable than the rutile
phase and undergo phase transformation at high temperatures. Due to its crystal and
electronic structure, anatase is the most photoactive form of Titania. The high light
scattering property of rutile makes it suitable for applications such as paint pigments.
The low photcatalytic activity, low stability and complex preparation method for

brookite, makes it the least used form of titania.

Table 2.2 Properties of titania crystal phases - rutile, anatase and brookite

[40-43]
Properties Rutile Anatase Brookite
Crystal structure Tetragonal Tetragonal Orthorhombic
Molar mass (g/mol) 79.87 79.87 79.87
Density (kg/m’) 4240 3830 4170
Band gap (eV) 3.0 3.2 3.4
Permittivity 114 48 78
Refractive index 2.95 2.57 2.81
Mohs’ hardness 70-17.5 55-6.0 55-6.0
Lattice constant (A) a=4.59,¢=296 | a=3.78,¢=9.52 -
Light absorption (nm) <415 <390 -
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Figure 2.19 Comparison of optical band gap of TiO; phases [44]

Amorphous anatase can convert to crystalline anatase with heat treatment of at
least 280 °C. A mixture of anatase and rutile will undergo conversion at temperatures
higher than 430 °C. Figure 2.20 shows X-ray diffraction pattern, which indicates the
formation of nanocrystalline TiO, nanotubes after annealing or calcination at

temperatures ranging from 230 °C to 880 °C in dry oxygen ambient for three hours.
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Figure 2.20 XRD patterns of crystalline phases of nanocrystalline TiO; after

calcination at different temperatures in air for 2 h [18]

The bulk structure of titania networks is quite complex with various types of
intrinsic defects including oxygen vacancies. Such oxygen deficiency implies the
presence of some Ti (III) centers that behave like electron-donating species, providing

an n-type character to the semiconductor.



Physical Properties of TiO,

Table 2.3 Physical Properties of titania [40, 42, 43]

Properties Values
Melting point 1843 °C
Boiling point 2972 °C

Thermal expansivity 9x10° (r.t-1000 °C)

Thermal conductivity

11.7 Wm/k (25 °C)

Resistivity 10 Q em (25°C) ;2.5 x 10" Q cm (700 °C)
Dielectric constant 85 (1MHz)
Modulus of Elasticity 230 GPa
Modulus of Rupture 140 MPa
Shear Modulus 90 GPa
Micro Hardness 880 (HVO0.5)
Compressive strength 680 MPa
Fracture toughness 3.2 MPa/m™"*
Poisson’s ratio 0.27
Porosity 0%
Latent heat of fusion 930 kJ/kg
Specific heat 697 J/kg.k

28

Table 2.3 shows some physical properties of titania. It should be noted that

these properties may vary depending grain size and on method of preparation.

2.5 STRUCTURAL MODIFICATION OF TIO,

TiO; is a wide band gap semiconductor (3.2 eV for anatase) as seen in Figure 2.19

and Table 2.2. This limits absorption of solar energy to the UV region, resulting in low

solar energy conversion efficiency. To shift absorption into the visible region requires

narrowing of the band gap. The narrowing of the band gap also presents another

problem — the recombination of electron-hole pairs. Two effective ways to solve these

problems is by using nanotubes of TiO, and by doping TiO;, with a foreign element.
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Nanotubes

Nanotubes or quantum wires are 1D nanomaterials in which the motion of
electrons and holes is allowed in one direction only. In all 1D nanostructures
(nanotubes, nanorods, nanowires and nanofibers), quantum effects control
transportation in the other two dimensions which are comparable to the Bohr exciton
radius. Due to confinement, the transverse energies of the electrons are quantized.
In simple terms, the wave function and quantized energy can be expressed as follows

[37]

nyny>} (2.22)
Y =
L}’
2
. h2m? (E>2 N ﬂ (2.23)
2m (\L, Ly,

For application in DSSCs, TiO; nanotubes have several advantages over TiO;
nanoparticles in that, their 1D structure helps to limit transportation in one direction
only and reduce recombination of the photo-injected electrons. In addition, their
tubular structure offers a large surface area for absorbing dye molecules and capturing

incident photons [9]. Figure 2.21 shows SEM image of TiO, nanotubes.

Jun 12, 2014

Figure 2.21 SEM image of TiO; nanotubes [83]
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Doping TiO;

One of the most promising ways to improve the optical responds of TiO; is by
doping with foreign ions. Dopant ions can reduce the rate of recombination through
the introduction of charge traps for either electrons, or holes, or both [4]. In addition,
dopant ions can cause formation of mid-band gaps, and effective band gap reduction
(BGR) at high concentrations. As shown in Figure 2.22 the photon absorption of
undoped TiO, can be extended from over 3 eV to about 2 eV by doping with foreign

1ons.
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Figure 2.22 Solar energy spectrum and photon absorption for undoped TiO; and
modified TiO; [45-46]

In 2011, Charles Dunnill and Ivan Parkin [47] were able to successfully reduce
the band gap of TiO, anatase from 3.2 eV to 2.46 eV by doping with Nitrogen. Their

result is illustrated in Figure 2.23.
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Figure 2.23 Band gap narrowing of Nitrogen-doped TiO; [47]

2.6 DC ANODIZATION MECHANISM AND FORMATION OF TIO;

NANOTUBES

Self-organized TiO, nanotubes can be obtained by DC anodization in a Fluoride

electrolyte solution. The nanotubes are formed at the anode, on a titanium sheet.

Platinum is commonly used as the cathode. The diagram of simple DC anodization

set-up is shown in Figure 2.24.

Titanium sheet
—_—

DC Power Supply

TiO; nanotubes

Platinum cathode

Electrolyte

Figure 2.24 Diagram of DC Anodization apparatus
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Step 1: Formation of an oxide layer

When a DC voltage is applied in through the electrolyte, a compact oxide layer
begins to form on the surface of the Ti metal sheet due to interaction of the metal with
O% or OH  ions [48-51]. Pore nucleation begins to appear on the oxide layer. Figure

2.25 illustrates the oxide layer formation and the associated chemical reaction.

Compact TiO,

/ Singic nucleating pores
l i . -

Ti

2H,O — O, + 8e + oK’

Ti+ Oy,— TiO,

Figure 2.25 Illustration of oxide layer formation [50)]

Step 2: Dissolution and pore growth

The compact oxide begins to dissolve and dissolution takes place only in selected
areas due to differential stress. Dissolution of TiO, as soluble [TiFé]z" occurs and
makes the pores grow deeper [48-51]. Ti*" ions migrate from the metal/oxide interface
to the oxide/electrolyte interface assisted by the electric field or NH4F solution,
resulting in etching of the oxide layer. Figure 2.26 illustrates dissolution, pore growth

and the associated chemical reaction.

Initial porc growth

I N

E T T T T

Ti

TiO, + 6F + 8H = Tifs + 2H,0

Figure 2.26 Illustration of dissolution and pore growth [50]
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Step 3: Field assisted dissolution

Selective etching and localized field assisted dissolution gives rise to pore growth
and eventual formation of a pore layer. The Ti-O bond is polarized and weakened by
the electric field to accelerate the dissolution of Ti** cationsinto the electrolyte.
The free O”" anions move to the metal/oxide interface to react with the metal, At the
bottom of the pore, the oxide layer moves inward and cause further growth of the pore.
This is shown in Figure 2.27a,c. The oxide growth rate and the oxide dissolution rate
eventually balanced up. At this point, the barrier layer moves further in to form
deeper pores without any change in its thickness [48, 49, 50]. Deeper pores give rise to
increase in the electric field, and enhance field assisted oxide growth and oxide

dissolution. As illustrated in Figure 2.27 b,d, voids begin to form around the pores.

Remaining initial Sclf-organizad nunotube layer

porous layer

]
Y
Ordered tubes {\
: 3 |

Figure 2.27 Field assisted dissolution and formation of self-organized nanotube

arrays [50]

The NH4F electrolyte favors development of the nanopores into nanotubes. As the
nanotubes and voids grow in equilibrium, a tubular array is established. Oxidation and

dissolution reduces the barrier layer thickness and keeps the etching process active.

The ultimate result is formation of self-organized nanotube arrays as shown in Figure 2.28 fie.



CHAPTER 3
EXPERIMENTAL PROCEDURES

This chapter covers the synthesis of N-doped TiO; nanotubes, characterization
techniques used (XRD, SEM, UVS, EDX and XPS), and testing of each sample’s
performance in a dye - sensitized solar cell (DSSC). The experimental procedures are

summarized in Figure 3.1.

Titanium sheet
{99.7 %, ultrasonicated)

DC Anodization
F. DI Hit

Calcination
’ (500 °C , 2hours)

.

Nitrogen doping
(Aged rtp; 10 hrs; NH; 3%,
6%,12%; ethanol; DI H,0)

|

Figure 3.1 Chart summarizing the experimental procedures for this research
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3.1 PREPARATION OF NITROGEN - DOPED TIO; NANOTUBES

Preparation of TiO; nanotubes

In this research the TiO; nanotubes were prepared by DC anodization at room
temperature on titanium sheet of thickness 0.2 mm, of diameter 1 cm and 99.7 %
purity, purchased from Sigma Aldrich. Before anodization, the sheet was first polished
and ultrasonicated for 10 minutes in isopropanol, de-ionized water and ethanol.
The electrolyte solution which consist of ethylene glycol (EG), ammonium fluoride
(0.3 % wt NH4F) and deionized water (2 % vol DI H,0), was stirred magnetically for
2 hours and kept for 5 hours prior to anodization. The Ti sheet is mounted to serve as
the anode in the electrolyte, while the cathode or counter electrode is made of
platinum. A constant 50 V DC voltage is applied during anodization and each sample

is anodized for 2 hours. The anodization set up is shown in Figure 3.2.

AR

Figure 3.2 DC Anodization apparatus

Doping TiO; nanotubes with Nitrogen
Two sets of Nitrogen - doped TiO, nanotubes (N-TNT) were prepared. In set 1,
the concentration of the dopant was varied, while in set 2 the calcination

temperature was changed.
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N-TNT Set 1

After preparation of the TiO, nanotubes, the samples were calcinated at 500 °C for
2 hours, and aged in a mixture containing ethanol, 30 % vol DI H,0, and 1M ammonia
solution (NH3) as source of nitrogen. It is reported that above 450 °C, total phase
transformation from amorphous into crystalline [15, 18], hence, the choice of
calcination at 500 °C. The volume of NH; was varied (1 %, 3 %, 6 % and 12 %) and
each sample was aged for 10 hours at room temperature. The samples were then
ultrasonicated and dried in air.

N-TNT Set 2

The as-prepared TiO; nanotubes were aged in a mixture containing 65 % vol
ethanol, 30 % vol DI H,O, and 5 % vol 1M ammonia solution (NH3) as source of
nitrogen. The samples were aged for 5 hours at 50 °C, and then ultrasonicated for
10 minutes. It is expected that higher temperature aging will increase the kinematics of
ion mobility and promote faster incorporation of dopant element into the TiO, lattice.
Much higher temperatures may lead to greater surface deposition rather than
penetration. This is the reason for the choice of a moderately high aging temperature
of 50 °C. Finally the samples were calcinated for 2 hours at different temperatures

(100 °C, 125 °C, 150 °C and 200 °C).

3.2 CHARACTERIZATION TECHNIQUES

The prepared samples were characterized using several techniques - X-ray
Diffraction (XRD), Scanning Electron Microscopy (SEM), UV-Visible light
Spectroscopy (UVS), Energy Dispersive X-ray Spectroscopy (EDX), and X-ray
Photoelectron Spectroscopy (XPS).

X-ray Diffraction (XRD)

The XRD was be performed to determine the crystal phase and crystallite size of
the samples using a Philips X’Pert-MDP X-ray diffractometer (shown in Figure 3.3)
with Cu - K, radiation (A = 1.5418 A) with Ni filter. The operational mode was 40 kV,
35 mA, with spectral scanning in the 20 range from (20°-80°) at a rate of 0.02° per
second. Figure 3.4 shows a schematic diagram of how the X-ray Diffractometer

operates.
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Crystallite Size D
- Information about the crystal size D can be obtained from the XRD peaks. Given
the X-ray wavelength (L), the Bragg angle for the most prominent diffraction peak (6),
measurement of the full width half maximum (P), the crystallite size can be

calculated using the Scherrer equation [37, 38]:

D= 1Z (3.1
Pcos

Usually, v = 0.9, and is called the shape factor or Scherrer constant.

Figure 3.3 Philips X’Pert-MDP X-ray diffractometer used in this work
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Lattice Parameter a

The diffraction of the incident waves through the crystal planes is illustrated in
Figure 3.5. The distance d between crystal planes is given by Bragg’s law [37, 38].

nA = 2d sin@ 3.2)
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CULLITY (1956)
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Figure 3.4 Schematic diagram of X-ray Diffractometer

\\ Incigent S
. lane wave g ,
A . 4

o T, ey o f
—o 9 o “ee eV i o
dI - TETT 2dsinb

‘”“‘%wféfﬁ:,f’"
— ® o f"’\ * &
dsin®
& L ® & ® ®

Figure 3.5 Bragg’s law and diffraction through crystal planes
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For cubic phases, each lattice parameter (a, b, ¢) can be determine using the

Miller indices (hkl) of each reflection and the equation that follows [46]

a, = dhklm (33)

Substituting Bragg’s law gives

A2 34
sinZB =m(h2+k2+lz) ( )

The corresponding equation for a tetragonal crystal with axes a and c is given by

20=

, A2 (hz + k? 12) (3.5)
sin -—

4 a? c?
The distance between crystal planes for a tetragonal crystal is given by

a (3.6)
VR k% + @2/

dpp =

Scanning Electron Microscopy (SEM)

The surface morphology of the samples was characterized using a JEOL JSM-
6010 LV Scanning Electron Microscopy (shown in Figure 3.6) operating at an
acceleration voltage of 20 kV.

UV-Visible light Spectroscopy (UVS)

The optical band gap of the samples was determined from the UV absorption
spectrum using a UV-2600 UV-VIS Spectrophotometer from SHIMADZU, as shown
in Figure 3.7

The operating parameters are as follows: wavelength range (200 — 800 nm); SBW
(2 nm) and data interval (1 nm). The spectra were recorded in absorbance mode versus
wavelength.

The energy band gap E, is determined by taking the cut off wavelength A at the

minimum value of the absorbance, using the following equation [52]:
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hc 3.7
Eg=—

Where, Planck’s constant h = 6.626 x 10™* Js; speed of light ¢ = 3.0 x 10® m/s;

electronic charge e = 1.6 x 10°° C

Figure 3.6 A JEOL JSM-6010LYV Scanning Electron Microscopy

Figure 3.7 UV-2600 UV-VIS Spectrophotometer from SHIMADZU
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Energy Dispersive X-ray Spectroscopy (EDX or EDS)

To investigate the elements present on the samples, EDX test was carried out. The
EDX works on the principle that, when an incident electron or photon hits an
unexcited atom, an inner shell electron is gjected, leaving a hole behind. An outer shell
electron lowers its energy through the emission of an X-ray and moves to fill the hole.
In this work an EDXRF model XGT-5200WR X-ray Analytical Microscope from
HORIBA Scientific was used. See Figure 3.8

Figure 3.8 EDXRF (XGT-5200WR) X-ray Analytical Microscope from HORIBA

X-ray Photoelectron Spectroscopy (XPS)

XPS was used to determine the binding energy and elemental constituents present
in the samples. Figure 3.9 shows the Thermo Al K- Alpha XPS machine (from South
Korea) used for this research. XPS works on the photoelectric effect phenomenon.
Low- energy X-rays are used to eject electrons from atoms.
The binding energy Eg can be determined for an incident photon of frequency f, and

ejected electron of energy E., using the following equation [38]:

Eg = hf —E, (3.8
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Figure 3.9 Thermo Al K- Alpha XPS machine (South Korea)

3.3 THE DYE-SENSITIZED SOLAR CELLS

The as prepared samples were immersed in a dye solution containing 0.0005 M of
N3 dye for 24 hours. The samples are removed, ultrasonicated for 10 minutes and
dried in an oven for 30 minutes at 80 °C. Platinum solution (H,PtClg) to serve as the
catalyst was coated on Fluorine-doped tin oxide (FTO) glass. The FTO glass was then
dried in an oven for 30 minutes at 80 °C. is The platinum cathode was pressed on the
TNT photoanode, and a Kl/lodine electrolyte injected in between to form a dye
sensitized solar cell.

The effective area of the cell was set at about 0.2 cm’. Light of intensity,
70 mW/cm’® from a Xenon arc lamp was incident on the cell and the current-voltage
characteristic measured using a Keithley 2400 source meter, shown in Figure 3.10.
The performance of each solar cell was determined from the current-voltage
characteristic by calculating the solar power conversion efficiency 1 using equations

2.5 and 2.6.



43

Figure 3.10 Computer, Keithley 2400 source meter, and Xenon arc lamp for I-V

characterization of the solar cell



CHAPTER 4
RESULTS AND ANALYSIS

This chapter presents the experimental results of both undoped and Nitrogen -
doped TiO; nanotubes. The samples were analyzed by SEM, XRD, UVS, EDX and
XPS, and their efficiencies were tested in DSSCs.

4.1 SEM ANALYSIS

The SEM images of TNT doped with different concentrations of Nitrogenusing

ammonia as source are displayed in Figure 4.1.

SEl 20k¥  WD1SmmSS16 x40,000 0.5um eee——————

=,

SEf 0KV WD12mmsS15 x{!moo 0.5g0” ’ SEI 20KV WD12mmSS15 x40,000 .0, 5um

c d
Figure 4.1 SEM images of TNT doped with different concentrations of Nitrogen
using ammonia as source - (a) 1 %, (b) 3 %, (¢) 6 % and (d) 12 %
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The nanotubes are well-arrayed with an average diameter of about 100 nm and
approximately 1.0 um in length. The cross section of the nanotubes is
roughlyhexagonal. It is observed that as dopant concentration increases, nanofibres
begin to form and cover the surface of the nanotubes (Fig. 4.1 ¢, d).

Figure 4.2 displays the SEM images of Nitrogen—doped TNT calcinated at
different temperatures. The average diameter of the nanotubes is observed to increase
with calcination temperature from approximately 80 nm at 100 °C, to about 250 nm at

200 °C. Homogeneity of the nanotubes in Figure 4.2 is greater than in Figure 4.1.

SE!‘ZﬂkV WD12mms$20 A j SEI 2Ckv WD12mm3530 %50,000 0.5pm sewwweamemm———0s

SEl 20k WD12mmSS20 x3(,000 0.5um SEI 2Ckv WD12min5320 x50,000 0.5um  =oossemomm—mhos

Figure 4.2 SEM images of N-doped TNT calcinated at different temperatures:
(a) 100 °C, (b) 125 °C, (c) 150 °C and (d) 200 °C

When the anodization starts, bubbles are seen, and an oxide layer begins to form
on the Ti sheet. TiO; nanotubes form on the oxide layer. Under the influence of the
electric field, Ti**, OH and F ions diffuse through the electrolyte leading to the

formation of a barrier layer. Dissolution of F” ions result in formation of [TiFs]* ions.
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Eventually, both the growth rate and dissolution rate reach equilibrium [53]. The
formation of the nanotubes is summarized according to the following chemical

equations [54, 55]:

2H,0 - 0, + 4e~ + 4H* (4.1a)
Ti+ 0, - Ti0, (4.1b)
TiO, + 6F~ + 4H* - [TiFg)*~ + 2H,0 (4.1¢)

4.2 XRD ANALYSIS

Figure 4.3 shows the XRD patterns of N-doped TNT with different amounts of
ammonia. The Ti peaks at 38° 40° 53° 70.6°, 76.2° and 77.5° can be ascribed to
Titanium substrate. Their corresponding diffraction planes are (002), (101), (102),
(103), (112) and (201), respectively. The A peaks at 25.5°, 35°, 37.5°, 48°, 54°, 55.3°,
62.7° and 75° may be assigned to TiO, anatase phase, and their respective
corresponding diffractions are(101), (100), (103), (200), (105), (211), (204) and (215)
[56, 57, 58]. The most prominent peak is the (101) anatase plane. For this plane, the
average values of the crystallite size D, the distance between crystal planes d and
the lattice parameters (a, b, ¢) were calculated to be D = 20.32 nm, d = 3.507 A,
a=b=23.782 A, c=9353 A. These results are slightly different from those of pure
TiO2 due to the doping effect of Nitrogen.

The XRD patterns of N-doped TNTcalcinated at different temperatures are
displayed in Figure 4.4. The results reveal a predominant presence of the Ti peak at
260 angles about 38°, 40°, 53°, 70.6°, 76.2° and 77.5°. These peaks can be assigned to
the respective crystalline phases (002), (101), (102), (103), (112) and (201) [53, 58,
59]. The anatase phase patterns are observed at about 35° and 62.7°, which
corresponds to the crystal planes (100) and (204) respectively. This indicates that low
temperature crystalization of TiO, phases is possible [59]. However, calcination well
below 450 °C resulted in low phase transformation [60, 61].

For the plane (204), the average values of the crystallite size D, the distance
between crystal planes d and the lattice parameters (a, b, ¢) were calculated to be
D=27.08nm,d=1482A,a=b=3.780 A, ¢ =9.545 A. In comparison to pure TiO2,

these values differ slightly but are in agreement with some reports.



Intensity (a.u.)

2 theta (degree)

Figure 4.3 XRD patterns of N-doped TNT with different amounts of ammonia:

(a) 1 %, (b) 3 %, (¢)6 % and (d)12 %. [Ti = Titanium metal,
A = anatase phase of TiO,, R = rutile phase of TiO,].

47



48

Ti+ .
AN + +
. +
AT A i
5 | + |+ + +
3]
= +
2 A +
U_) [
€ - + +
E A +

30 45 60 75
2 theta (degree)

Figure 4.4 XRD patterns of N-doped TNT calcinated at different temperatures:
(a) 100 °C, (b) 125 °C, (c) 150 °C and (d) 200 °C. [+ = Titanium metal,
A = anatase phase of TiO,].

4.3 UV -~ VISIBLE LIGHT SPECTRA ANALYSIS

The optical response of the N-doped TiO; nanotubes is shown in Figure 4.5.
Notice that as the amount of dopant increases, the absorption edge shifts from shorter
wavelengths to longer wavelengths. The optical band gap was calculated using
equation 3.6. Table 4.1 shows that the absorption edge red-shifts from 394 nm to 435
nm as the amount of NHj3 is increased from 1 % vol to 12 % vol respectively. The
corresponding band gap energies reduce from 3.15 eV to 2.85 eV. The reduction in
optical band gap with increasing dopant concentration is in agreement with the works
of S. Zhou et al and R. Dholam et al [4, 62]. The band gap of 3.15 eV for the 1% vol
N-doped TNT is very close to that of pure TiO; in anatase phase, which is 3.2 eV
[33, 43].
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The reduction in optical band gap can be ascribed to several reasons. It could be
that upon doping, the oxygen atoms in the TiO, lattice are substituted by N atoms [47]
leading to the formation of a narrow N, band above the top of the O, valence band.
[62]. Hence, electron excitation by UV light in the doped samples can occur in both
the valence band and the narrow band, whereas, excitation can occur only in the
valence band for pure TiO; [63]. In addition, presence of the narrow band or mid-band

will facilitate electron transition into the conduction band for the doped samples [64].

absorbance

0 200 400 600 800 1000
wavelength (nm)

Figure 4.5 UV-Vis spectrum of N-doped TNT with different amounts of
ammonia: (a) 1 %, (b) 3 %, (¢)6 % and (d)12 %

In Figure 4.6 the absorption edge of N-doped TNT is observed to change when
the calcination temperature changes. There is a general shift towards the visible region
from a wavelength of 359 nm for the sample calcinated at 100 °C, to 415 nm for the
sample calcinated at 125 °C. As seen in Table 4.2, the calculated optical band gap
energy first decreases with calcination temperature, from 3.46 eV (at 100 °C), to 2.99
eV (at 125 °C). But, at higher temperatures, the band gap increases to 3.27 eV (at 150
°C) and to 3.35 eV (at 200 °C). These results are in accord with the reports of
references [10, 11, 65]. The band gap reduction as temperature increases from 100 °C
to 125 °C can be attributed to the transformation of amorphous TiO; into crystalline

anatase phase [18, 56].
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Further increase in calcination temperature may in turn reduce the amount of
Nitrogen atoms that effectively get doped into the TiO; lattice [10]. It is possible that
at higher temperatures, the doped Nitrogen can introduce new energy states just below
the bottom of the conduction band. These new states may serve as recombination

sites for electron-hole pairs.

absorbance
2.5

1.5

0.5

0 200 800 1000

400 600
wavelength (nm)

Figure 4.6 UV-Vis spectrum of N-doped TNT calcinated at different
temperatures: (a) 100 °C, (b) 125 °C, (¢) 150 °C and (d) 200 °C

Table 4.1 Optical band gap of N-doped TNT with different amounts of ammonia

! 1% vol NH; | 3% vol NH3 | 6% vol NH; 12% vol
NH;
Absorption edge 394 404 417 435

wavelength A (nm)

Optical band gap E (eV) 3.15 3.08 2.98 2.85




Table 4.2 Optical band gap of N-doped TNT calcinated at different

51

temperatures
100 °C 125 °C 150 °C 200 °C
Absorption edge 359 415 380 371
wavelength A (nm)
Optical band gapE (eV) 3.46 2.99 3.27 3.35

4.4 EDX ANALYSIS

Figure 4.7 and Figure 4.8 show the EDX spectra of N-doped TNTs. In Figure 4.7

the dopant concentration is varied whereas in Figure 4.8, the calcination temperature is

changed while keeping the dopant amount constant. The element Ti was found in the

EDX spectra of all the samples. This indicates the successful formation of TiO,

nanotubes on the surface of the titanium sheets [62], as confirmed by the SEM images

in Figure 4.1 and Figure 4.2.
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Figure 4.7 EDS spectra of N-doped TNT with different amounts of ammonia:
-(a) 1 %, (b) 3 %, (c) 6 % and (d) 12 %
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Figure 4.8 EDS spectra of N-doped TNT calcinated at different temperatures: (a)
100 °C, (b) 125 °C, (¢) 150 °C and (d) 200 °C

4.5 XPS ANALYSIS

X-ray photoelectron spectroscopy (XPS) was used to examine the chemical
composition of the prepared samples. Figure 4.9 shows the XPS spectra of N-doped
TNT with different dopant amounts of ammonia. Figure 4.10 displays the Cjs, Oy, Nis,
and Tiy, spectra peaks N-TNT with 6 vol % of ammonia. Figure 4.11 and Figure 4.12
show the XPS spectra of N-doped TNT at different calcination temperatures.
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Figure 4.9 XPS spectra of N-doped TNT with ammonia (a) 1 %, (b) 3 %,
(¢) 6 %, (d) 12 %

In Figure 4.10, the XPS spectra of N-doped TNT with 6 % vol of ammonia are
displayed. The Cjs peak that appears at 284.1 eV can be due to pollution of
hydrocarbon from the XPS instrument [10, 62]. The XPS spectrum of O;; shows
a peak at 529.5 eV which can be attributed to the Ti-O bond [65].

The Tiy, XPS spectrum shows two peaks — one at 458.1 eV and the other at 463.9
eV. The 458.1 eV peak corresponds to the Ti,, (1/2) electron binding energy, while the
463.9 eV peak corresponds to the Ti, (3/2) electron binding energy. Both peaks
indicate that Ti is present in the Ti*" oxidation state [66, 67]. For pure TiO,, the Tizp
characteristic peaks are positioned at 458.5 eV and 464.2 eV, which indicates a small

shift when compared to the N-doped samples. This could be accounted for by the
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substitution of oxygen atoms by nitrogen atoms, resulting in the formation of O-Ti-N

bonds and changing the Ti electron binding energy [62].

C1s Scan
3.00E+04 —— ——— ——
' 284.1eV
o 2.00E+04-
g
1.00E+04 -
0.00E+00——— I
205 290 285 280
Binding Energy (eV)
O1s Scan
4.00E+04 O}é
529.5 eV
3.00E+04 -
U) —
P
g 2.00E+04 -
1.00E+04
0.00E+00— —— — —
545 540 535 530

Binding Energy (eV)

N1s Scan
3500
- N‘];,
3400+ j
i 400.8 eV 1 398.9ev
3300+ Joa
o 0
o 3200f |
g 3100
3000 :
2900 =
2800" ‘ —
410 405 400 395
Binding Energy (eV)
Ti2p Scan
3.00E+04 I 7 S
458.1 eV
)
®» 2.00E+04;‘ |
g L 4639eV
1.00E+04 -
0.00E+00 L S

475 470 465 460 455 450
Binding Energy (eV)

Figure 4.10 High resolution XPS spectra of N-doped TNT with 6 % of ammonia

The Nj;; XPS spectrum reveals the peaks located at 398.9 eV, and 400.8 eV.
The 398.9 eV peak can be attributed to the substitutional Ti-N nitride bond [25].
The N5 400.8 eV peak can be assigned to the Ti-N-O bonds. The absence of a peak

around 402.2, which is due to oxides or hydrides of Nitrogen, suggests the absence of

interstitial N bonds [28].
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Figure 4.11 XPS spectra of N-TNT calcinated at different temperatures:
(a) 100 °C, (b) 125 °C, (¢) 150 °C, (d) 200 °C
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Figure 4.12 XPS spectra of N-doped TNT calcinated at 125 °C

The atomic percentages of elements in the as-prepared samples are shown in

Table 4.3 and Table 4.4. In Set 1, the effective N-doping is observed to increase as the

amount of ammonia increases. However, in Set 2, the effective N-doping decreases as

the calcination temperature increases.
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Table 4.3 Atomic percentages of elements in the N-doped TNT with different

amounts of ammonia: Set 1

Peaks 1 % vol NH3 3 % vol NH; 6 % vol NH; 12 % vol NH;
Ti2p (%) 10.2544 7.8168 11.2034 10.0994
O1s (%) 32.7501 26.3207 33.2726 31.6875
N1s (%) 0.44525 0.78506 1.05442 1.36971
Cls (%) 56.5502 65.0774 54.4696 56.8434

Table 4.4 Atomic percentages of elements in the N-doped TNT at different

calcination temperatures: Set 2

Peaks 100 °C 125 °C 150 °C 200 °C
Ti2p (%) 18.1561 21.0293 20.2241 21.4037
O1ls (%) 46.1314 51.8307 49.4829 49.491
Nls (%) 0.980323 0.977498 0.912169 0.703894
Cls (%) 34.7322 26.1625 29.3808 28.4014

We note that the XPS analysis provides a more detail chemical composition of the
sample surfaces, than the EDX analysis. In addition,XPStest can give the

percentages of the elements present.

4.6 PERFORMANCE IN DYE-SENSITIZED SOLAR CELLS

The performance of the as-prepared samples was tested in DSSCs. The current-
voltage characteristics are displayed in Figure 4.13 and Figure 4.14. The conversion
efficiencies are shown in Table 4.5 and Table 4.6. As observed in Table 4.5, the power
conversion efficiency of the doped samples increases with increase in dopant amount.
This is in agreement with the results of references [68 - 70]. A maximum efficiency of
7.98 % was obtained for the sample doped with 6 % vol of ammonia. At 12 % vol of
ammonia, the efficiency of the DSSC is found to be less than that with 6 % vol of
ammonia. This indicates that there is a critical dopant concentration, above which the

efficiency starts to decrease. This is also in accordance with the references [71 - 75].
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Increase in efficiency for ammonia 1 vol % to 6 % vol of ammonia could be due
to optical band gap reduction as Nitrogen incorporates into the TNT [76]. The low
efficiency for the N-TNT with 12 % vol of ammonia could be due to several reasons.
For one, too much ammonia may cause many oxygen vacancies in the TiO; lattice.
These vacancies would serve as recombination centers for the charge carriers
(electrons and holes). As a result, there is a decrease in the conversion efficiency [10].
Furthermore, as seen from the SEM image in Figure 4.1d, nanofibres or “nanograss”
and particles begin to form and cover the surface of the nanotubes with high
amounts of ammonia. This leads to inhomogeneity which in turn reduces the power

conversion efficiency of the cell [77].
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Figure 4.13 Current-Voltage curves of DSSCs with TNT doped with different
amounts of Nitrogen using ammonia as source - (a) 1 %, (b) 3 %,

(¢) 6 % and (d) 12 %



Table 4.5 Efficiencies of DSSCs with N-doped TNT with different amounts of
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ammonia
Amount of Voc Isc Vm Im FF n
NH; (volts) | (mA/ecm?) | (volts) |(mA/cm?) (%)
1% 0.63 09.71 0.42 6.76 0.46 4.01
3% 0.69 11.40 0.44 6.53 0.37 4.16
6 % 0.70 17.00 0.47 11.77 0.47 7.98
12 % 0.70 10.56 0.46 6.84 0.43 4.54

Table 4.6 shows that the conversion efficiency first increases with calcination

temperature [10, 11, 78] and reaches 4.61 % at 125 °C. However, for higher calcination

temperatures - 150 °C and 200 °C, the efficiency is observed to decrease [11].

A number of reasons could account for these outcomes. Improved crystallinity at 125

°C may be responsible for higher photocatalytic activity over the sample calcinated at

100 °C [79]. As the calcination temperature increases to 150 °C and 200 °C, it could

result in decrease in the effective amount of Nitrogen doped into the samples [10]. As

a consequence, the photocatalytic activity and efficiency reduces for higher

calcination temperatures.
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Figure 4.14 Current-Voltage curves of DSSCs with N-doped TNT calcinated
at different temperatures: (a) 100 °C, (b) 125 °C, (¢) 150 °C and
(d) 200 °C

Table 4.6 Efficiencies of DSSCs with N-doped TNT calcinated at different
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temperatures
| Calcination | Voc Isc \ Im FF 1
Temperature 5 5

(volts) | (mA/cm”) | (volts) | (mA/cm®) (%)
100°C 0.70 6.64 0.48 3.33 0.34 2.26
125°C 0.60 8.68 0.44 7.30 0.62 4.61
150°C 0.63 7.28 0.48 6.08 0.64 4.20
200°C 0.69 7.85 0.41 5.16 0.39 3.01




62
The incident photon-to-current conversion efficiency IPCE for each cell as shown
in Table 4.7, were calculated using equation 2.4 at wavelength 500 nm.

The maximum IPCE = 54 .8 %, was obtained for the DSSC with NH; 6 % in Set 1.

Table 4.7 Incident photon-to-current conversion efficiency IPCE of the DSSCs

Set 1 Set 2

Variables | NH; NH; NH; NH; 100°C | 125°C | 150°C | 200°C
1 % 3% 6 % 12%

IPCE 31.3 | 367 | 548 341 | 214 | 280 | 235 | 253
(%)

It can be observed that the samples in Set 1 prepared by varying the amount of
ammonia had overall power conversion efficiencies greater than those in Set 2
prepared by varying the calcination temperature. The reason for this could be that the
samples in Set 1 were all annealed at a much higher temperature of 500°C, whereas
Set 2 samples were calcined to at most 200°C. Such high temperatures enhanced the
transformation of amorphous TiO, into anatase [80, 81]. XRD results in Figure 4.3 and
Figure 4.4 Set 1 confirm the strong presence of anatase phases in Set 1 over Set 2
samples. Furthermore, pre-calcination (before doping) in Set 1 samples might result in
higher current densities over post-calcination (after doping) in Set 2 samples. Also,
high temperature aging in Set 2 may lead to more surface deposition of Nitrogen and

hydrides, giving rise to high electronic resistance on the samples [82].




CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

5.1 SUMMARY OF RESULTS

Ti0; nanotubes have been synthesized by DC Anodization at S0V for 2 hours in
an electrolyte solution of ethylene glycol (EG), ammonium fluoride (0.3 wt % NH4F)
and deionized water (2 vol % H,0O). Two sets of N-doped TiO, nanotubes were
prepared using IM ammonia (NHj3) solution as Nitrogen source. In Set 1, after
calcination at 500 °C, the TNTs were aged in a solution with different amounts of
ammonia (1 %, 3 %, 6 % and 12 %). Meanwhile in Set 2, the TNTs were first doped
with 5 % vol ammonia and then calcinated at different temperatures (100 °C, 125 °C,
150 °C and 200 °C).The samples were analyzed by SEM, XRD, UVS, EDX, and XPS.
The performance of each sample was tested in a dye-sensitized solar cell (DSSC).
The results of characterization and performance test in DSSCs can be summarized as
follows:

SEM images confirm the successful formation of TiO, nanotubes with an average
diameter of 100 nm for Set 1 samples. But the average tube diameter increased
significantly from about 80 nm to about 250 nm for Set 2 samples, as the calcination
temperature was increased from 100 °C to 200 °C.

XRD patterns showed a higher presence of the anatase phase when the amount of
ammonia was varied, than when calcination temperature was varied. This could be
because the latter was calcinated at a much higher temperature of 500 °C prior to
doping. The maximum calcination temperature of 200 °C in the former is too low for
complete phase transformation. The average crystallite size D and the distance
between crystal planes d for the anatase plane (101) were D = 20.32 nm, d = 3.507 A
in Set 1. For the plane (204) in Set 2, D =27.08 nm, d = 1.482 A,

The presence of Ti in the EDX spectra of all the samples indicates the successful

formation of TiO, nanotubes on the surface of the titanium sheets.
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XPS results also confirm the presence of Nitrogen in the samples. In Set 1,
the percentage of Nitrogen was found to increase as the amount of ammonia was
increased. On the contrary, in Set 2, the percentage of Nitrogen was found to decrease
as the calcination temperature was increased. This implies that increase in
calcination temperature in turn reduces the amount of Nitrogen that effectively
dopes into the TiO; lattice. For the sample with 6 % vol of ammonia, the Ti,, peaks at
458.1 eV and 463.9 eV could be due to substitution of oxygen atoms by nitrogen
atoms, resulting in the formation of O-Ti-N bonds. The Ny peak at 400.8 eV can be
assigned to the Ti-N-O bonds. These strongly support the successful doping of
Nitrogen into the TiO; lattice. And that the N-doping is substitutional rather than
interstitial.

UVS analysis showed that for Set 1, the optical band gap reduced with increase in
the amount of ammonia, from 3.15 eV (at 1 % vol NH3) to 2.85 eV (at 12 % vol NHj3).
This could be due to increase in percentage of the Nitrogen and the formation of mid
band gaps. A band gap of 2.85 eV corresponds to a red shift in light absorption into
the visible region with wavelength 435 nm. In Set 2, the band gap reduced from 3.46
eV (at 100 °C) to 2.99 eV (at 125 °C), and increased with further increase in
calcination temperature. The reduction in band gap at the beginning is due to
improved crystallization. Later on, as calcination temperature increases, the amount of
Nitrogen that effectively dopes into the TiO, lattice reduces. This is confirmed by the
XPS results in Table 4.4. As a result the band gap increases. A band gap of 2.99 eV
corresponds to a red shift in light absorption into the visible region with wavelength
415 nm.

In Set 1, the DSSC with 6 % vol NH3 had the maximum efficiency of 7.89
%. Further increase in Nitrogen doping leads to formation of cracks, inhomogeneity,
and recombination sites, and hence decrease in efficiency [83]. Meanwhile in
Set 2, the maximum efficiency of 4.62 % was obtained for the sample calcinated at
125°C. This can be explained in a similar way as attributed to band gap variation. The
7.89 % efficiency in Set 1 corresponds to approximately 50 % efficiency
improvement, while the 4.62 % efficiency in Set 2 corresponds to approximately
42 % efficiency improvement. The DSSC with NH; 6 % in Set 1 had the maximum
IPCE of 54.8 %. So Set 1 shows better results over Set 2. This could be due to better
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crystallization and phase transformation in Set 1 as a result of higher calcination
temperature. High photocurrent implies more photo-induced charges, which lowers
recombination of electron-hole pairs. In addition, lager crystallite size in Set 2 means
larger surface area to volume ratio, hence, reduced photocatalytic activity [84]. Also,

it could be due to the slight differences in the method of synthesis.

5.2 RECOMMENDATIONS

The obtained efficiencies for the two sets of data can be improved in several
ways. During the anodization process, parameters such as anodizing temperature,
applied voltage, composition, pH and concentration of electrolyte, and anodizing
time, could be controlled or adjusted to influence the growth, size and orderliness of
nanotubes [85, 86]. For future development of this research work and
improvement of optical and photocatalytic properties of TiO; nanotubes, it is
recommended to investigate the influence of the following factors: type of doping
element, dopant source, method of synthesis of the TNTs and the DSSCs.
The optimum dopant concentration and calcination temperature will vary depending

on method of preparation and source of dopant.
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