Upgradation of Local Beach Sand Titania and Synthesis of
Nanocrystalline Titania Thin Film for Solar Cell Application

Oishy Roy

Student ID: 1018112019

MASTER OF SCIENCE IN MATERIALS AND METALLURGICAL
ENGINEERING

Department of Materials and Metallurgical Engineering
BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY (BUET)

Dhaka-1000, Bangladesh

May, 2022



il

The thesis titled “Upgradation of Local Beach Sand Titania and Synthesis of
Nanocrystalline Titania Thin Film for Solar Cell Application” Submitted by Oishy
Roy, Student ID: 1018112019 and Session: October 2018 has been accepted as
satisfactory as a partial fulfilment of the requirement for the degree of M.Sc. Engg. in

Materials and Metallurgical Engineering on May 17, 2022.

BOARD OF EXAMINERS

L. Chairman

Dr. Fahmida Gulshan (Supervisor)
Professor
Department of Materials and Metallurgical Engineering, BUET

2. Member

Dr. Mahbub Hasan (Ex-Officio)
Professor and Head
Department of Materials and Metallurgical Engineering, BUET

3. Member

Dr. Kazi Mohammad Shorowordi
Professor
Department of Materials and Metallurgical Engineering, BUET

4. Member

Dr. Hossain Mohammad Mamun Al Rashed
Associate Professor
Department of Materials and Metallurgical Engineering, BUET

5. Member

Dr. Muhammad Shahriar Bashar (External)
Principal Scientific Officer
Institute of Fuel Research and Development, BCSIR




il

CANDIDATE’S DECLARATION

Declared that except where specified by reference to other works, the experimental
studies embodied in thesis is the result of investigation carried out by the author. Neither
the thesis nor any part has been submitted to or is being submitted elsewhere for any

other purposes.

Signature of the student

Oishy Roy



v

ACKNOWLEDGEMENT

I would like to express my sincerest gratitude and thanks to Professor Dr. Fahmida
Gulshan, Department of Materials and Metallurgical Engineering (MME) for her
valuable suggestions and guidance from the very beginning of the thesis work. Her
patience, encouragement helped me to complete this work. I am grateful for her
constant support and inspiration, comments on various points of the work and the lesson

about preparing and presenting the work and the book.

It 1s my great pleasure to express my indebtedness to Dr. Muhammad Shahriar
Bashar, Principal Scientific Officer, Institute of Fuel Research and Development
(IFRD), Bangladesh Council of Scientific and Industrial Research (BCSIR), for
providing me with laboratory facilities required to conduct the thesis work. His
continuous motivation and guidance kept me enthusiastic throughout the work. His
valuable suggestions have raised the quality of the thesis. Sincere thanks to him for the
help in carrying out the tests i.e., scanning electron microscopy, hall effect

measurement, UV-Vis response of the film samples etc.

I would like to express gratefulness to Dr. Muktadir Billah for his sharing his
knowledge and experience and for helping with conduction of UV-Vis test of powder

samples.

I would like to acknowledge the cooperation of Beach Sand Minerals Exploitation
Center (BSMEC), Cox’s Bazar, Bangladesh for providing the sand sample of this work

for free.



ABSTRACT

In this work, investigations have been carried out to upgrade titanium dioxide from
local beach sand of Cox’s Bazar Bangladesh, to prepare mesoporous film using the
upgraded titanium dioxide so that its potential in solar cell applications could be
examined. Raw sand was collected from Beach Sand Minerals Exploitation Center in
Cox’s Bazar, upgraded into titanium dioxide, among which, selected samples were used
to prepare mesoporous films to be used in Dye sensitized Solar Cell. Mineral and phase
identification of the raw sand was performed by analyzing it via X-Ray Diffraction, X-
Ray Fluorescence and Polarizing Microscopy; and the upgraded titania samples were
analyzed based on the structure, composition, morphology and optical property via X-
Ray Diffraction, Scanning Electron Microscopy, UV-Vis spectroscopy, respectively.
The upgradation was carried out through the route of HClleaching - H,SO,
decomposition - water leaching — condensation dilution - calcination route with varying
decomposition time. In this route, upgradation up to 98% TiO, was obtained though the
yield was inconsistent. Modified route of HCI leaching - H,SO, decomposition - water
leaching — hydrolysis - calcination resulted in consistent yield and upgradation up to
98.4% TiO, for the 900°C calcined samples and up to 87.8% for 500°C calcined
samples. S, P, Si, Fe etc. were identified in the upgraded titania as impurities and the
optical band gap energy was in the range of 2.99 to 3.13eV, while the carrier density
was about 10'%/cm®. In the later mentioned route, acid concentration of decomposition
was varied and obtained titanium dioxide was used to prepare mesoporous films using
screen printing method and then films were used as anode in assembled dye sensitized
solar cell. Compared to the photon conversion efficiency of the solar cell prepared with
commercial titanium dioxide, efficiency up to 52.3% was obtained using the films of

upgraded titanium dioxide.
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1. INTRODUCTION

1.1 Background and Research Significance
Titanium dioxide has wide varieties of applications throughout the world. Industries of
paint, plastics, paper consumes about 85% of total produced pigment grade titania.
Titania also has applications in cosmetics, porcelain, ceramics as welding rod coating,
textiles and fabric coating, roofing granule, printing inks, floor covering, production of
carbides and other chemicals, photocatalysis and photoelectrochemical device

production.

Source of titania, i.e., anatase, rutile, ilmenite mineral resources in whole world sum
more than 2 billion tons [1]. Our country also has reserves of titania minerals in our
beach sand and sand bars of rivers among which, 1,025,000 tons of ilmenite, 97,000
tons of leucoxene and 70,000 tons of rutile have already been discovered through
systemic minerals exploitation [2]. The ilmenite contains about 43% TiO,, leucoxene
has about 65% TiO, and rutile has about 90% TiO, in it [2]. This huge resource is not
being utilized in any application, for which it needs to be upgraded into titania, so that,
the name of Bangladesh can be included in the world’s contribution in production of
titania or metallic titanium. In this work, the upgradation of titania in the local beach

sand has been conducted to investigate its potential in solar cell application.

For production of titania, industries use natural rutile, synthetic rutile, or high titanium
slag as feedstock, among which, synthetic rutile and titanium slag are derived from
ilmenite or other minerals through numerous upgradation routes. Upgradation of titania
from minerals can be conducted by original and conventional processes named chloride
and sulfate process. There are other modified, proposed or commercially followed
process including the Becher sulfate process [3], Benelite process, Murso process [4],
Laporte process [5], Austpac process [6], Dunn process [7], Kataoka process [8] etc.
Variation of pretreatment steps [9] including roasting, smelting, decomposition,
mechanical activation etc. also gave rise to many promising upgradation processes.
Generally, those processes involving multiple steps of thermo reductive conversion and
leaching become energy intensive and costly. But improved sulphate process, caustic

leach process or other direct hydrometallurgical processes (BHP Billiton process



[10][11][12], Atlair Process [13][14], alkaline leaching [15][16]etc.) involving leaching
and solvent extraction require lower energy compared to the previously mentioned

thermo and electrochemical processes.

In this work, a lower energy intensive upgradation route has been followed to produce
titanium dioxide from the as-received local beach sand. In this route, no energy
intensive pretreatment was carried out except for the particle size reduction of ball
milling. Then the ball-milled sand has been leached sequentially with hydrochloric acid,
sulfuric acid, and water, followed by repeated condensation- dilution to precipitate
titanium rich product to be dried and calcined into anhydrous titanium dioxide. In the
modified route, after the water leaching, hydrolysis was followed instead of repeated

condensing-diluting step.

Thin films of titania have been used to photocatalytically oxidize organic pollutants,
bacteria, virus, and cancer cells, so that being commercially used in self-cleaning glass
window, tiles, air purification system and water purification systems etc., also in gas
sensing, antireflective coating, dielectric films for new generation field effect

transistors.

In recent years, various deposition methods of TiO, films have been reported. Among
the physical methods, DC/RF magnetron sputtering [17], Electron/ion beam
evaporation, pulsed laser deposition (PLD) [18], thermal evaporation methods [19],
cathode arc plasma deposition/ion-plasma sputtering [19] have been explored. The
chemical methods include the chemical bath deposition (CVD), atomic layer deposition
(ALD) [20][21], spray pyrolysis, anodic oxidation, spin coating, dip coating [21], solgel
method [22], screen print [23][24], doctor blade [25][26] etc.

Among all these methods, screen printing method of film preparation has been used in
this work to prepare mesoporous titanium dioxide films to be used as photoanode. In
third generation solar cells, pure and doped titania in various morphology have been
reported to be used successfully as photoanode [24][27][28][29]. Also, compact layer
of titania is used in the blocking layer and scattering layer of the high efficiency solar
cell [30]. Investigations about the different controlling parameters including the

structure and contribution of titania in those high efficiency solar cells are numerous.



In this study, the prepared titania thin film was incorporated in the fabricated dye

sensitized solar cell to find out its performance as a photoanode.

1.2 Objectives of Present Study
The objective of this work is to utilize local beach sand as source of titanium dioxide
and study its feasibility for solar cell application.
Thus, the specific aims of this work are
1. Upgradation of natural rutile sand and extraction of titanium dioxide from it.
i1. Fabrication of nanocrystalline titania thin film using this extracted titania.

ii1. Studying the suitability of the prepared thin film for solar cell application.

1.3 Possible Outcome of the Study

In present study, local beach sand will be used as source of raw material for production
of nanocrystalline thin film of titania and its effectiveness as photoanode in solar cell
will be explored. Any positive outcome can be considered as a triumph for our

renewable energy industry.

1.4 Methodology Followed in this Work

The outline of the methodology is mentioned below.

= The sand sample, originally from Cox’s Bazar Beach Sand was collected from
Beach Sand Minerals Exploitation Center (BSMEC), Cox’s Bazar, Bangladesh.

= The mineralogical and phase composition of the sample was determined by
polarizing microscopy (PM), x-ray diffractometer (XRD) and x-ray
fluorescence (XRF) analysis.

= The morphology and particle size distribution were studied via optical
microscopy and sieve-analysis, respectively.

= Based on the characterization, suitable upgradation routes were selected for

initial trials.



= Upgraded titania powder samples were analyzed with scanning electron
microscopy (SEM) to study the morphology, electron dispersive spectrometry
(EDS) to measure the elemental composition.

= Based on the characterization of the titania powder collected from initial trials,
suitable upgradation route was selected keeping yield, consistency, and lower
energy cost as primary concerns.

= The titania samples prepared with the selected upgradation route were
characterized by XRF to study the composition. The morphological study was
performed by SEM.

= After characterization, the trial powder powders were used to prepare
mesoporous thin films using several methods. Based on the morphology and
thickness of the films, studied by SEM and thickness profilometer, respectively,
suitable method of film preparation was selected for final titania samples.

= The phase composition, strain on the films were studied with XRD. and
elemental composition were measured via EDS.

= The optical properties of the films were studied by UV-Vis spectroscopy.
Electrical properties were measured via Hall-effect measurement.

= To find the applicability of the prepared titania thin films as photo-anode, dye
sensitized solar cells were prepared using laboratory prepared electrolyte and
commercially available electrolyte. Films prepared with commercially available
titania powder were used for the same assemble to compare.

= The light conversion efficiency of the assembled cells was measured using solar
simulator.

= Based on the characterization and plausible upgradation, a suitable route of
utilizing locally available sand in titania and renewable energy industry was

proposed.

1.5 Organization of the Thesis

The thesis is broken up into five chapters, which include, Chapter 1-Introduction,
Chapter 2- Literature Review, Chapter 3- Experimental Overview, Chapter 4- Results

and Discussion, Chapter 5- Conclusion, Chapter 6- Recommendation for Future Works.



In Chapter 1, the background and motivation of the thesis is described, along with the
objective, specific aims, and probable outcome of this work. This chapter also contains

the detail breakdown of the methodology approached in this thesis.

In Chapter 2, the relevant literature is presented in concise and informative approach.
This chapter includes discussion about the resources and applications of titanium in
metallic or oxide state, the conventional, commercial, and other promising upgradation
processes, the mesoporous film fabrication processes, use of titania in photovoltaic
device along with the mechanism, different parts and function of a dye sensitized solar

cell. The reference to the existing literature is also given in this chapter.

In Chapter 3, the experimental detail is described in three main parts of upgradation
process, film fabrication process and solar cell assemble process along with the

characterization required.

In Chapter 4, the detailed results are presented and discussed with the possible

explanations and comparison with other similar works.

In Chapter S, a summary of the findings is presented. A conclusion focusing on the
novelties of this work is also presented here. Some future work scopes are also

recommended in this chapter.



2. LITERATURE REVIEW

2.1 Resources and Production of Titanium

As an element, titanium ranks ninth in the earth's crust (0.6%), making up 0.93% of all
elements. Titanium occurs as oxides, titanates, silicotitanates, iron titanates. Ilmenite
(FeTiO3) and rutile (TiO,) are the most economic minerals of titanium. Other less
common, subeconomic minerals include pseudobrookite (Fe,TiOs),
perovskite (CaTiO3), titanite or sphene (CaTiSiOs), geikielite (Mg, Fe)TiO5,
pyrophanite (MnTiO3) [31]. World resources of anatase, rutile, ilmenite is in total more

than 2 billion tons [1].

[Imenite is a heavy mineral with a metallic luster, crystallizes in the rhombohedral class
of the hexagonal system. Its varieties include iron black, brown and red. It's opaque and
magnetic. [lmenite is composed of FeO and TiO,, containing theoretically 52.6%TiO,,
naturally 40-65% TiO,, depending on its geological history. Usually, ferrous iron is
partially replaced by ferric iron. Individual ilmenite grains may contain microscopic
rutile inclusions. Alteration of other grains may result in structure breakdown and
partial leaching and oxidation of iron. This can increase ilmenite alteration products by
60% or more. Major ilmenite reserves are found in Australia, China, India, Brazil,
Norway, South Africa, Canada, Mozambique, Madagascar, Ukraine, USA etc. in total
700 million metric tons worldwide, as reported in 2022 [1]. This mineral will
undoubtedly remain the primary titanium resource in the future. Currently, Ilmenite
supplies roughly 90% of the world's titanium mineral demand [1]. Global ilmenite
production was 5.19 million metric tons in 2009, steadily increased each year, reached
to 8.4 million metric tons in 2021 [1]. China, leading producer and consumer, accounts

for 37% of global production of ilmenite.

Rutile is the naturally occurring most titanium rich mineral containing about 95% TiO,
with rare deposits. Titanium deposits with 30% rutile were common in the 1950s. By
1981, the rutile content had dropped to less than 1%. Due to the scarcity of natural
rutile, technologies around the world have developed methods to increase the titanium
content of ilmenite. The upgraded ilmenite is referred as Synthetic rutile. Natural rutile

reserves are found in Australia, India, USA, South Africa, Ukraine etc. in total 49



million metric tons worldwide and the global production or recovery of around 0.63

million metric tons of rutile, reported in 2022 [1].

Leucoxene is not a true mineral. It is titanium-rich ilmenite (Fe,05.nTiO,), finely
crystalline aggregate of rutile, brookite or anatase with more than 70% TiO,, created
by weathering or alteration of ilmenite. Highly altered grains made up almost entirely

of leucoxene may contain up to 80% TiO,.

Including this natural sources and intermediate sources obtained from the natural
sources, industries utilize Natural rutile, synthetic rutile, and high titanium slag as

source of TiO,.

1. Natural rutile: Using series of physical separation methods including gravity
concentration, electrostatic separation (separate nonconducting zircon),
magnetic separation (separate magnetic ilmenite), rutile concentrate having
95% Ti0, is resulted directly from beach sand.

2. Synthetic rutile: It is the substitute of natural rutile. Using different
upgradation routes, iron and other impurities are removed from ilmenite to
produce synthetic rutile which typically contains 89-92% of TiO,.

3. High titanium slag: Through smelting of ilmenite in electric arc furnace to
remove the iron as metallic pig iron and producing high titanium slag. It
contains about 75-86% TiO,, can be further upgraded to about 95% TiO,
through high pressure acid leaching [1][32].

As the high-grade titanium ore is scarce, most of the titanium industry rely on
intermediate sources. The price of rutile, ilmenite and high titanium slag all increases
every year in USA, increased in last few years due to covid situation, reached to
1500%/metric ton of rutile, 750-7908/metric ton of slag and 640$/metric ton of ilmenite
[1]. These mineral sources are used to produce titanium dioxide (94-95%) and metallic

titanium (only 5-6%).

The global demand for titanium metal and oxide is increasing every year because of its
widespread use in a variety of industries. The global demand of TiO, was expected to
grow annually at the rate of 3%. The worldwide production capacity of titania pigment
was 8.4 million metric ton and that of sponge titanium was 3,50,000 metric ton [33].

World’s total sponge titanium production was 2,10,000 metric ton (excluding USA)



[33]. In 2021, pigment titania costed 2,900$ per metric ton and sponge metal costed
11,7008 per metric ton [33].

2.2 Resources in Bangladesh

Systematic mineral exploitation activities conducted in the south-eastern coastal belt of
Bangladesh resulted in the discovery of about 17 deposits of heavy mineral sand,
totaling 4.35 million tons of heavy minerals, with an average concentration of 23%
heavy minerals [2]. Zircon, rutile, ilmenite, garnet, kyanite, leucoxene, magnetite, and
monazite etc. are the economically important ones, with a total weight of 1.76 million
tons [2]. The average weight percentage of those economic minerals in the heavy
fraction is 4.20% for zircon, 2.04% for rutile, 26.03% for ilmenite, 6.45% for garnet,
3.92% for kyanite, 2.30% for leucoxene, 1.87% for magnetite, and 0.31% for monazite;
and 53.88% for other non-economic heavy minerals [2]. Approximate reserves of the

minerals are shown in Table 2.1.

Table 2-1: Reserves of individual economic minerals in total heavy mineral deposits

[2]

Mineral Weight in tons
[Imenite (43%Ti0,) | 1,025,000
Leucoxene 97,000

Rutile (90%Ti0,) 70,000

Garnet 223,000
Zircon 1,58,000
Kyanite 91,000
Magnetite 81,000
Monazite 17,000

Presence of economically valuable heavy minerals has been identified in the sand bars
of the Brahmaputra-Jamuna River too, overall containing around 8.92% heavy mineral
[2]. Mineral sand processing on bulk samples was conducted at a pilot plant equipped
with gravity, magnetic, and electrostatic separators to characterize the separation

characteristics of individual economically viable mineral sands.



2.3 Properties of Titanium dioxide

The structural and optical characteristics of the three commonly recognized crystalline

phases of titania (i.e., Rutile, Anatase and Brookite) is tabulated in Table 2.2 and the

crystal structure and the building blocks of these phases are shown in Figure 2.1 using

Ball-Stick Model and Polyhedron Model. The TiO¢ octahedron building block of

anatase is more distorted than of rutile.

Table 2-2: Structural Characteristics of TiO> [34][35]

Rutile- Anatase- Brookite-
ICSD #9161 COD#9008213 ICSD #15409
Crystal System Tetragonal Tetragonal Orthorhombic
Space Group P4o/mnm 141/amd Pbca
group # 136 141 61
a, B,y a=P=y=90 a=P=y=90 o=p=y=90
a,b,c a=b=4.5941 a=b=3.7842 a=9.184
c=2.9589 c=9.5146 b=5.447
c=5.145
Volume (nm?) per 0.03112 0.03402 0.0322
polyhedron
Density(g/cm?) 4.248 3.895 4.123
Polyhedron type octahedron octahedron octahedron
Polyhedral per unit cell 2 4 8
Edge sharing per 2 4 3
polyhedron
Coordination No of Ti 6 6 6
lattice energy (kJ/mol) 0 24.75 18.53
-relative to rutile
Band Gap Energy (eV) 3 3.2 3.26
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Figure 2-1: Structures of TiO (a) Rutile, (b) Anatase, and (c) Brookite phases [34]

For phase identification of polycrystalline titania, powder XRD is used. For mixed

phase titania, Full profile Rietveld [36] analyses is used.

Pure titania is a wide band gap semiconductor which shows high absorbance in UV

range (<400nm) while no significant response in visible range of light.
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The nonstoichiometric composition of titania containing excess titanium, acts as n type
semiconductor. For which, titania treated in low oxygen pressure or hydrogen
environment shows higher carrier concentration and mobility in Hall effect

measurement [37].

2.4 Applications of Titanium and Titania
Metallic titanium: The commercially pure porous or sponge titanium metal,
ferrotitanium and scrap are the intermediate feedstock for other industries producing
ingot, slab, billet, pipe, tube, plate, rod, bar, sheet, strip, and wires of titanium alloys
and steel. Because of the high strength to weight ratio and corrosion resistance in
chloride environment, high temperature resistance titanium alloy makes its way in
numerous industries, of which 80% is consumed by the aerospace industry. Supported
by an increase of 25% in commercial aircraft orders in 2017 over 2016, the demand for
titanium in the commercial aerospace industry was predicted to expand through 2020
[38]. Chemical processing, power generation, construction of water desalination,
biomaterials or implants, consumer goods, marine, oil and gas, pulp, and paper, and
specialty chemical industries are other applications of titanium, demands expanding
from 27,000 tons at year-end 2017 to 32,500 tons by 2021 [38]. Titanium is utilized in
the steel industry for deoxidation, grain size management, and carbon and nitrogen
content control and stability. Interstitial free stainless steel and high-strength low-alloy

steels are all titanium-intensive steels.
The application of titanium dioxide is determined by its purity, phase, particle size etc.

Pigment: High refractive index, greater opacity or hiding power makes TiO, the most
used pigment. Excellent chemical inertness, thermal stability and resistance to
ultraviolet degradation are also the positive features of titania pigment. 85% of the
produced pigments are used in paints (60%), papers (5%), plastics (20%); and the 15%
is distributed in applications of printing inks, rubber, floor covering, ceramics,
porcelain, textile and fabric coating, roofing granule, food, cosmetics, pharmaceuticals,
other chemical industry [33]. Based on the crystal structure, the pigment titanium
dioxide can be either anatase or rutile. In sunlight exposure, rutile pigment is more inert

with the binders of paint compared to the anatase pigment, for which it is commonly



12

used in outdoor paints. Anatase pigment has application in interior paints and paper
making because of its softness and bluer tone. Variation in the manufacturing and
finishing process influences the quality of pigments, i.e., dispersion, durability, opacity,

tinting etc.

The pigment industry grew rapidly in the early 1900’s. The TiO, pigment production
worldwide is valued at over 10 billion US dollar per year [39] the global market value
of its product was anticipated to be 17.12 billion US$ by 2020 [35]. Global use of TiO,
pigments is expected to grow at a 4.1% yearly rate [38]. Global capacity for producing
TiO, pigments is predicted to rise in response to increased demand. By 2021, the
capacity of chloride-process versus sulfate-process TiO, pigments were predicted to

equalize, owing primarily to the growth of chloride-process capacity in China.

Titania Nanoparticles: High purity titania nanoparticles, in form of powder, crystals,
thin films, nanotubes, nanorods, are being utilized by researchers focusing on high-tech
applications. Titania nanoparticle is used in uv-absorbing sunscreen, photocatalysis,

solar cells, lithium-ion batteries, sensors, super capacitors, cancer treatment etc.

Nanoparticles as Photocatalyst: The creation of electron-hole pairs in semiconductor
photocatalysis is triggered by the stimulation of the semiconductor particle's band gap.
Selected photocatalytic transformations, such as air purification, water disinfection, and
hazardous waste remediation, appear to be viable applications for this technology [40].
In the form of nanoparticles, TiO, is far more effective as a photocatalyst than in bulk
powder [41]. Below 10nm crystallite diameter size of semiconductor particles, quantum
mechanical behavior [28] of each charge carrier is introduced. Decreasing particle size
in nano range results in increase of band gap energy [42], blue shift of absorption edge,
increase in the redox potential of photoexcited carriers [43] resulting in higher
photoactivity than macrocrystalline particles. Because of the self-cleaning capacity
TiO, and TiO, — SiO, photocatalyst film has application in self-cleaning devices and
photoinduced hydrophilic coating [44][45]. The coating chemically breaks down the
organic particles adsorbed on surface in presence of light energy corresponding to its
band gap energy. Increase of hydrophobicity allows easy wash of dirt. TiO, coating can
also degrade gaseous nitrogen oxide pollutants (NO, NOy). The photocatalytic and

antibacterial property of TiO, allows it to use as coating in silicone catheter [46].
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The photocatalytic property of TiO, can be utilized in mineralization and degradation
of organic pollutants (i.e., aliphatics, aromatics, polymers, textile dyes, surfactants,
pesticides and herbicides to CO2, water and mineral acids ) in wastewater [42][47][48]
and the degradation of pesticides (i.e., herbicides, insecticides, and fungicides)

[49][50][51].

TiO, electrode has been successfully used in the production of hydrogen fuel through
water splitting [52][53]. TiO, anode irradiated with near UV-light, results in flow of
photocurrent through external circuit to counter electrode Pt while evolution of H, in

Pt electrode and oxygen in TiO, electrode [54].

Figure 2-2: Titania in different layers of PSC (collected from [61])

Nanoparticles in Solar Cell: In third generation solar cell devices, titania and modified
titania of varying morphology, structure, purity, composition can be used in different
layers to serve different functions. Pure or doped anatase or mixed rutile-anatase titania
is used in the mesoporous photoanode layer of the solar cell (dye-sensitized solar cell,
perovskite solar cell) [55][56]. The high and indirect band gap energy of this
semiconducting metal oxide makes it a strong and well-studied candidate for
photoanode. Investigations about the different controlling parameters including the
structure and contribution of titania in those high efficiency solar cells are numerous.
Film of TiO, is also used in the blocking layer, light scattering layer (Figure 2.2). The

composition, morphology, physical and surface properties of the film serving as the
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photoanode layer [57][58] in the Dye Sensitized Solar Cell (DSSC) [59] and Perovskite
Solar Cell (PSC) [60] influence the light harvesting and photoconversion efficiency
(PCE) of the device.

Nanoparticles in Lithium Ion Battery: The capacity and lifespan of lithium-ion

battery is increased using carbon modified titania nanoparticles as anode [62].

2.5 Traditional Methods of Titania Production

Among the two principal minerals of titanium, ilmenite is the most abundant one but
contains lower amount of titania, while rutile, though has highest titania content, is less
abundant. [lmenite is used to produce synthetic rutile or titanium slag through numerous
processes, nearly all are based on either selective leaching or thermal reduction of iron
and other impurities present in it. Rutile, synthetic rutile, and titanium slag can be used
to produce high purity titania through one of the traditional processes named
chlorination process, which accounts for 60% of total titania production. Another one
is the sulfate process, accounts for nearly 40% of total production. These two processes
use different chemistry and raw materials [63]. Selection of one among those process
is determined by the factors of raw materials availability, freight cost, weight disposal

cost etc.

2.5.1 Chlorination process

Ore or materials containing 90-95% TiO, are required to make this process economic.
Such include the natural rutile, synthetic rutile, chloride-grade ilmenite, or titanium
slag. In presence of petroleum coke and chlorine gas, the raw materials are heated at
900-1000°C in fluidized bed reactor. The product includes vapor of titanium
tetrachloride (2.1), oxides of carbon, some other metal chlorides along with some non-
reacting impurities. The impure gas is purified to liquid via condensation (2.2) and
chemical treatment and then oxidized in a plasma arc furnace or a toluene-fired furnace
above 1500°C. Aqueous hydrolysis (2.3), chemical surface treatments (with alumina,
organic compounds or silica to improve functional behavior), milling (to control
particle size distribution), coating and drying are followed [38]. While, in dry
chlorination, the TiCl, (2.1) is oxidized at about 1000°C to form TiO,, which is calcined
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to remove residual chlorine or hydrochloric acid forming during reaction. During the

oxidation AlCl; is added to prevent formation of anatase titania, rather forming rutile.

The reactions are [63]:

2Ti0, + 3C + 4Cl, — 2TiCl, + 2C0 + CO, @.1)
TiCl,(impure gas) — TiCl, (pure liquid) (2.2)
TiCl, (liq) + 0, — TiO, + 2Cl, (2.3)

The requirement of high energy and temperature, high set-up cost, inability to process
low-grade ore, high product quality, environmentally safer waste disposal path etc. are
the characteristics of this process. Significant consumption of chlorine gas and energy
makes this process unsuitable for low-grade ore. Ore rich in iron also requires more
chlorine gas as it produces ferric chloride and hydrogen chloride as byproduct. Among
the waste of unreacted coke, ore solids and metal chlorides, iron chloride is neutralized

with lime or limestone and disposed [63] as it is not safe for environment.

2.5.2 Sulfate process

This process can utilize ilmenite (40-60% TiO,) or titanium slag (72-85% TiO,) as
feedstock. Using concentrated sulfuric acid, the raw materials are digested at 150-
180°C, titanium and iron get dissolved in liquor of sulfuric acid as titanyl sulfate and
iron sulfate, respectively (2.4). In ilmenite-based feedstock, to ensure dissolution of all
iron by converting ferric to ferrous ion (2.5), scrap metallic iron is added. Otherwise,
the ferric iron would coprecipitate with TiO, and contaminate it. Through cooling,
formed ferrous sulfate is precipitated (2.6) as FeSO4.7H20 along with negligible
precipitation of titanyl sulphate (2.7). Through hydrolysis of the solution, precipitation
(2.8) of hydrated titanium dioxide results, which is separated, dried and calcined (2.9)
to bring out final product of anhydrous titanium dioxide (usually anatase), used after

milled or chemical treatment.
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The reactions are [31]:

FeTiO; + 2H,S0, — TiOSO4 + FeSO, + 2H,0 (2.4)
Fe,(S0,4); + Fe — 3FeS0, (2.5)
FeSO, + 7H,0 — FeS0,4.7H,0 (2.6)
TiOSO,4 + H,0 — Ti0S0,4.2H,0 (2.7)
TiOSO,4 + 2H,0 - TiO,.H,0 + H,S0, (2.8)
TiO,.H,0 - TiO, + H,0 (2.9)

Simple technology, lower energy requirement, lower grade-cheaper raw materials are
the characteristics of this traditional process. But lower quality products and large

amount of waste iron sulphate are the negative sides [63].

2.5 Pretreatment Methods of Ilmenite

As ilmenite is a lower grade titanium dioxide ore, before leaching or chlorination
process, it must be upgraded using various pretreatment methods to meet the
requirement of chlorination process or to either improve product quality or reduce
overall cost. Oxidation and reduction, mechanical activation and hydrothermal

conversion are among them [9].

2.5.1 Oxidation and reduction (redox)

One reported method is the carbothermic reduction at 750-1250°C of ilmenite to
produce titanium dioxide and elemental iron followed by iron removal by leaching [64].
Another alternative is the vacuum carbothermic reduction followed by chlorination
[65]. Other option is to pre-oxidize the ilmenite at 900-950°C for 1h, followed by its
reduction at high temperature and leaching [64]. Oxidation at 600-700°C changes iron
from ferrous ilmenite to ferric hematite (higher solubility in HCI) while oxidation at
900-1000°C forms pseudo-brookite (less soluble in HCI) [66]. Partial oxidation of
ilmenite is caused by the pre-oxidation step [66] which increases the reactivity and

reduction rate of the subsequent reduction step [64]. Also, formation of microcracks
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[67] and micro holes during reduction helps enhanced penetration of leachant in the
ore. This pretreatment increases the leaching rate of iron by converting it in more
soluble phase [66] while decreases the leaching of titanium in HCI solution during

leaching [68].

2.5.2 Mechanical activation

Milling activates the ore material mechanically resulting in increased subsequent
leaching efficiency. Increased specific surface area, grain refinement [69][70],
accumulation of lattice strain [70] and increase in lattice disorder [71][72], chemical
reactions [69][73][74] or structural changes [75] can act behind the accelerated iron
dissolution and titanium hydrolysis in HCIl leachant. There are conflicting reports
[69][70][73][75] about phase change during energetic milling. Milling time is
optimized to maximize leaching efficiency and minimize solid-liquid separation

problem [72].

2.5.3 Hydrothermal conversion (roasting)
To separate the iron and titanium in ilmenite, it can be decomposed using alkaline or

acidic solution. NaOH, Na, 03, (NH,),S0, are used as reagent.

Roasting with (<70%) NaOH or Na, 03 (2.10) [74] requires 550-850°C for 1-2 hours
followed by water leaching (2.11)and then acid leaching (2.12-2.13).

FeTiO3; + (NaOH or Na,CO3;) — (NaFeTiO4or Na,TiO; or NaFeTi;0g) + NaFeO, (2.10)

TiO(OH), + FeO.OH + H,S0, — Fe,(50,)5 + TiO(S0,) + H,0 2.12)
NaFeTiO, + NaFeTi;Og + H,S0, — Na,S0, + TiO(S0,) + Fe,(S0,)5 + H,0 2.13)

Roasting with (NH,),S0, requires 360-500°C temperature followed by two step

leaching with water and acid [76].
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2.5.4 Smelting
Using electric arc furnace, ilmenite is heated to about 1650°C to produce a molten
mixture of Ti305, FeTi205, MnTi205, AlzTizOS, MgTizos, VzTiOS, CrzTi05 [77]

Two basic reactions occur during smelting.

FeO + C - Fe + CO [reduction of FeO from the slag] (2.14)
TiO, + %C - TiO; 5 + % CO [partial reduction of TiO, in the slag] (2.15)

Reaction (2.14) proceeds further to right than (2.15). Solidified slag has
pseudobrookite-M3 05 mixed phase. With reduction of temperature, the solidified slag

undergoes further reaction and decompose by disproportionation (2.16) or oxidation

(2.17-2.18)reaction [77].

FeTi,Os + TisOs — Fe + 5Ti0, [below 1100°C] (2.16)
2Ti,03 + 0, — 4TiO, [oxidation by air] (2.17)
FeO + 0, — Fe, 05 [oxidation by air] (2.18)

Depending upon the oxygen supply, the composition of the solid slag at ambient
temperature can vary. The final product at the ambient condition is in the Mg0,4 form,

where M indicates different metallic elements present in the ilmenite [77].

2.6 Leaching after Pretreatment

After the high energy pretreatments followed, the product is leached with acid or
alkaline with or without subsequent water leaching to obtain the intermediate product
of 90-95% TiO, containing synthetic rutile. This product can be further treated with
additional purification steps like chlorination to produce pigment grade titanium
dioxide. Overall, the whole extraction process gets lengthy as it involves multiple steps

and costly due to high energy requirement.

Leaching with sulfuric acid is primarily carried out after alkaline pretreatment [15][78]

or mechanical activation [73][79][80].

Leaching with hydrochloric acid is carried out after redox [68] or after alkaline roasting

[76][81] or mechanical activation [72].
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2.7 Commercial Processes of Synthetic Rutile Production from Ilmenite

The commercial processes may include pyro pretreatment of ilmenite as in the Becher
Process, Benelite Process, Murso Process, Laporte Process, Kataoka Process, Austpac
Process, Dunn Process etc. Or it may include direct hydrometallurgical process as in
the BHP Billiton Process, Altair Process etc. Those processes are summarized in Figure

2.3.

Figure 2-3: Existing Commercial processes for upgrading ilmenite to synthetic rutile

2.7.1 Commercial processes with pyro-pretreatment:

2.7.1.1 Becher process: As shown in Figure 2.4, the ilmenite (40-65% TiO,) goes
through a series of oxidation, reduction, aeration, acid leaching steps. In oxidation,
ilmenite is heated with air in rotary kiln to convert iron to iron oxides (2.19). The formed

pseudobrookite (Fe,05.Ti0, ) is then reduced (2.20) in presence of coal and sulfur at
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1200°C to produce metallic iron. The aeration or rusting with 1% NH,4Cl solution at
80°C oxidizes the metallic iron and separates it as slime (2.21). Then leaching with
0.5M H,SO0, is performed to remove residual iron oxide. Diverse type of ilmenite is
allowed as feed in this process but high energy consumption and CO, emission are the
negative sides [3]. Also, this process is more suitable for beach sand ilmenite with low

content of Ca and Mg [82].
FeTiO3(s) + 0,(g) — 2Fe,05. TiO,(s) + 2Ti0,(s) (2.19)
Fe,05.TiO,(s) + 3C0(g) — 2Fe (s) + 2Ti0,(s) + 3C0O,(g) (2.20)

4Fe(s) + 30,(g) — 2Fe,03 (2.21)

Figure 2-4: Flowsheet of Becher Process [1]

2.7.1.2 Benelite process: The iron other than ferrous state is converted to ferrous state
by caron thermo reduction and then separated by leaching with 18-20% HCI [31].

Though it involves one step, but the ilmenite type is limited for this process.

2.7.1.3 Murso process: In this process [4], [Imenite is oxidized in fluidized bed at 900-
950°C, which is then reduced in a separate fluidized bed in presence of H, gas or other
reducing agent. Then the product is leached with 20% HCI at 108-110°C. After

magnetic separation of the solid synthetic rutile from the leach solution, the leftover
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HCI acid is regenerated. This process offers higher efficiency than Becher process for

fluidized bed and HCI regeneration [31].

2.7.1.4 Laporte process: Pre-oxidation of ilmenite is carried out in fluidized bed at
950°C. Then it is reductive roasted with coal at 900°C in rotary kiln. The choice of
equipment, temperature, reductant, partial pressure of CO, prevents complete reduction
to metallic iron. The roasted ore is leached with 18% HCI for only 3.5h with a bed
contactor to prevent formation of too fine particles during leaching. This process [5] is

like Becher process but uses lower temperature.

2.7.1.5 Kataoka process: In this process [8], iron in ilmenite is reduced to ferrous form
by reduction roasting. The roasted product is leached with H,SO,4, during which
hydrated TiO,, is added to act as seed of precipitation and to increase iron removal rate.
Lower leaching temperature and acid concentration is required but produces large

amounts of iron sulphate waste. Product contains >95% TiO,.

2.7.1.6 Austpac process: Ilmenite is roasted at 800-1000°C and magnetized at this
temperature to remove gangue minerals. Then the reactive product is leached with
25w/w% HCI followed by filtering precipitate, washing, and calcining. Through last

stage magnetic separation, synthetic rutile containing >97% TiO, can be yielded [6].

2.7.1.7 Dunn process: In this process [7], through selective chlorination in fluidized
bed, iron in ilmenite is more readily chlorinated than titanium. Excess ilmenite is
provided so that any chlorinated titanium forms TiO, by reacting with iron oxide. The
produced iron chloride gas reacts with oxygen and forms Fe, 05 and Cl, gas for recycle.

Handling difficulties of corrosive Cl, gas is a negative side of this process.
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2.7.2 Direct hydrometallurgical processes

The direct hydrometallurgical process (Figure 2.5) requires no energy intensive costly
pretreatment methods. It enables production of titanium dioxide without the use of
intermediate synthetic rutile. Production of both pigment grade and nanoscale titanium

dioxide is possible in this process.
The hydrometallurgical process uses three possible types of lixiviants.

1. Acid leaching with strong and weak acids with or without presence of reductant

2. Alkaline leaching

(40-65% Ti0, containing [Imenite)

HCl Leaching H,S0, Leaching
Solvent Extraction Crystallization |ﬁ

FeS0,. H,0
Precipitation Hydrolysis
Ti0, (>99.5% pigment) Calcination

|

Ti10,(>98% Anatase)

Figure 2-5: Hydrometallurgical processes of TiO» Extraction [1]
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2.7.2.1 Sulfuric acid (strong acid) leaching

Ore leaching in sulfuric acid is primarily carried out without any prior treatment.
Titanium is dissolved in solution or precipitates as a hydrolyzed product depending on
the reaction temperature, reaction time, solid-liquid ratio, acid concentration and
presence of additives. Those experimental conditions also influence the rate and extent
of titanium or iron leaching, as well as the formation of titanium complexes. Particle
size and agitation also can change reaction rate. The dissolution of titanium in sulfuric

acid primarily follows (2.22) [39].
FeTiO5 + 2H,S0, — TiO(S0,) + FeSO, + 2H,0 (2.22)

Decomposition with acid solution requires concentrated sulfuric acid and a temperature
of 150-160°C [83][84] for 30-120minutes. It is followed by either cooling or water
leaching, filtration, and hydrolysis. As sulfuric acid is not corrosive to equipment, this
requires less expensive equipment. Sulfuric acid discharge can be reused. As the acid
has lower selective leaching capability, leaching rate and impurity removal efficiency

is also lower.

BHP Billiton process:

It is improved sulphate process (Figure 2.6) which is frequently improved to increase
the efficiency of titania recovery. Compared to the sulphate process described in 2.3.2,
this process features lots of improvement. Leaching with sulfuric acid in presence of
reductive iron scrap, followed by crystallization of the ferrous sulfate from the leachate

and then separation of titanyl sulfate through the solvent extraction.

Utilizing at least a portion of the raffinate from the solvent extraction phase as the
leaching solution maximizes the process's effective usage of acid and regulates the iron

concentration in the circuit.

Utilizing depleted leach liquor enables the reduction or removal of waste acidic
effluents and/or their neutralization products such as 'brown gypsum'; it also enables

heat recovery and removes energy-intensive acid recovery and evaporative
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concentration procedures. Iron sulphate precipitation can be accomplished in a single

stage, hence simplifying iron sulphate downstream processing.

To separate titanium from impurities such as iron, chromium, manganese, and niobium,
a selective solvent extraction (SX) phase using organic systems such as tri-octyl-

phosphine oxide and butyl-di-butyl-phosphonate is performed.

As a result of the solvent extraction step, the titania produced is extremely pure (99%).
The addition of a reductant such as metallic iron, Ti(III) salts, SO,, or thiosulphate
allows for the use of less concentrated sulfuric acid than is necessary for the standard

sulphate process.

Figure 2-6: Improved sulphate process [10]

Instead of solvent extraction, the crystallization of titanyl sulfate step to make TiOSO,
crystals, dissolving the crystals and then hydrolyzing to make a solid phase with
hydrated titanium oxides, calcination to titania was proposed further [11]. As in
hydrolysis, temperature, retention time and solution concentration determine the crystal
growth and fineness. Though crystallization is simpler, the product quality is lower

(97%) than solvent extraction (99%). Later it was found that, titanyl sulphate



25

particulates can act as a seed, causing the dissolved titanyl sulphate to precipitate early
during the leach step, which can negatively affect the extraction rate [12].

Later, a filtering leachant for the leach step has been introduced that removes most of
the titanyl sulphate particles from the leachant before it is sent to the leach step (Figure
2.7). It was also found by the inventors that the co-precipitated ferric iron with titanyl
sulphate tended to be carried over to the next steps in the process, which could harm
the quality of the finished product. For this reason, reductant of scrap iron, Ti*" species,
SO> gas, Zinc dust are used to ensure ferric reduction. After hydrolysis of TIO(OH)2,
a bleaching step is used to remove the chromophores from solid by reducing into their
soluble forms. Mixture of K,SO,4, Zn0, H;PO, are used as additive during calcination

to control growth of rutile crystals. The product is 98-99% pure.

Figure 2-7: BHP Billiton developed updated process. [12]
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2.7.2.2 Hydrochloric acid leaching

The leaching rate and extent are determined by particle size of ore [85], reaction time
and temperature, acid concentration, solid-liquid ratio, and the presence of additives.
Whether titanium hydrolysis, dissolution or polymerization would occur is also
determined by these conditions. The concentration of Ti** and Cl~ in solution
determines the species of Ti** those forms, which ultimately can be corelated with acid

strength, solid-liquid ratio and other aforementioned variables [86].
The dissolution reaction of titanium in HCI acid follows (2.23) [39].
FeTiO; + 4HCl — TiOCl, + FeCl, + 2H,0 (2.23)

Impurity removal and selective leaching efficiency are both excellent with HCI. Used
acid can be easily regenerated [87] and recycled; but it necessitates energy-intensive

pyro-hydrolysis and expensive process equipment. It is also simpler to manage waste.

Altair process

In this process (Figure 2.8), Hydrochloric acid is used to leach the ore, after separation,
the leachate contains titanium and iron chloride, which is then cooled to form crystals
of FeCl,. Titanium and ferric ions are extracted combined with phosphine oxide in a
first solvent extraction (SX) circuit to create raffinate containing ferrous ions and other
contaminants. Then ferric ions from the loaded strip liquor of the first SX circuit is
extracted with an amine extractant in the second SX circuit. The raffinate is then
hydrolyzed to produce titanium dioxide. To regenerate HCl and ferric oxides,
distillation or pyro-hydrolysis of the strip liquor can be followed. Or, by electrolytic
reduction or reduction with metal iron scrap can be followed before crystallizing FeCl,.
Use of low-grade ilmenite, use of gaseous HCI to increase leaching rate and purity of
titantum chloride solution, recovery of cleaner iron oxide, renewing and recycling

gaseous HCI are the bright features of this process.
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Figure 2-8: Flowsheet of Altair process [13][14]

2.7.2.3 Weak acid leaching

Ilmenite is leached using oxalic and citric acids too, among which, citric acid performs
better in separating Ti and Fe [15][16]. The weak acids are less corrosive, showing
higher selective leaching efficiency, requires lower concentration of acid. But cost of

acid is higher.

The dissolution reaction of titanium follows (2.24-2.26).

C2Hz04 ) + H,0 - H30% + C;HO; (2.24)
CeHgOy ) + Hz0 — H30* + CH,07 (2.25)
FeTiO; + 4 H;0% - TiO?* + Fe?* + 6H,0 (2.26)

2.7.2.4 Caustic leaching

As shown in Figure 2.9, concentrated KOH [88] or NaOH [89]solution is used to
decompose ilmenite at atmospheric pressure, yielding a titanium-rich intermediate
(2.27) with low iron content, which can then be transformed into pigment-grade

titanium dioxide following further processing of subsequent acid leaching (2.28).
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Decomposition with 80% KOH [90] requires 180-220°C, 500-1200rpm of agitation,
which results in formation of potassium titanate and iron oxide. Through hydrolyzing
in acid solution of pH 2 for 1hour, potassium titanate phase transformation is occurred,
and hydrous titania is obtained. Then calcination results in 99% pure TiO,.
Temperature, pressure, concentration of caustic are the variables to optimize the

efficiency of leaching.
3FeTiO; + 4KOH — K,Tiz;0g + 3FeO + 2H,0 (Ti rich intermediate) (2.27)
K,4Ti30g + FeO + 12HCI — 3TiOCl, + FeCl, + 4KCIl + 6H,0(Ti rich solution)(2.28)

Similarly, when decomposed with NaOH, sodium titanate(K,TizOg) is formed which

1s then acid leached.

Figure 2-9: Flowsheet of alkaline leaching [1][88]



Table 2-3: Literature studies about titania upgradation from ilmenite

29

Work link Extraction Steps % of Ti Recovery

Tan et al.2011 Oxidation-Reduction-Milling-HCl 90.5% (Imp: Fe,

Zhang et al. 2011 Leaching Si, Ca, Mg)

[68]

Guo et al. 2014 Roasting-HCI leaching-NaOH leaching | 95.34% (Imp: Si,

[81] P, Ca, Mg)

Liuetal.2016 [76] | Roasting- Water leaching-HCl 92.86% (Imp: Fe,
leaching- NaOH leaching Si, Al, Ca, Mg)

Lasheen 2008 [91] | Roasting-Water leaching-HCI leaching | 97% (Imp: Fe, Si,
(Fe Reductive agent) -NaOH leaching | Al, Ca, Mg)

Middlemas 2013 Alkaline roasting-HCI leaching-solvent | 99.9% (Imp: Fe)

[92] extraction-Hydrolysis

Wu et al 2010 [93] | Milling- HCI leaching 90.8% (Imp: Fe,
Si, Al, Ca, Mg,
Mn)

Li et al. 2008b [72] | Milling- HCI leaching 92.3% (Imp: Fe,
Si, Al, Mn, Ca,
Mg)

Mehdilo and HCI leaching 91% (Imp: Fe, Si,

Irannajad 2012[94] Ca, Mg)

Mahmoud et al. HCl leaching, Fe Reductive agent 89.45% (Imp: Fe,

2004 [95] Si, Al, Mn, V, Cr,

Lasheen 2005 [96] Ca, Mg)

Nayl and Aly 2009 | KOH decomposition-Oxalic acid 98% (Imp: Fe, Si,

[15] leaching -Hydrolysis Mn)

Xiong et al. 2013
[83]

Milling-HCI leaching-
H,SO0,decomposition-Water leaching-

Hydrolysis (EDTA)
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2.8 Preparation Methods of Mesoporous TiO, Film

The mesoporous TiO, thin film, which is one of the main components of the DSSC, can
be prepared using a variety of ways, including doctor blade, screen print, spin coating,
spray coating, physical vapor deposition, sol-gel method, and liquid phase crystal
deposition (LPCD) etc. Among those, low-cost methods include the doctor blade,
screen print and spin coating; that is why have been studied for fast preparation of TiO,
electrodes. To ensure the maximum efficient charge storage and transfer in the titania
film, the thickness must be optimum. and both the thickness and structure of the titania

thin film are affected by the preparation method.

2.8.1 Doctor's Blade process

To prepare mesoporous titania thin film for lab-scale DSSC, Doctor Blade film
preparation method (Figure 2.10) is the most used one, because of its low cost, ease of
operation and lack of moving parts [97][26][25]. This method does not require
operation training. Simple and flexible apparatus and cost effectiveness allows it to be
adopted by the amateurs. The apparatus includes a stage, substrate, blade or tape, and a
glass rod or squeeze. A clean substrate is placed on the stage or support, the substrate
is placed fix on the stage by the tape on its edge. The thickness of the film is controlled
by the tape near the edge, and by the distance between the substrate and blade/rod. Then
the paste of TiO, nanoparticles to be deposited is placed on one of the edges and using
a glass rod or moving blade pressure, the paste is spread uniformly on the bare substrate.
For multiple layered film or increased thickness, the process can be repeated and lastly

the film is dried.

Figure 2-10: Principle of Doctor Blade Method
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2.8.2 Screen printing

In this method (Figure 2.11), the paste containing the powder, solvent, dispersant, and
binder is pressed onto the mesh of the screen mask to deposit a patterned layer on the
flat substrate placed under the screen mask. The pressure is given either manually or
automatically by the squeegee, consisting of polyurethane rubber. After the deposition,
the screen mask is removed, leaving the film of paste on substrate. Thickness of film
can vary from few microns to millimeter. In case of multiple printing, curing after each
layer is followed. The quality of screen-printed film depends on the stability and
homogeneity of paste, preventing the sedimentation and agglomeration of powder over
time. The solvent is the dispersion medium for the powder and medium to dissolve
other additives. It determines the drying rate, which too controls the quality of paste.
The dispersant, (frequently polyethylene glycol, penta-stearic acid oligomer, alcohol
poly-oxyethylene, phosphoric acid ester etc.) decreases the paste viscosity, increases
the repulsion among particles of powder, improving the stability of the paste. The

binders improve particle network in the film and provides strength of handling [98].

Figure 2-11: Screen printing process

Screen printing method has been widely used for preparation of mesoporous titania thin

films used for the dye sensitized solar cell [29][99][100][24].
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2.8.3 Spin coating

In this process (Figure 2.12), the substrate is hold on a support with vacuum. After that
liquid paste is dropped on the middle of the substrate while the horizontal rotation of
the support starts, which causes the liquid to spread on the substrate. Resulting in a
coated film on the substrate. The rotational speed, rotation time and the viscosity,
homogeneity of the paste and the drying rate of the film determines the quality and
stability of the prepared film.

To prepare both the mesoporous and compact film of titania, spin coating method has

been investigated [101] .

Figure 2-12: Spin coating process

2.9 Calcination
During calcination, the hydrated titanium dioxide powders get crystallized. Depending

up on the temperature, time of calcination and purity, particle size, preparation history
of the powder, presence of nuclei or additive in the powder, the calcination product
varies [102]. Ideally, for temperature below 550°C, anatase titania forms while for
temperature above 750°C, rutile titania forms and for intermediate temperatures, mixed

phase of rutile and anatase titania forms [103]. But the previously mentioned factors
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can cause the change of the rutile transformation temperature from 400-1100°C [102].
Additives of S, Si, La, P, Nb etc. act as rutile inhibitors [104], while additives of Li, Zn,
Mg, Sb, K, Cu, Al, Sn, Cd facilitates rutile formation [102][104][105]. Some additives
influence the crystal growth and optical characteristics also. If annealing is performed
in vacuum condition, defects like oxygen vacancy and interstitial titanium is introduced

in surface resulting in reduced TiO, crystals [106] .

2.10 Dye Sensitized Solar Cell (DSSC)

Solar energy is the most appealing of the renewable and green energies (hydropower,
solar energy, wind power, biofuel, biomass and geothermal) explored by humans so far
because of its abundance and cleanliness. According to the statistics, utilizing only
0.16% of the earth’s surface with solar cells with a 10% efficiency would be enough to
meet the entire world’s energy needs [107]. Each year, the annual market for PV
devices grows [27]. Conventional silicon based solar cell requires complex
manufacturing process, resulting in higher cost of cell. On the other hand, the third-
generation dye sensitized solar cell has low production cost, easier fabrication process

and high conversion efficiency.

2.10.1 Components of a DSSC

Typically, a DSSC has four main components.

The photoanode

a
b. Dye/sensitizer

e

Electrolyte

o

Counter electrode
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Figure 2-13: Components of a Dye-Sensitized Solar Cell

A substrate supports the semiconductor layer and collects current, so it must be both

optically transparent and electrically conductive.

Photoanode: The photoanode serves two critical functions: it regulates the collection
and transport of photo-excited electrons from the dye to substrate to external circuit and
serves as a matrix/scaffold layer for dye adsorption. An ideal photoanode requires to

have the following characteristics [59].

e large surface area for maximum possible dye loading and light absorption.
Conventionally, mesoporous film is used for this purpose.

¢ high transparency to reduce incident photon loss

e high electron mobility to facilitate electron transport

e no reaction with electrolyte to minimize recombination rate

e contain hydroxyl group or defects for the attachment of dye molecule on its

surface

As photoanode, conventional semiconductor materials (GaAs, CdS, InP, etc.) have
caused reduced cell lifetime due to photodegradation. Semiconducting metal oxides of
wide band gap such as titanium dioxide (TiO,) and zinc oxide (ZnO), deposited on the

transparent conducting oxide (TCO) substrates have been used successfully but they
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only absorb the ultraviolet part of the solar spectrum. The high chemical stability,
mesoporous nature and low toxicity, higher CB edge, higher electron affinity are the
reasons behind the wide use of titania as photoanode. Among its three crystalline forms,
anatase shows more efficiency in solar energy conversion and photocatalysis than rutile
or brookite. Because of its indirect band gap in anatase, the photoexcited electrons can’t
undergo direct transition from CB to VB, resulting in longer lifetime of photoelectrons.
Also, the lighter average effective mass of the photoexcited electrons provides faster

migration and lower recombination rate of electrons in anatase.

Dye: The primary function of the dye absorbed in the photoanode film is to harvest
light and to generate photo-excited electrons, which are then injected into the
photoanode to be transferred to the outer circuit via the TCO substrate. In DSSC,
organometallic dyes based on Ruthenium, organic dyes or natural sensitizers are used

as dyes.

Electrolyte: The electrolyte’s function is to carry electronic charge between the
electrodes while also regenerating the oxidized dye. lodide-triiodide redox couple in
organic solvent acetonitrile is commonly used as liquid electrolyte. The advantages
include fast dye regeneration, low recombination loss and slower penetration into
semiconducting oxide film, though other quasi-solid or solid electrolytes have been

investigated for evaporation and leakage issues.

Counter electrode: Usually Pt-coated FTO glass is used as counter electrode. Pt is the
catalytic layer which reduces the overpotential for redox reaction and resist the
corrosion against electrolyte. Pt is deposited on FTO by sputtering, spray pyrolysis or

doctor blade process.

2.10.2 Working principle of a DSSC

Under illumination, the excited photons from dye molecules flow through the
conduction band of semiconducting metal oxide to the TCO substrate. The electrons
flow through the external circuit and reach to the counter electrode. The oxidized dye
gets back to its ground state by electron transfer to the redox couple present in

electrolyte. This process needs to be fast so that the recombination of photoexcited
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photons with oxidized dye is prevented. The oxidized redox mediators are regenerated

at the counter electrode by receiving the electrons, as shown in Figure 2.13.

2.10.3 Factors influencing performance of a DSSC

Modification of the morphology, composition, or thickness of the photoanode film
influences the photovoltaic performance of the DSSC. Significant research has been
conducted to investigate the influences of photo-anode modifications on DSSC

performance. The modifications can be classified into three categories [59], namely

1. interfacial modification through the introduction of blocking and scattering
layer

2. doping with different external or internal species improves performance by
narrowing band gap, shifting absorption edge toward visible spectrum or by
altering conduction band minimum, valance band maximum or by improving
conductivity and charge mobility with effective electron-hole separation. Non-
metallic anions (N, B, S, F, C, I) [108] show better photoelectric properties
[109] than metallic cations (Zr, Fe, Y, Zr, Nb, W, Cr, Sc, Ce, Sn, Sb, Mn, Cu,
V, In, Ga, La) [110]. Also, intrinsic defects of oxygen vacancy or Ti** can be
introduced by reducing in hydrogen or vacuum annealing [37][111].

3. replacing the conventional mesoporous semiconducting metal oxide films with

one-dimensional or two-dimensional nanostructure.

To improve photovoltaic performance of DSSC, a blocking layer or compact layer is
introduced between FTO and mesoporous TiO> photoanode to reduce interaction of
electrolyte with FTO and the mesoporous TiO2; so that the recombination of photo
injected electron with I3 in electrolyte is reduced. This also improves the electronic
contact at FTO-TiO, interface. Compact TiO, film, deposited by sputtering or
hydrolysis of TiCls aqueous solution or atomic layer deposition technique is usually
used as blocking layer. An additional ‘light scattering layer’ above the TiO» layer acts
to increase the photoanode’s optical absorption. For this layer, use of nanostructures of
titania such as hollow spheres, nanorods, nanowires, nanofibers or nanotubes is

frequent.
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3. EXPERIMENTAL OVERVIEW

The overall outline of the experimental work is shown in the following Figure 3.1.

Figure 3-1: Brief Flowchart of Experimental Outline

3.1 Sample Collection

Beach sand from Cox’s Bazar was physically separated to different fractions by Beach
Sand Minerals Exploitation Center (BSMEC) and the rutile concentrate “Rutile Sand”
was collected from them for this work. The as received sand was black in color (Figure
3.2).
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Figure 3-2: As-Received Sand

3.2 Particle Size Reduction

Part of the as-received sand was dried at 110°C for 24 hours, and ball milled using
Planetary Ball Mill (Model- Poluerisette 6, FRITSCH, Germany) for 15 minutes at 400
rpm with ball: sand mass ratio of 2:1 [Figure 3.3a]. As this size distribution resulted in
reduced filterability by increasing solid-liquid separation difficulty, another batch of
the as-received sand was ball milled for 5 minutes to tradeoff between reduced size
distribution and efficient separation of solid liquid phase. And the 5 minutes ball-milled

sand was selected for further upgradation experiments.

Part of the milled sand was heat treated at 750°C for 3hours to observe the effect of

oxidation.

3.3 As received Sand Characterization

The upgradation route depends on the mineral composition, chemical and physical
properties of the sample, for which characterization is an important step before
upgradation. In this work, the selection of upgradation route and experiments were

influenced by the locally available facilities.
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3.3.1 Particle size distribution

The particle size distribution of as-received sand, 15minutes ball milled sand and 5
minutes ball milled sand were measured in Laboratory Test Sieve (Retsch (D-
42759/Germany; Mesh and frame materials- Stainless steel; Serial No-5621123;
ASTM-E11) with a vibration speed of 80ram for 10minutes [Figure 3.3b]

Figure 3-3: (a) Planetary Ball Mill (b) Laboratory Test Sieve

3.3.2 Materials composition

e The characterization began with the bulk chemical analysis of the sample by
XRF (Model: Lab Center XRF- 1800, SHIMADZU). The concentration of
desired and major impurities can be measured accurately using XRF.

e Then to detect the minerals and measure their probable quantity, PM (Model-
LEICA-ICC50E, Germany) images of the as-received sand were studied.

e To identify the crystalline phases, present in the as-received sand and heat-
treated sand, it was characterized with XRD (Rigaku, Smart Lab) and the
resultant data was fitted using Rietveld fitting (X’pert High Score Plus

Software) to measure the percentage of phases.

3.4 Upgradation of TiO,

The overall upgradation experiment is shown in following flowchart (Figure 3.4).
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Figure 3-4: Flowsheet of upgradation of titania from sand sample

3.4.1 Leaching with HCI solution

Leachant of 20w/w% HCI solution was prepared and initially heated at 95°C, and sand
[Figure 3.5a] was poured in it with the solid liquid weight by volume ratio of 1:6. The
agitation was fixed at 400 rpm for 6 hours long leaching process [Figure 3.5 b, c] and
the temperature was maintained at boiling temperature (107-108°C). After completion,
the solution was cooled rapidly and washed with 5% HCI, centrifuged at 2000rpm
(Model- Velocity 14, Dynamica, UK) and solid residue was dried overnight at 110°C
and weighed. With the residue, this step was repeated.

The residue was rich in titanium and the filtrate was rich in iron.

HCl + H,0 - H;0* + CI- 3.1)
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FeTiO; + 4 H;0% — TiO?* + Fe?* + 6H,0 (3.2)

Figure 3-5: Leaching procedure (a) weighed dried sand, (b, ¢) sand poured in heated
liquid inside 3-neck flask with condenser, (d) after completion rapid cooling and
separation through centrifuge (e) filtration
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3.4.2 Sulfuric acid decomposition

Sulfuric acid of high concentration was used to dissolute the titanium in solid residue
of earlier step. After heating the sulfuric acid in a three neck round bottom flux with
condenser at 135°C, sand was poured in it with solid liquid weight ratio of 1:3.
Temperature was 150°C with agitation of 400rpm. Total weight of the paste (including
the sand and solution) was measured. After completion the solution is cooled rapidly
with ice water [83][112]. Initially the decomposition time of 45min, 60min, 90min,
135min were tried for acid of 80w/w% fixed concentration. The effect of varying time
was observed after completion of upgradation, by observing morphology, yield, and
elemental composition of the upgraded titania. Based on the observation results,
60minutes of decomposition time was selected for final five samples prepared by

varying the acid concentration from 70%-90% with 5% interval.
H,S0, + H,0 — 2H;0* + S04~

FeTiO; + 4H;0% - TiO?* + Fe?* + 6H,0

TiO?* + S03~ - Ti0SO,

FeTiO; + H,S0, — Ti0SO, + FeSO, + H,0

3.4.3 Water leaching

Water was added to the paste of previous step in weight ratio of 1.5:1 water: paste. This
water leaching step was continued for 100 minutes at 75-80°C. Then the solution was
cooled and filtered while washed with 5% sulfuric acid. This step stabilizes the TiO**
ion in solution. After centrifuge and then filtration, the filtrate is used in the next step

while the residue is dried overnight and weighed and stored.

3.4.4 Separation of titanium from solution

3.4.4.1 Repeated condensation and dilution

For the upgradation experiments with varying decomposition time at constant acid
concentration, the water leached filtrate is condensed at constant temperature of 110°C
until evaporation of all the water [Figure 3.6b]. Then the temperature is increased to the

boiling temperature of the remaining acid until it turns to solid blackish crystals at the
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bottom of the container. After that, it was diluted [Figure 3.6¢] with about 10 times
volume of the 98% acid initially added during decomposition. This condensation and
dilution were repeated until white precipitation arrives at the bottom. Amount of
precipitation and repetition time was unpredictable and inconsistent. For which for
further upgradation with varying acid concentration, another separation method

(hydrolysis) was followed.

Figure 3-6: Repeated dilution and condensation to separate titanium from solution,
(a) condensation (b) near end of condensation (c) dilution

3.4.4.2 Hydrolysis

Filtrate was diluted up to 20:1 v/v ratio of total solution: initial concentrated acid added
in decomposition step. The diluted solution was hydrolyzed at its boiling point (103-
105°C) for 4 hours [Figure 3.7a]. Then the precipitation was separated by decantation
[Figure 3.7b]. It was followed by drying the precipitate.
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Figure 3-7: (a) Hydrolysis in three neck flask (b) solution poured in beaker after
hydrolysis (c) dried and calcined powder in crucible (d) titania powder prepared with
varying decomposition acid concentration

3.4.5 Drying and calcination
The precipitate was dried for 24h at 110°C and then crystallized at 900°C for 4 hours at
10°C /min. [Figure 3.7c-3.7d] for the samples prepared through varying decomposition

time and at 500°C for the samples prepared with varying acid concentration.

3.5 Characterization of the Upgraded TiO, Powder

The initial samples prepared on trial for optimizing decomposition time were
characterized based on morphology, composition, and structural properties. While the
finally selected samples with higher yield, so that can be used for further application,
were characterized based on the structural, morphological, compositional (ratio of
titanium and oxygen in the titania) and optical properties. The characterized properties

were compared with the properties required for solar cell application.
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3.5.1 Morphology and composition
The SEM (SEM-EDX: Model- EVO18 Research, Carl Zeiss, UK) was used to observe

the morphology and EDS was used to measure the element composition.

3.5.2 Structural property
The upgraded titania phase purity was characterized by XRD; peak position, intensity

was matched with references available in crystallographic open database.

3.5.3 Optical property
The optical reflectance percentage was measured using the UV-Vis-NIR (palmer,

lambda 365).

3.6 Film Preparation

3.6.1 Paste preparation
Calcined powder was grinded for 2hours using mortar and pestle through circular

motion to refine the agglomeration.

Figure 3-8: Paste preparation steps (a) powder of upgraded titania, (b) binder sol
preparation, (¢) paste preparation by mixing with hand grinding

A binder with 1:6:24 molar ratio of titanium iso-propoxide: citric acid: ethylene glycol
was prepared [Figure 3.8b]. Its function is to bridge the particles and enable adhesion
of the paste with substrate. To prepare binder, ethylene glycol was heated at 60°C, with

continuous stirring; titanium iso-propoxide was added drop by drop. Finally, the
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required amount of citric acid was added to it slowly with increasing temperature up to

90°C, though transparent solution formed near 85°C.

To prepare paste, 1g of grinded powder was mixed with 30 drops of binder and 10 drops
of triton X-100 surfactant. The surfactant is added to prevent agglomeration of particles
and increase surface area of the paste. Whole paste was grinded after addition of 3-4

drops of additives to make a homogenous well mixed paste [Figure 3.8c].

3.6.2 Film preparation

To prepare mesoporous film of titanium dioxide, doctor’s blade, screen printing and
spin coating method was tried at first, using the powder samples prepared in initial
trials. Based on average thickness, morphological property and stability and handling
tolerance of the films, finally screen-printing method was used to prepare all the

samples.

3.6.3 Drying and annealing
The films were dried in air and annealed in the following cycle. Sminutes at 175°C, 5
minutes at 198°C, 10 minutes at 232°C, 15 minutes at 350°C, 30 minutes at 450°C.

Heating rate was 2.5°C per minute for the whole cycle.

3.7 Characterization of Film
The films were characterized based on the morphology, thickness, optical and electrical

properties and compared with the required properties for solar cell photoanode.

3.7.1 Morphology
The morphology was studied as before using the SEM to find the mesoporous or

compact nature of the film and presence of substrate exposing crack in films.
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3.7.2 Thickness and uniformity of thickness
Using the Surface Profilometer (Model- DektaXT-A, Bruker Corp., USA), the average
thickness of the prepared films was measured, and the uniformity of the films was

observed by 3D mapping of the film areas.

3.7.3 Optical property

The optical transmittance and optical absorbance of the films were measured using UV-
Vis-NIR (Model- UH-4150, Hitachi High Tech. Corp., Japan) from the range of 300nm
to 850nm.

3.7.4 Electrical property
The hall-effect measurement was performed by the Hall Effect Measurement Unit
(Model- HMS-3300, Ecopia Corp., South Korea) using the films to find the hall

coefficient and resistance value.

3.8 Solar Cell Fabrication
To find the suitability of the prepared films in solar cell application, DSSC cells were
assembled using the prepared titania films as anode. The step of fabrication is shown

below in Figure 3.9.

3.8.1 Counter electrode preparation

A hole was drilled on the TCO (transparent conducting oxide) substrate, so that after
assembling of two electrodes, the liquid electrolyte can be inserted through the hole.
Then using sputter coater, 15nm of platinum coating was applied on each substrate to

be used as counter electrode.

3.8.2 TiCl, treatment
40mM TiCly(aq) solution was prepared. Then it was heated at 60°C, on which the
prepared TiO, films were kept immersed for 30minutes. After that, the films were dried

for 10minutes on hot plate.
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Figure 3-9: Flowsheet of DSSC Fabrication

3.8.3 Dye solution preparation
Solution of 0.5mM N3 dye with solvent of 1:1 v/v of Acetonitrile and Tert-butanol was
prepared and stirred for 3h at 200rpm in dark [Figure 3.10a]

3.8.4 Film annealing and dye absorption
The TiCl, treated films were annealed at 450°C for 30 min. then when the furnace
temperature was cooled to 80°C, the films were dipped in dye solution and kept for 24h

in dark. After the immersion step, the films were washed with acetonitrile and dried.

3.8.5 Electrolyte preparation
0.5M of Lil and 0.05M of I, were added in acetonitrile solvent and stirred for 1h at

200rpm. For another batch of films, commercial electrolyte was used.
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3.8.6 Cell assembling
Electrodes were joined [Figure 3.10b] with spacer at by pressing with 0.15MPa at
215°C for 30s. then the liquid electrolyte was injected inside.

3.9 Testing photoconversion
The light to electricity conversion efficiency of the assembled DSSC were measured

using a Class AAA Sun Simulator (Model- K3000LABS55, McScience, South Korea).

Figure 3-10: Assembling DSSC (a)dye solution preparation, (b)joining two
electrodes with spacer, (c) assembled DSSC
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3.10 Valorization of the Process Followed

Lower temperature is required throughout the whole upgradation cycle making
it a less energy-intensive process.

The waste/by-products of the upgradation route are less threatening to
environment and can be reused/regenerated/neutralized. Iron rich filtrate in the
HCI leaching step can be either neutralized with limestone and landfilled or can
be used for production of LiFePO,. Or the acid can be used in acid regeneration
technology (EARS) [87]. Iron sulphate is produced in very negligible amount,
is cleaner as the impurities are separated in the first step; so, it can be utilized to
prepare value-added products. Filtrate obtained after hydrolysis can be mixed
with commercial 98% sulfuric acid to prepare an acid solution of about 80%
used in the sulfuric acid decomposition.

Though it was rutile sand, the titanium dioxide was extracted from the ilmenite
fraction of it. The titania of rutile fraction was too low to follow chlorination
process and remains inert in the followed improved sulphate process.

A new line of sand to solar cell indicates high value product of our available
cheap sand can be utilized in research and industry.

The reagents used are not very expensive. But multiple steps are involved in

this process.
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4. RESULTS AND DISCUSSION

4.1 Introduction

One of the objectives of this study was to upgrade the cox’s bazar beach sand into
synthetic titanium dioxide. It was decided to follow direct hydrometallurgical route to
reduce the energy consumption throughout the upgradation process. The sand sample
was characterized in as-received condition and/ or after particle-size reduction by
mechanical milling. The particle size distribution of the sand before and after milling
were measured by sieve analysis. The mineralogical composition of as-received sand
was analyzed by taking polarizing microscopic image and performing Rietveld
refinement of the XRD data. Structural and compositional analysis of some upgraded
titania samples and some residue sand samples were performed by XRD and XRF. All
the upgraded titania samples were observed in SEM for morphology study, among
which elemental composition of some were performed by EDS. The structural,
morphological, compositional, optical, and electrical properties of the films prepared
from the upgraded five titania samples were analyzed by XRD, SEM, EDS, XRF, UV-
Vis, Hall-effect measurement, respectively. Along with these properties, the suitability
of those prepared films for DSSC cell were studied directly by measuring the photo-

conversion efficiency (PCE) in solar simulator of the assembled DSSC cell.

The results of these investigations are presented and discussed below as in the following

sub-heading.

a. Characterization of the as-received sand (Structural and mineralogical)

b. Characterization of the upgraded TiO, powder (Structural, yield,
morphological, composition and optical)

c. Characterization of the titania film (Morphology, thickness, electrical and
optical)

d. Measurement of PCE of the assembled DSSC.

e. Discussion of the results.
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4.2 Characterization of the As-received Sand (Structural and Mineralogical)
The as-received sand was beneficiated by BSMEC from the Cox’s Bazar Beach Sand

(Raw) through the following physical separation steps to concentrated Rutile Sand.

Raw Sand
Shaking Table
Heavy Mineral Concentrated Middling Light Mineral Concentrated

IRMS (0.3amp)

Strongly Magnetic Fraction =~ Non-magnetic Fraction

!

IRMS (3.5 amp)

| |

Slightly Magnetic Fraction Non-Magnetic Fraction

|

ESPS (28-30kv)
Conductor fraction Non- Conductor fraction
Rutile

Figure 4-1: Beneficiation history of as-received sand

4.2.1 Particle size distribution of as-received sand

Particle size distribution of raw material has a significant influence on the leaching or
reaction rate. To accelerate the recovery of iron or titanium through their separation in
either solid or liquid phase, reducing the particle size is important. But too low particle

size can negatively affect the filterability.
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Figure 4-2: Size distribution of sand

The weight percentage of different size-ranged particle is tabulated below in Table

4.1.

Table 4-1: Size Distribution of As-received Sand and Ball milled Sand

Ball-milled Ball-milled
Mesh As received _ _
(400rpm,5Smins) | (400rpm,15mins)
size (W)
Wt. % Wt. % Wt. %
>600 0.04 0.2 0.04
425-600 0.07 0.67 0.06
212-425 12.88 3.09 2.62
106-212 83.46 69.86 14.13
75-106 1.76 6.69 7.95
53-75 1.12 12.51 68.68
<53 0.67 6.63 6.52

As shown in the Table 4.1, the as-received sand had 83.46% particles sized in range of
106-212p, in total 96.45% particles size above 106u. The 15 minutes ball milled sand,
having 68.68% particles in 53-75u range, had only 16.85% particles sized above 106p.
And the 5 minutes ball milled sand had 69.86% particles in 106-212p range, in total
74.17% particles above 106p. The distribution profile is shown in Figure 4.2.
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4.2.2 Morphology and mineralogy of as-received sand

The morphology was observed using both SEM and polarizing microscope. The heavy
minerals present in the as-received sand were identified and quantitatively measured
using polarizing microscope. From the SEM images in Figure 4.3, different shaped
grains (irregular spherical, elongated) of about 100-200u size were observed, which
agrees with the result of sieve analysis showing more than 80% grains are on the range

of 106-212 pu.

Better understanding of the morphology had been possible with polarizing microscopy.
The mineralogy of the sand sample was observed by grain slide analysis with polarizing
microscope. From the images, the minerals were identified with the help of Michel-
Levy interference color chart. From the traditional Michel-Levy chart [113], it is
evident that, the polarization colors visualized in the microscope and recorded onto film
or captured digitally can be correlated with the actual retardation value, thickness, and
birefringence of the specimen. This, as a result can be used as a key to identify minerals.
The grains of the minerals present can be identified both quantitatively and qualitatively

through this microscopy.

Figure 4-3: Microscopic image of as-received sand (100X)

In Figure 4.4, presence of rutile along with other garnet, silica, zircon minerals along
with traces of monazite, chloritoid etc. can be observed. The images taken in plane-
polarized light and cross-polarized light were matched with references to identify the
mineral type of grains [114]. As ilmenite is one of the opaque minerals in both type of

lights, it’s grains could not be distinguished from other opaque minerals including
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magnetite and hematite. So, titanium bearing minerals in this sand sample include rutile

and probably ilmenite.

a. As-received-XPL-Magnification 4X b. As-received-XPL-Magnification 4X
c. As-received-XPL-Magnification 4X d. As-received-PPL-Magnification 4X
e. Ball Milled-XPL-Magnification 10X f. Ball Milled-XPL-Magnification 10X

Figure 4-4: Polarizing Microscopic Image of As-received sand before (a-d) and after
particle size reduction (e-f)
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Table 4-2: Relative Percentage of the minerals present in As-received sand

Heavy Minerals Percentage (%)
Opaques (Magnetite, [Imenite, Hematite) 35
Rutile, TiO, 25
Garnet, (Silicates of Ca/Al/Mg/Fe/Mn/Cr) 22
Silica, SiO, 8
Hornblende 3
Zircon, ZrSiO, 2
Monazite 2
Tourmaline 1
Chloritoid 1
Staurolite 1

The relative percentage of the minerals can be quantified by calculating the number of
individual mineral grains in the sample slides relative to the total number of grains. As
observed from Table 4.2, in total, the opaque minerals were quantified to be 35% of the
total grains in sample slide, while rutile was about 25% of the sample slide. Silica grains

were about 8%, but silicon is present as silicates of other elements too.

4.2.3 Phase identification of as-received sand

The XRD pattern of the as-received sand is shown in Figure 4.5a. The prominent peak
position of the diffraction curve showed agreement with phases of Rutile-TiO, (ICSD
-93097), Silicon dioxide- Si0,(ICSD-168355), Pyrope-ferroan-
Mg, ¢Fe1,Cag,Al,Siz 04, (ICSD-23845), [Imenite- FeTiO5 (ICSD-43466), Hematite-
Fe, 03 (ICSD-184766), Merrihueite- K,Mgs03,Si;,(ICSD-77131) with a goodness of
fitting (GOF) value of 1.03579.
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Figure 4-5: XRD plot of (a) as received sand and (b) 750°C heat treated sand

Some of the ball-milled sand was heated at 750°C for 3 hours and then characterized
with XRD. The XRD pattern of the heat-treated sand is shown in Figure 4.5b. The

prominent peak position of the diffraction curve showed agreement with phases of
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Rutile- TiO, (ICSD-168138, 167965, 51932), Silica- Si0, (ICSD-89277), Grossular-
Al,Ca3Siz04, (ICSD-86350), Magnetite-Fe;04 (ICSD-98084), Ilmenite- FeTiO;
(ICSD-153494), Hematite-Fe,05; (ICSD-43465) with a goodness of fitting (GOF)
value of 1.05251.

Table 4-3: Phases Identified by peak position of dried and heat-treated sand

Phases Identified % In Dried Sand | % In Heat treated Sand
Rutile 15.2% 27.7%
[lmenite 22.3% 11.2%
Hematite 18.1% 23.6%
Magnetite - 1.4%

Silicon oxide 10% 11.1%
Garnet (Grossular/Pyrope 22.3% 25%
ferroan)

Merrihueite 12.1% -

From Table 4.3, we can see that, the rutile content of the as received sand was
approximately 15%. But other titanium bearing mineral ilmenite is about 22%. After
the heat treatment the ilmenite content was decreased and both hematite, rutile content
increased. It can be attributed to the oxidation of ilmenite to hematite and rutile during
the heat treatment. Also, the amount of silica and garnet phases match with the result

obtained from polarizing microscope.

4.2.4 Composition of as-received sand

The composition of the as-received sand was analyzed using XRF and the result in
Table 4.4 shows that, very high concentration of iron is present in this sand sample,
majority in hematite and ilmenite. Similarly, both rutile and ilmenite are the source of
titanium. The total content of titanium dioxide, present in both rutile and ilmenite phase
is only 21.4% in this rutile concentrated sand. Among the impurities present, Fe, S, P,

Si, Ca, Al, Mg are tough to remove completely through upgradation routes other than
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chlorination, as shown in the table. The sample also contains S, Zr, Nb, Cr, Sn, Y, Ce
as impurities, which, because of their band gap tuning capability, have been studied as

dopant in TiO, anode used for high-efficient photovoltaic device [59].

Table 4-4: XRF composition of as-received sand

Analyte | Mass% Analyte Mass%
Fe,03 42.5 7r0, 0.608
TiO, 21.4 CeO, 0.591
SiO» 16.7 P>0s 0.380
Al, 0, 8.14 Nd,0; 0.3
Ca0 2.13 ThO; 0.280
Cr,0; 1.92 LaxO; 0.264
MgO 1.71 Na;O 0.227
MnO 1.08 Nb,0g 0.211
K,0 0.911 YS’nS,SI\rIrll, IEE’ ISJr, 0.654

For having low content of rutile, dry chlorination process is not suitable for this sand to
upgrade, as this process requires high grade rutile ore. On the other hand, conventional
sulfate process would create harmful byproduct of FeSO, because of high content of Fe
in this sand. To remove the major impurity of Fe, upgradation was started with HCI
leaching because of its higher efficient selective leaching, which agrees with the

purpose of low energy requirement and environment friendly disposal.
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4.2.5 Comparison of composition obtained from XRF, XRD and polarizing
microscope (PM)

Table 4.5 shows the summary of the raw sand composition obtained from polarizing
microscopic slide analysis, from XRD through Rietveld analysis and from XRF
analysis. The target element titanium is present in rutile, ilmenite and garnet, so relative

percentage of these minerals are shown in the following table.

Table 4-5: Comparative analysis of sand composition

Analyte % From PM % From XRD | % From XRF
TiO, 25 15.2 21.4
Ilmenite | Total opaque 35 22.3 -
SiO, 8 10 16.7
Garnet 22 22.3 -

Other studies investigating beach sand minerals of Bangladesh showed [2] that,
percentage of titanium dioxide in ilmenite, rutile, garnet is about 43%, 90% and 0.2%,
respectively. Including titania from all three minerals, the total titania in the sand
sample is calculated to be 25.8%, which is in close match with the titania content
calculated via XRF (21.4%) and polarizing microscopic image (25%). Silicon dioxide

and garnet content obtained are also close for polarizing microscope and XRD.

To measure the relative mineral percentage using XRD and PM is comparatively more
accurate than XRF, as XRF is not designed for mineral identification, rather for total
element identification. So, it can be considered that, the total titanium present in

ilmenite, rutile or garnet is counted in XRF.

4.3 Characterization of the upgraded TiO, powder (Structural, optical, and
morphological)

After the upgradation, the structural, morphological, optical properties of the extracted

powder were measured.
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4.3.1 Structural properties and composition

Figure 4-6: Titania powder (annealed at 900°C) obtained through varying H>SO4
decomposition time (90min, 60min, 45min) during upgradation

The XRD patterns of initial samples prepared by varying acid decomposition time in
the upgradation route of HCI leaching-H,S0,4 decomposition- water leaching-
repeated condensation-dilution- -drying-calcination is shown in Figure 4.6. All the
samples show sharp peaks of anatase titania A. The 45minute decomposed sample
shows a few peaks of rutile too, among which R (411) is of comparatively higher
intensity. With increasing temperature in 60 minutes decomposed sample, the relative
intensity and number of rutile peaks decreased. And for 90 minutes decomposed one,
there is no rutile peaks present in the sample. XRD plot of the 90minutes sample was
fitted by Rietveld refinement and found to contain about 98.1% anatase (ICSD-24276)
with 1.7% silicon dioxide (ICSD-170541) and 0.2% titanite (ICSD-89748), with the
GOF value of 1.72827. The average crystallite size was calculated to be 65.1nm,

57.7nm, 75.8nm for the 45min, 60min, 90min decomposed samples, respectively.



62

Even though single phase anatase peaks along with lower impurity content were
obtained for 90min sample. But the larger grain size makes it weaker candidate for
applications requiring high surface areas. The morphology of the 60min sample was
more uniform. Beyond 60 minutes, with increasing decomposition time, the yield of
titania powder decreased, which can be attributed to the failure to measure exact pH for
precipitation to occur. As yield and morphology are two important concerns for this
work, further upgradation was performed with 60minutes decomposition time as

optimum for this work.

1 A —— 75% acid-150°C
—— 80% acid-160°C
A A A
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Figure 4-7: Titania powder (annealed at 900°C) obtained through 60min
decomposition time and 75% H2SO4 (150°C) and 80% H2SO4 (160°C) following
Hydrolysis
The XRD patterns of extracted titania powder through upgradation route of HCI
leaching-H,S0, decomposition- water leaching- hydrolysis-drying-calcination is
showed in Figure 4.7. For the same decomposition time of 60minutes and hydrolysis
separation phase, sample obtained through 80% acid-160°C decomposition condition
resulted in mixed rutile and anatase titania peaks, while the 75% acid-150°C condition

resulted in single anatase phase with no visible rutile peaks.
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The unavailability of tools to measure exact pH and concentration of TiO?** required for
precipitation to occur makes the earlier mentioned upgradation route (route including
repeated condensation-dilution) inconsistent. And, as the yield of titania powder
obtained by the upgradation route of HCI leaching - H,S0, decomposition - water
leaching — hydrolysis — drying - calcination results in higher yield than the route
including repetitive condensation-dilution, five samples were prepared with varying

acid concentration with hydrolysis separation step.

Figure 4-8: Titania powder (annealed at 500°C) obtained through 60min-150°C
decomposition condition with varying acid concentration (1. 70%, 2. 75%, 3. 80%, 4.
85%, 5. 90%) following Hydrolysis.

Figure 4.8 shows the XRD patters of the 500°C annealed samples prepared with varying
sulfuric acid concentration. In those samples, the peaks were of lower intensity and

broader area, indicating lower crystallinity of the samples, which can be attributed to

the lower annealing temperature in ambient condition.

The crystallographic information calculated from the XRD data is shown in the table
below. The crystallite size (D) was calculated using the Scherrer formula [115] (4.1).
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0.94A
Dhid = 308 (4.1)

In (4.1), (hkl) are the miller indices of the planes, A is the X-ray wavelength (0.15406
nm), and B is the full width at half maximum (FWHM) of the diffraction peak at 26,

where 0 is the Bragg diffraction angle, both B and 0 are in radians. The FWHM of the
most prominent peak (101 crystallographic plane) was calculated using Origin Lab
(Origin2021) software. The developed micro-strain (¢) along (101) plane was
calculated from the relation[116] (4.2)

e — (BcotB)

> (4.2)

where 0 is the Bragg diffraction angle and B is the width of the peak at half
of the maximum peaks. The dislocation density is the length of dislocation lines per
unit volume of the crystal [117]. Dislocation is a crystallographic irregularity within a
crystal structure, and it could change the characteristics of materials. The dislocation
density (9) is determined from Williamson- Smallman relation, using the expressions:
The dislocation density along (101) is calculated by the Williamson and Smallman’s

relation (4.3)

§=— (4.3)

- 2
Dk

Where, n is a factor, which equals unity giving minimum dislocation density and Dnix

is the crystallite size along [hkl] direction.

The interplanar distance (d-space) along (hkl=101) crystallographic plane is calculated
using the relation (4.4)

d=— (4.4)

" 2sind

As for tetragonal unit cell of Anatase, the relation among interplanar spacing (d) with
the lattice parameter (4.5), to find lattice parameter ¢, d-space for plane (004) was used

and to calculate the lattice parameter a, d-space for plane (200) was used. Then the unit
cell volume was calculated using the relation V = iazc, as anatase has 4 polyhedra per

unit cell.

+- (4.5)
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Sample HZO;C' 04 Crystallite | Microstrain Dislocatioils Each d-space
ID /0 size (nm) (*1073) Density(*10 ) polyhedron (along 101)
(w/w) o volume
(nm?)
1 70 11.869 13.939 7.098 0.03403 0.35202
2 75 12.211 13.57 6.706 0.03402 0.35257
3 80 14.831 11.138 4.546 0.03406 0.35147
4 85 12.968 12.728 5.946 0.03398 0.3512
5 90 11.863 13.914 7.106 0.03396 0.3512

Table 4.6 shows that, crystallite size increased from sample 1 to 3 and then decreased

again. So, sample 3 has the highest crystallite size among the five samples, resulting in

lowest macrostrain, dislocation density and highest unit cell volume among the five

samples.

4.3.2 Yield

The weight of the samples prepared by varying acid concentration of 70% to 90%

during decomposition at 150°C for 60 minutes were measured after annealing at 500°C.

The yield is tabulated below in Table 4.7.

Table 4-7: Weight of upgraded titania powder after annealing and quality of

precipitation
Sa;rIl)ple Hz(i?;)% eg:;%‘:; d Quality of precipitation Annealing Condition
Sticky,

! 70 3.7954g Very slow precipitation settle

2 75 3.8277g | Not sticky, very slow settle Temperature: SEOOC
; Duration: 4

3 80 2.4910g | Not st?cky, faster settle Ramp: 10°C/min

4 85 3.5230g | Not sticky, faster settle

5 90 0.8851g | Not sticky, slow settle

Though highest yield was for sample 2, the yield for sample 1, 3, 4 was close to it. But

sample 5 has the lowest yield which less than 1/4™ of sample 2. Also, the change in acid
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concentration of Ti decomposition step influenced the quality of hydrated titania
obtained after hydrolysis. Titania obtained for sample 1 was sticky to glass beaker,
while the other four samples were non-sticky. Although, after annealing, sample 1

became non-sticky too.

After completion of hydrolysis, the settlement of the precipitates in solution was
slowest for sample 1 and 2, slow for sample 5, and comparatively fast for sample 3 and
4. This may be attributed to the difference of density of precipitates due to

agglomeration occurred during 4-hour long hydrolysis step.
4.3.3 Morphology

Among the initial upgradation trials of varying sulfuric acid decomposition time (80%
acid, 150°C), better morphology (smaller particle size) was obtained for 60min

decomposition time (Figure 4.9).

Figure 4-9: SEM image of Titania (annealed at 900°C) extracted using HCI
80%H,S50,,150°C for (a) 45min, (b) 60min, (¢) 90min, (d) 135min
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Figure 4-10: EDS patterns of samples with a. 45 min b. 60min c¢. 90min d. 135 min
decomposition time
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EDX report in Figure 4.10 and Table 4.8 showed that, the elemental ratio of oxygen
and titanium decreases toward the ideal value with increasing decomposition time, gets
closest for 90mins, then increases again for 135min. Impurity elements of Fe, Si, S, P
was identified in all the samples. Among these, Fe is a rutile promoting element and
the other three are rutile inhibiting elements, while they are in solid solution or added
as additive during calcination [102]. Some of the inhibiting agents may resist the
crystallite growth too. So, the change of impurity elements percentage and their effect
on the anatase - rutile transformation and crystal growth during calcination results in
the varying crystallite size and particle size (Fig. 4.9) and phase content (Fig. 4.6). The
Fe content decreased with increasing decomposition time, which explains decreasing
the peaks of rutile in the XRD Pattern (Fig. 4.6). From 45min to 60min, Fe decreased,
but P, Si increased, lowering the rutile content and crystallite size. With increasing
decomposition time, sudden decrease in all rutile inhibiting agents may be responsible
for sudden growth of crystallite size and particle size too (Fig. 4.9; further increase of
decomposition time resulted in increased P,S, Si content, lowering the particle size (Fig.
4.9). Here, in this study, yield and particle size of powder were important criteria, for

which, the 60min retention time was selected as an optimum variable for this study.

Table 4-8: Elemental composition of upgraded samples (varying time)

Element Average weight %
45min 60min 90min 135min
Ti 34.23 48.96 55.56 38.74
O 58.68 40.21 42.32 55.14
Fe 3.4 0.83 0.76 0.44
Si 0.67 0.66 0.34 0.58
P 1.8 1.92 0.96 0.94
S 1.23 7.42 0.07 4.16
Ratio (O/T1) 1.7143 0.8213 0.7617 1.4234
Ideal=0.6683
S+P+Si 3.7 10 1.37 5.69
Avg.  Crystallite | 65.1nm 57.7nm 75.8nm
size
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Figure 4-11: SEM image of powders extracted with varying decomposition H>SO4
solution concentration a. 70%, b. 75%, c. 80%, d. 85%, e. 90% and annealed at 500°C
after hydrolysis

Based on the observation of morphology and yield, further upgradation was performed
with the condition of decomposition step of 60 minutes, 150°C. and after the extraction,
the samples were annealed at 500°C. From the SEM image (Figure 4.11), large
agglomeration of particles was observed for all the powder samples, from sample 1 to

5; and larger particle size were obtained for increasing concentration of sulfuric acid.



Figure 4-12: EDS patterns of a. Sample 1 (70%) b. Sample 2 (75%) c. Sample 3
(80%) d. Sample 4 (85%) e. Sample 5 (90%)

70
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Table 4-9: Elemental composition of upgraded titania samples (varying acid

concentrations)

EDS S1- S2- S3- S4- S5-
(Wt%) 70% 75% 80% 85% 90%
Ti% 45.01 48.45 52.09 48.31 31.53
0% 51.82 48.34 43.39 47.42 59.83

S% 2.7 2.56 2.47 251 427

P% 0.39 0.55 1.62 1.47 3.82

Si% 0.08 0.1 0.43 0.29 0.55
O/Ti Ratio 1.151 0.998 0.833 0.982 1.898

(ideal=0.6683)

Total impurity | 3.17 321 4.52 427 8.64

From the EDS results in Figure 4.12 and Table 4.9, it can be observed that, S, P, Si are
the impurity elements found. With increasing acid concentration, the impurity removal
efficiency decreased. The oxygen-titanium elemental ratio was closest to the ideal value
of 0.6683 for the sample obtained using 80% acid, the ratio going away from the ideal

value for both side of changing acid concentration.

4.3.4 Material Composition

Two of the annealed (900°C-4h) titania powders (decomposition condition-60min,
75%, 150°C and 60min-80%-160°C) were analyzed with XRF. The result obtained is
tabulated below.



following Hydrolysis.

Table 4-10 : Titania powder (annealed at 900°C) obtained through 60min
decomposition time and [left] 75% H,S0, (150°C) and [right] 80% H,S0, (160°C)

Analyte Mass% Analyte Mass%
(75%, 150°C) (80%, 160°C)
TiO, 98.42 TiO, 98.14
P,0¢ 1.25 P,0¢ 1.5
Si0, 0.26 Si0, 0.3
SO, 0.07 SO, 0.06
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From Table 4.10, it can be observed that, impurity of iron, phosphorus, niobium, silicon
etc. is detected in upgraded powders. The total titania content in both samples is ~ 98%,
though from XRD [Figure 4.7] mixed rutile and anatase is present in right sample and

mostly single phase is present in the left one.

The titania samples prepared with different concentration of decomposition solution

were analyzed with XRF.

Table 4-11: Material composition of upgraded titania powder (varying acid

concentrations)

Analyte | S1-70% | S2-75% | S3-80% | S4-85% | S5-90%
TiO, | 87.8165 | 87.654 | 85.6893 | 84.6393 | 82.6769
SO; | 11.4459 | 11.1609 | 10.364 | 12.341 | 8.5069
P,05 | 0.6918 | 1.1296 |3.2333 |2.8635 | 7.2675
Si0, | 0.0458 | 0.0554 |0.7134 | 0.1562 | 1.5487

As observed from the XRF data in Table 4.11, with increasing the acid concentration,
the selective leaching efficiency is decreased. Among the impurity of sulfur,
phosphorus, and silicon, both P and Si content increased, and S decreased in the same
pattern from sample 1 to 5 except for Sample 4. Reduced annealing temperature can

also be a reason for presence of high amount of sulfur.
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4.3.5 Optical Property

The UV-Vis diffuse reflectance of the 5 powder samples (prepared from varying acid
concentration during decomposition during upgradation) was measured from 300nm to
850nm wavelength of light. This measurement was performed after hand grinding the

powders for 2 hours using mortar and pestle.

Figure 4-13: UV-Vis reflectance plot of powder sample 1,2,3,4,5 for 300-850nm
wavelength range.

From the reflectance curve in Figure 4.13, it can be observed that, with increasing
wavelength the reflectance increases, but in this range, it was maximum 0.3% in the
visible range, and even lower in the UV range, which is a negligible fraction of the

incident light energy.
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Figure 4-14: Transformed Reflectance Spectrum plot for Sample 1,2,3,4,5 using the
Kubelka-Munk function

Plotting  (ahv)> with respect to incident photon energy allows
the calculation of semiconductor direct optical energy bandgap (Eg) using the Tauc

[118] relation.

(ah9)*Y = B(h9 — E,) (4.6)
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where 4 is the Planck constant, v is the photon’s frequency, E; is the band gap energy,
and B is a constant. The y factor depends on the nature of the electron transition and is
equal to 1/2 or 2 for the direct and indirect transition band gaps, respectively [119].The

band gap energy is usually determined from diffuse reflectance spectra.

Using the Kubelka-Munk function [120] (Eq. 4.7), Tauc [118] plot was drawn in Figure
4.14 for the samples considering the indirect inter-band transition; and to find the
optical band gap, it was modified with baseline and fitted line to transformed

reflectance spectrum[121].

K (1-Re

The band gap energy increased from sample 1 to 3, going closer to the ideal band gap
value for anatase titania(3.2eV)[122], then decreased again for sample 4 and 5. This
change of band gap value can be attributed to the presence of impurity elements S [123],
P[122], Si [104] which, when added as dopant in titanium dioxide, reduces the band
gap energy and increases the response of titania in the visible spectrum. Several studies
investigated the effect of non-metallic anion or metallic cation doped titanium dioxide
to increase reduce the band gap energy so that absorption of visible spectrum too,
ensuring utilization of higher %age of solar spectrum. The varying particle size of the
samples can also be a reason. The annealing temperature of doped titania can also

influence the visible light response [123].

4.4 Characterization of Titania Film (Morphology, thickness, electrical, optical)

4.4.1 Morphology

For the application of photoanode of DSSC, the film should have large surface area,
which can be achieved by controlling the particle size and pore size of the film.
Nanosized particles and mesoporous morphology provide with the required high
surface area, ensuring maximum dye loading and efficient charge transfer. For this
reason, the desired morphology was the mesoporous nature of film for this study. In the
characterization of powder samples, it was observed that, spherical nanoparticles

formed large agglomeration.
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Initially two of the upgraded powders were used to select the suitable film preparation

method providing with desired thickness and morphology.

Figure 4-15: Influence of paste preparation method on film quality (Used powder
sample’s decomposition condition while upgrading-75%acid-150°C; hydrolysis;
Method: screen printed; films annealed with 2.5°C/min)

Figure 4.15 shows effect of paste mixing and preparing method on the film quality.
Same powder (prepared through 75%acid-150°C decomposition condition followed by
hydrolysis) was used to prepare paste by mixing through ball milling or hand grinding
with mortar-pestle. Paste grinded with ball mill makes better film with no macrocrack,
while the hand grinded paste shows macrocrack in the film after annealing. But the

paste recovery from large surface area balls is very low which causes waste of pastes.
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Figure 4-16: Effect of hand grinding time on film morphology (Method: Doctor
blade).

The Figure 4.16 shows the decrease of particle agglomeration size with hand grinding

time. Further film preparation was preceded by 2hr grinding of powder.
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Figure 4-17: Influence of film preparation method on film quality (Used powder
sample’s decomposition condition while upgrading-75%acid-150°C-60min;
hydrolysis; hand grinding time-2h, films annealed with 2.5°C/min)

In Figure 4.17, morphology of films prepared by three methods using same powder
shows that, single layer screen printed film gives better film with thinner-non substrate
exposing cracks. Single layer doctor blade film is thick and contained wide
macrocracks, while the spin coated layer shows intermediate thickness and even wider

macrocracks.
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Figure 4-18: Influence of film thickness on film quality in spin coating (Used powder
sample’s decomposition condition while upgrading-80%acid-150°C; hydrolysis; hand
grinding time-2h, films annealed with 2.5°C/min)

Figure 4.18 shows, for spin coated films, increasing the spin rate, and reducing layer

number of films reduces the width of crack.
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Figure 4-19: Influence of film thickness on film quality in screen printing (Used
powder sample’s decomposition condition while upgrading-80%acid-150°C-60min;
hydrolysis; hand grinding time-2h, films annealed with 2.5°C/min)

Based on the morphology shown in Figure 4.19, in screen printing, with increasing
layer wider cracks are observed with very high thickness. Also, quick drying of single
layer film induces thin macrocracks. Slow drying of single layered screen printing was

found to be favorable.

From the images shown in Figure 4.16 to Figure 4.19, it was observed that, films
obtained through doctor’s blade and spin coating show wide macrocracks while screen
printed one shows thinner cracks. More uniform thickness was obtained for screen
printing than doctor blade and spin coating. Films obtained by single layer screen print
and double layer spin coating provided desired thickness (12-15u). For longer

annealing time, stability was higher for doctor blade and screen-printed film.

In Figure 4.20, morphology of the film samples prepared from powder sample 1, 2, 3,4
and 5 is shown. Presence of very few agglomerations is observed due to the separation
of softer agglomerates (those formed by capillary or weak surface forces) during hand
grinding. Some hard agglomerates were still observed which may have formed due to
the chemical bond formed during paste preparation. All the films had mesoporous

nature and uniform distribution of pores.
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Figure 4-20: SEM image of Screen printed (single layered, slowly dried) and
annealed films, paste prepared from powder samples 1, 2, 3, 4, 5 after 2h hand
grinding

4.4.2 Thickness Profile
The average thickness of the films prepared by sample 1 to 5 is shown in the Table
4.12.
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Table 4-12: Thickness range of screen-printed film prepared by upgraded titania

powders
Sample No. of films Thickness (n)
S1 18 12.0~14.0
S2 21 12.0~15.0
S3 15 11.5~13.5
S4 13 12.0~15.0
S5 13 12.5~16.0

The desired range of thickness for this study was 12pu-15u ensuring no wide-substrate
exposing macrocrack, so that tradeoff between maximum dye absorption and increasing
electrical resistance could be possible. From the table, the average thickness was within

the desired range for all samples, except for a few films of sample 5.

The film thickness and uniformity of surface along the whole layer was checked for 5
film samples as the film uniformity influences the reproducibility of cell efficiency. In
Figure 4.21, the images show the 3D surface profile of 2mm-2mm area of films,
thickness indicated by the color chart at the right of each image. The side view of the
selected area is shown in the bottom side of each image. In terms of thickness
uniformity of the selected samples, sample 1, 2 and 4 has more uniformity than sample

3 and 5 shows less uniform height distribution over the area.
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Figure 4-21: 3D mapping of screen-printed films prepared from sample 1, 2, 3, 4, 5

4.4.3 Hall effect Measurement
For electrical properties of the films, the hall effect measurement was conducted. From

Figure 4.22, it can be observed that, the average electrical resistance was in the order

of 10% ohm.
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Figure 4-22: R-I curve of films from sample 1, 2, 3, 4, 5 and commercial powder

Table 4.13 shows that, carrier density of the sample was 3 orders of magnitude lower
than other study. And carrier mobility was 1 order of magnitude lower than other similar
investigations. Controlled doping with specific dopants (Nd) in titania can increase the
carrier density, decrease the resistance[124][126]. Presence of impurity elements and

the defect sites present in the film can also be responsible for lower mobility of carrier
[124].

Table 4-13: Comparison of Electrical properties of sample with reference works

Average value [Ref. works [124] [125]

Carrier Density (cm™3) 3.95x 10" 10 to 10"
Carrier Mobility (cm?V~1s™1) 1.97 x10? 10'to0 1.5
Resistance (Q) 108 107

Average Hall coefficient (cm3C™1) 1.58 x 10°
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4.4.4 Optical Property
With UV-Vis NIR, optical transmittance and absorbance of the films were measured

from 300nm to 850nm, with a fresh soda-lime glass substrate used as a reference.

Figure 4-23: %Transmittance vs wavelength plot of film sample 1,2,3,4,5 and
purchased anatase (C)

Figure 4.23 shows the change of transmittance with wavelength, and Table 4.14 shows
the calculated average value of transmittance% in visible spectrum and whole range.
Transmittance % of sample 3 and 5 in visible and whole spectrum was lower than that
of the film prepared by purchased anatase (C- sigma Aldrich,>99%,21nm particle size).

Sample 3 has the lowest loss of incident light by transmittance.

Table 4-14: Average transmittance comparison of films of upgraded (S1, S2, S3, S4,
S5) and commercial titania >99.5% TiO> P21nm (C)

S1 S2 S3 S4 S5 C
Average %T | 1090 10.61 7.10 9.15 8.15 | 8.51
(400-700nm)
Average %T | 1449 14.02 10.82 1251 | 11.69 | 12.44
(250-850nm)
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Figure 4-24: (a)The UV-vis absorbance vs wavelength plot. (b) absorption coefficient
vs wavelength of sample 1,2,3,4,5 and commercial anatase film (C).



Table 4-15: Average absorbance comparison of upgraded titania films
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in (250-850nm)

S1 S2 S3 S4 S5 C
Average absorbance
in visible range 1.0036 | 1.0093 | 1.2151 | 1.0646 | 1.1340 | 1.1063
(400-700nm)
Average absorbance | 1 15¢ | 1.121 | 1.382 | 1.142 | 1261 | 1.327

From the Figure 4.24 and the tabulated average value (Table 4.15), it can be observed
that, though in UV region the absorbance of the similar film of purchased anatase (C)
is highest, but the response to visible spectrum is higher for sample 3 and 5, even higher

than purchased one. Absorbance of sample 1,2 was well below than C, while sample 4

was closer.

4.5 Characterization of Assembled Solar Cell

Figure 4.25 shows the I-V and P-V curve of DSSC assembled with film of sample

1,2,3.,4,5 and commercial anatase as photo anode.
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Figure 4-25: Performance variation of assembled DSSC (a,b) with self-prepared and
(c,d) commercial electrolyte

Table 4-16: Experimental parameters of DSSC prepared using sample 1, 2, 3, 4, 5,
commercial anatase film as photoanode and lab-prepared electrolyte, under AM 1.5 G
Class AAA Solar Simulator.

Jse (mA/cm?) Voc (V) FF n (%)
S1 1.526 0.3464 39.58772 0.209243
2 2.167 0.3498 46.08474 0.349394
S3 1.994 0.2926 38.83182 0.226618
S4 2.074 0.2813 38.93811 0.227155
S5 0.342 0.3307 50.70605 0.057401
C 6.205 0.3736 28.45028 0.659449
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The active area of all sample photoanodes were 2.25cm?. In table, Js is short circuit

current density, Vo is open circuit voltage, FF is the fill factor and # is photon

conversion efficiency.

Table 4-17: Experimental parameters of DSSC prepared using sample 1, 2, 3, 4, 5,
commercial anatase film as photoanode and commercial electrolyte, under AM 1.5 G
Class AAA Solar Simulator.

Jse (mA/cm?) Voe (V) FF n (%)
S1 1.112 0.6035 50.23817 0.33726
S2 1.71 0.6007 59.12763 0.607502
S3 0.76 0.5132 60.47481 0.235817
S4 1.097 0.5481 60.51499 0.364018
S5 0.167 0.4412 44.2718 0.032551
C 7.53 0.6823 40.00586 2.055245

As we can see from Table 4.16 and Table 4.17, highest efficiency was achieved for

sample 2, its conversion efficiency is ~53% of that of the commercial anatase film for

the lab-prepared electrolyte. However, response to commercial electrolyte was higher

for the commercial anatase film compared to the response of extracted powder sample

films. For this batch, sample 2 (S-2) showed highest efficiency among the five samples,

which is ~30% of that of commercial one. As the cell efficiency is influenced by

numerous factors including film composition (impurity element) and structure (well

crystallinity), film thickness and mesoporous morphology, uniformity, efficient charge

transfer, defects in film, efficient dye loading etc., the results shown in Table 4.16 and

4.17 cannot be directly related to the upgradation efficiency of titania. Rather it supports

the possibility of effective application of extracted titania in solar cell photoanode.
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5. CONCLUSION

5.1 Findings of this Work

To summarize the findings of the present research work, the whole work can be divided

into three steps.

1. Characterization and Upgradation of sand

2. Preparation of mesoporous film with upgraded titania and purchased anatase (Particle

size 21nm, Sigma-Aldrich, >99%)

3. Fabrication of dye sensitized solar cell using titania films as anode.

5.1.1 Characterization and upgradation of sand

>80% of the particles of as-received sand were distributed within 100-200p,
became distributed more widely after Sminutes mechanical milling. After
15mins milling, 68% of particles became tightly distributed in 53-75p.
Presence of rutile, garnet, silica, hornblende, zircon, monazite, tourmaline,
chloritoid, staurolite were identified. Based on composition, total 21.4% of
TiO, is present in the sample, distributed in rutile (15-25%) and ilmenite (22%).
In the upgradation route of HCI leaching-H,S0, decomposition- water
leaching- repeated condensation & dilution- drying-calcination, variation of
acid decomposition time effects the single or mixed phase formation of rutile
and titania, also the elemental ratio of the product. For this route 90min
decomposed sample resulted in upgradation up to 98% TiO,.

In the upgradation route of HCI leaching-H,S0,4 decomposition- water
leaching- hydrolysis- drying-calcination, change of acid concentration and
temperature of decomposition influenced the purity and mixed rutile-titania
formation. For this route extraction up to 98.4% was possible for 900°C
calcining temperatures and up to 87.8% was obtained for 500°C calcining
temperatures. Among the 500°C calcined samples prepared by varying acid
concentration, sample from 80% acid solution gave better crystallographic

properties and closer to ideal-elemental ratio, though highest purity was
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obtained for the sample from 70% acid solution. Particle size and agglomerate
size after annealing increased with increasing acid concentration.

Based on the optical properties, band gap up to 3.18eV was obtained for sample
3 (80% acid decomposition).

5.1.2 Preparation of mesoporous film with upgraded and purchased anatase

Among doctor blade, spin coating and screen-printing film preparation method,
screen printed film showed better film uniformity, stability. Single layer screen
printed film, slowly dried, and annealed after preparation gave uniform,
mesoporous and least crack containing morphology.

The thickness of the screen- printed films ranged from 12- 16, more uniform
thickness and smaller aggregate achieved for sample 1,2,4.

Film sample was measured to have carrier density of 10'%/cm? and resistance of
about 10% ohms.

Based on the optical properties, response to visible spectrum obtained for

sample 3 and 5 was higher than film of purchased anatase.

5.1.3 Fabrication of dye sensitized solar cell

To find the effectiveness of the films of upgraded titania as solar cell
photoanode, a simple DSSC cell was fabricated only containing the basic
components of the state-of-the-art high efficiency DSSC. Maximum
photoconversion efficiency was achieved about 53% of that of the film of
purchased anatase. Use of commercial electrolyte instead of self-prepared
electrolyte increased the efficiency of each sample films. For both cases, the
maximum efficiency was obtained for sample 2.

In conclusion, the upgraded titania from local beach sand sample has very good

potential to be used in applications of solar cell electrode.

5.2 Scope for Further Investigation

The aim of this study was to upgrade titania in local sand and to find its potential to

be used as solar cell electrode. Based on the conducted characterizations, the work
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suggests a lower energy intensive, environment friendly upgradation route of the
sand, and high potential of the extracted titania to be effectively used in solar cell

application. The endeavor should be continued to increase purity level of titania.
The following recommendations may be suggested.

a. In this work, 60min decomposition time was selected for preparing samples used
in DSSC. Further experiments may be performed to optimize the sulfuric acid
decomposition time.

b. The decomposition temperature used in this work was only 150°C, which can be
varied up to 180°C to find optimum temperature.

c. This work selected 4-hour long hydrolysis to ensure complete hydrolysis. The
time of hydrolysis can be optimized to ensure complete hydrolysis while
preventing the ripening of the titania particles.

d. In this work, the 500°C calcined samples (lower crystallinity and higher
impurity) were used for film preparation and DSSC fabrication. Calcination
temperature of the extracted powder can be optimized to ensure high crystallinity

with high surface area.
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