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ABSTRACT

COMBUSTION SYNTHESIS AND DOPING OF TITANIUM DIOXIDE

Publication No.

WALTER ALEXANDER MORALES, M.S.

The University of Texas at Arlington, 2007

Supervising Professor: Krishnan Rajeshwar

A novel combustion technique was used for the preparation and doping of titanium

dioxide (TiO2). This metal oxide of titanium is a large band gap semiconductor (3.0

- 3.2 eV) that primarily absorbs in the ultraviolet region of the electromagnietic spec-

trum. However, the combustion synthesized TiO2 (CS−TiO2) prepared here, presented

a shift in the absorption of light to the visible region of the spectrum and a high photo-

catalytic activity toward the reduction of Cr(V I). The final product was characterized

using X-ray powder diffraction (XRD), diffuse reflectance spectroscopy, X-ray photo-

electron spectroscopy (XPS) and scanning electron microscopy (SEM). Comparison

to a commercial TiO2 (P-25 from Degussa) benchmark sample was used in each case.

Diffuse reflectance spectroscopy showed an optical bandgap as low as 2.5 eV in the case

of cationic doping with sulfur (present as a mixture of 4+ and 6+ states) and 1.7 eV in

the case of co-doping with molybdenum. XPS studies showed doping and co-doping of

the host oxide in each case precluding possible doping by carbon or nitrogen. An increase

in the photocatalytic activity of this semiconductor toward the reduction of hexavalent

chromium under visible light was achieved. Combustion synthesis opens up a wide range

v



of synthetic possibilities of oxide semiconductors because of its low energy requirement

and simplicity.
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CHAPTER 1

INTRODUCTION

1.1 Overview

As part of the growing awareness and concern about a sustainable planet, a big

effort has been directed to green practices and environmental remediation in the industry

and human activities in general. Several methods and approaches have been used to

accomplish this task, and one of the most promising is heterogeneous photocatalysis

using semiconductor nanoparticles [1-6].

Large band gap oxide semiconductor materials (TiO2,WO3, ZnO,CdS) for pho-

tocatalysis show advantages such as stability (chemical inertness and photostability),

non-toxicity and low cost. In addition, many of these materials exhibit catalytic activity

after repeated photocatalytic cycles and can be recovered using physical methods once

the reaction is completed without significant loses [4]. These advantages make semicon-

ductor photocatalysis a real and promising method in attaining the goal for a clean and

better environment. However, one of the disadvantages in the use of these materials is

that ultraviolet (UV) light is required for photoexitation with attendant electrical energy

costs [2, 3].

Among the materials used in heterogeneous photocatalysis, titanium dioxide (TiO2)

has been extensively used. While very robust and stable under irradiation, a major

limitation of this material is its wide band gap (3.2 eV), such that the photoexcitation

process requires light in the UV region of the electromagnetic spectrum. Furthermore,

a high recombination rate of the photogenetated charge carriers (electrons and holes)

makes the photocatalytic process inefficient. To make effective use of solar energy, a

1
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photocatalyst should have low band gap energy or a mechanism to extend the light

absorption to the visible region. Several approaches have been used to address this issue,

e.g., dye sensitization and doping of the metal oxide with different ions and metals [7].

This work uses a novel synthesis technique to improve the photocatalytic activity

of titanium dioxide TiO2 under visible light irradiation. Combustion synthesis also takes

advantage of the positive effect of doping on the opto-electronic attributes of the host

oxide material.

1.2 Heterogeneous Photocatalysis

A heterogeneous photocatalytic reaction is defined as a catalytic process using a

semiconductor material that, after illumination with light of suitable energy, generates

charge carriers (electrons and holes). These photogenerated charge carriers can react with

molecules or ions either in the bulk solution or adsorbed on the semiconductor surface.

Otherwise, they can also intervene in fast recombination and emission of thermal energy.

The last process is one of several competing effects which might limit the effectiveness of

the photocatalytic process leading to low photoactivity [3]. This is a heterogeneous pro-

cess because the catalyst (semiconductor) and the target for catalysis (molecules or ions

in solution) are in two different phases, unlike in the homogeneous process counterpart.

1.2.1 Band Structure of Semiconductors and Band Gap Energy

When considering few atoms, it will be found that electrons occupy only specific or-

bitals or energy levels separated by forbidden energy gaps. However, when the number of

bonded atoms increases, the energy levels become continuous, rather than being discrete.

Thus, the valence orbitals form an energy band with discrete energy levels infinitesimally

separated leading to the valence band (V B). A second band at a higher level of energy is

referred to as the conduction band (CB). Finally, separating the two bands a forbidden
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Figure 1.1. Schematic representation of a semiconductor showing the band gap.

energy region is established, where no electrons are allowed, which is called the band

gap (Eg). Figure 1.1 shows these concepts as well as the position of energy levels to be

occupied by electrons and holes, generated when an optical excitation occurs.

Based on these bands and the gap between them, metallic, insulator and semi-

conductor materials can be differentiated, thus identifying their electronic conductivity.

Metallic materials have partially filled energy bands allowing electronic conduction. In-

sulators have a large separation of the bands, usually a value greater than 5 eV, and

therefore conduction is not feasible. Figure 1.2 shows this concept together with repre-

sentations of bands and the band gap for the three different types of materials. Notice

the overlapping of conducting and valence bands in the case of metals.

Semiconductors have electronic properties in between those of metals and insu-

lators. Their valence band is full while the conduction band is empty under normal

conditions (just like an insulator)(see Figure 1.1). By increase of temperature or by pho-

toexcitation, an electron can be promoted from the valence band to the conducting band.

Therefore, an increase in conductivity occurs due to the free flow of the new charges in

the previously empty band. If this is the case, then conductivity in these materials is an
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Figure 1.2. Energy band structures for metal, semiconductor and insulator materials.

inherent property and they are called intrinsic semiconductors. There is a second group

of materials called extrinsic semiconductors, which are formed when conduction arises

from doping with ”impurities” in the host matrix.

1.3 Chemical Modification

Modifying the chemistry of a semiconductor can surmount limitations of such ma-

terial as a photocatalyst. To date, three different types of modifications to photocatalytic

semiconductor systems have been studied: inhibition of recombination by increasing the

charge separation; increasing the wavelength response range (shift to visible light) and

changing the selectivity or yield of a particular product [1, 7]. An example of the first

type of modification involves addition of noble metals to the semiconductor to change

the surface and suppress carrier recombination [1]. Thus the activity of a semiconductor

photocatalyst such as TiO2 is enhanced by the addition of small amounts of Pt and Ag

[8]. The two remaining categories, which include spectral sensitization and doping will

be discussed in sections 1.5.3.1 and 1.5.3.2.
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Figure 1.3. Band edge positions and band gap energies for some semiconductors [1].

1.4 Choice of Semiconductor Photocatalyst

Some special criteria have to be met in the choice of the semiconductor for a

particular reaction. First, the standard reduction potential of the acceptor species must

be more positive than the potential of the conduction band edge of the semiconductor

surface in order to let the reduction reaction by the CB electrons to occur. On the other

hand, to begin an oxidation process by the V B holes, the standard reduction potential of

the donor must be more negative than the potential corresponding to the valence band

edge of the semiconductor surface.

A comparison between the band edge positions of some semiconductors versus the

standard hydrogen electrode (SHE) is illustrated in Figure 1.3, as well as the band gap

energies of these materials.
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1.5 TiO2

Titanium dioxide, also known as titania, is an important commercial product that

has been used in various commercial applications that range from industrial (paint and

pigment), to cosmetic (skin-care products). On a research level, this material has at-

tracted interest for water splitting [9], solar photovoltaic cells and water or air remedi-

ation [1, 5, 6, 10, 11]. This metal oxide has been used as a potential photocatalyst of

choice for the total destruction (mineralization) of organic pollutants in air and water.

As mentioned earlier, this semiconductor material has high activity and stability to light

illumination, and also has non-toxic and widely occurring component elements [6, 10].

1.5.1 Properties of TiO2

Titanium dioxide can exist in three bulk crystalline forms: rutile, anatase, and

brookite. However, only rutile and anatase have seen applications in photocatalysis.

Moreover, out of these two, anatase shows a higher photocatalytic activity [12]. The

unit cell shown in Figure 1.4 represents their basic building blocks [10]. A central tita-

nium atom is surrounded by six oxygen atoms in a distorted octahedral configuration for

both rutile and anatase crystal structures. Furthermore, rutile exhibits an orthorhombic

structure with a slight distortion while anatase shows a more significant distortion re-

sulting in less orthorhombic symmetry. Figure 1.5 displays the different crystallographic

parameters for the two phases of TiO2 [12].
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Figure 1.4. Unit cell for anatase and rutile phase of TiO2, titanium is represented in grey
and oxygen in red color [10].

Figure 1.5. Different crystallographic parameters for the two main phases of TiO2 [12].
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For the different bond distances between atoms in the structure, the Ti − Ti dis-

tances are greater in anatase than in rutile (3.79 - 3.04 Å vs. 3.57 - 2.96 Å respectively),

whereas the Ti − O distances are shorter for anatase (1.934 and 1.980 Å in anatase vs.

1.949 and 1.980 Å in rutile). In the rutile structure, each octahedron is in contact with

10 neighbor octahedrons (two sharing edge oxygen pairs and eight sharing corner oxygen

atoms), while in the anatase structure, each octahedron is in contact with eight neighbors

(four sharing an edge and four sharing a corner). These differences in lattice structures

cause different physical properties e.g., mass density and electronic characteristics (e.g.,

band gaps). Thus the band gap threshold is 3.05 eV for rutile compared to 3.25 eV for

anatase.

1.5.2 TiO2 Photocatalysis

Titanium dioxide is a wide band gap semiconductor with a band gap of≈ 3.0− 3.2 eV .

The valence band (V B) of TiO2 is made of O 2p orbitals, and the empty conduction

band (CB) is derived from Ti d orbitals; this constitutes the energy band structure of

this semiconductor. In order for light to be absorbed, its wavelength should correspond

to wavelengths shorter than ≈ 407nm for rutile and ≈ 382nm for anatase. Thus, upon

photoexcitation of TiO2, electrons (e−) are promoted from the valence band (V B) to

the conducting band (CB), leaving behind a positive charge generated for each electron

promoted in the V B, which is called a hole (h+). The fate of these two photogenerated

charge carriers depends on the presence of electron or hole scavengers or surface defect

states. As a result, the recombination process is avoided and the photocatalytic reaction

can take place [3]. Several successive steps can be visualized as shown in Figure 1.6.
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Figure 1.6. Schematic events in the bulk and surface of TiO2.

The various events during heterogeneous photocatalysis can also be illustrated using

equations [3] which are presented below. The first step is the charge carrier generation:

TiO2 + hν → h+
V B + e−CB (1.1)

After photogeneration, these charge carriers can be trapped at the surface:

h+
V B+ > TiIVOH → {> TiIVOH•}+ (1.2)

e−CB + TiIVOH ↔ {> TiIIIOH} (1.3)

e−CB + > TiIV →> TiIII (1.4)

An alternative fate for the charge carriers is recombination:

h+
V B + {> TiIIIOH} →> TiIVOH (1.5)
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e−CB + {> TiIVOH•}+ →> TiIVOH (1.6)

Finally, some of the charge carriers are transferred from the semiconductor to adsorbed

or solution species:

{> TiIVOH•}+ +Red →> TiIVOH +Red•+ (1.7)

e−tr +Ox →> TiIVOH +Ox− (1.8)

In these equations >TiOH represents the primary hydrated surface functionality

of TiO2, e
−
CB represents an electron in the conduction band, e−tr is a trapped conduction-

band electron and h+
V B is a valence-band hole. Red and Ox represent the electron donor

(i.e., reductant) and the electron acceptor (i.e., oxidant). {> TiIVOH•}+ is the surface-

trapped hole in the valence band (i.e., surface-bound hydroxyl radical), and > TiIIIOH

is the surface-trapped (CB) electrons [3].

Some key conclusions can be reached from a simple analysis of the above scheme:

First, surface hydroxylation plays an important role in the initial phase of photocatal-

ysis; second, surface hydroxyl radicals are the key oxidant species. These observations

have been confirmed experimentally, showing that the surface density of OH-groups in-

fluences the photoactivity of TiO2, as well as size of particle, surface area, anatase-rutile

composition, and the presence of e−/h+ scavengers [3].

1.5.3 Methods for Improving Titania

Due to the relatively large band gap of TiO2 (see above), UV light must be used

in its photoexitation process, allowing with this the use of only 5% of the solar light that

reaches the surface of the earth each day. Because of this, a great deal of research has

focused on lowering the threshold energy for the photoexcitation process. As a conse-

quence, a larger fraction of the solar spectrum could be used effectively for photocatalysis

and other processes. Thus, the development of a photocatalytic TiO2 system capable of
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using natural sunlight to degrade organic and inorganic contaminants in wastewater can

be achieved. These improvements in the overall performance of titania have been led by

two main lines of research: dye sensitization and doping [7].

1.5.3.1 Dye sensitization

Dyes are natural light absorbers and electron transfer agents. They have been

used for energy conversion in a process that copies the plant photosynthesis mechanism

in electrochemical energy converting solar cells [11]. Dye sensitization is a process oc-

curring when a light-excited dye molecule adsorbed at the semiconductor surface injects

electrons into the conduction band of the semiconductor substrate. Titania based dye

sensitization has potentially low cost, low environmental impact, and good power con-

version efficiency. However, its more general use is limited by low quantum efficiency,

high carrier recombination, low adsorption of the dye to the surface of the semiconductor

material, dye desorption from the TiO2 due to solvent effects, lack of long-term stability

of the dye under light and heat, etc [1, 13].

1.5.3.2 Doping

There has been significant interest recently on both non-metal and transition metal

doping of titanium dioxide TiO2. The use of the so-called “impurities” creates extrinsic

properties in the oxide host and a decrease in the band gap energy. The consequence is

an increase in photoactivity under visible light irradiation. Different types of doping are

reported for titania [1, 3], and due to the importance it represents in the present work,

doping with nitrogen, carbon, sulfur and metal ions will be addressed separately in the

following sections.



12

1.5.3.3 Nitrogen Doping

The idea of doping of titanium dioxide materials with nitrogen and other anionic

species was presented in 2001 [14]. This report shows theoretical results for the substi-

tution of C, N , F , P , or S atoms for oxygen atoms in the titania lattice. The study

of density of states (DOS) for anatase TiO2, suggests that substitutional doping using

nitrogen is the most effective due to the mixing of nitrogen 2p states with oxygen 2p

states, thus causing a significant decrease in the width of the overall band gap [14]. The

theoretical predictions presented in the report were supported by experimental results

using visible light and photooxidation tests for nitrogen doped TiO2.

Using density functional theory (DFT) calculations, it was predicted that substi-

tutional nitrogen doping results in a decrease in the band gap for the anatase phase,

while the opposite effect was calculated for rutile TiO2 [15]. This was attributed to the

contraction of the valence band and stabilization of the N 2p state [15]. Experimentally,

the same effect was found for the anatase phase [16-19]. Evidence for this type of doping

was also established using XPS studies, and it was concluded that the nitrogen species

responsible for the overall band gap narrowing effect had a binding energy value around

396 eV [14].

1.5.3.4 Carbon Doping

Studies on carbon dopants in TiO2 using DFT calculations in anatase and rutile

show that carbon impurities result in small variations of the band gap. Moreover, a

creation of occupied states in the gap and formation of oxygen vacancies in bulk TiO2

were reported [20]. The small variation in the band gap was also attributed to the

position of doping in the gap, which was too deep to satisfy conditions of energy level
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overlap [14]. Likewise, experimental reports show values of band gap as low as 2.32 eV

for rutile and more efficient water splitting ability [21].

1.5.3.5 Sulfur Doping

Substitutional doping of sulfur similar to that of nitrogen doping has been reported

[14]. However, sulfur doping was dismissed experimentally due to its large ionic size [14].

The idea was that substitution of sulfur at the oxygen sites could significantly modify the

electronic structure of TiO2, but conventional doping techniques could not achieve this

because sulfur has a larger ionic radius compared to N or F [14]. Furthermore, narrowing

effect and delocalization of the valence band edge is expected to occur only in the case of

higher sulfur doping levels [19]. Experimentally, S-doped anatase TiO2 has been obtained

by oxidative heating of TiS2 powder [22, 23], ion implantation, and thermal annealing

[23]. These reports consider sulfur atoms occupying oxygen sites and forming Ti-S bonds.

Mechanochemical doping using Ti(OH)4 and thiourea with planetary ball mill followed

by calcination, show titania with anatase and rutile compositions. XPS analyses gave

binding energies around 168 - 169 eV that are assignable to sulfur as S6+ and S4+ [24].

Also, reports showed that doping with sulfur as S6+ and mixtures of the two oxidation

states was achieved by mixing titanium isopropoxide with thiourea in ethanol, followed

by evaporation and calcination in air [25, 26].

1.5.3.6 Doping with Transition Metals

Although the effect of metal doping of TiO2 has been very widely studied with

an intent to improve its catalytic activity, ambiguous conclusions are still often found.

Some authors postulated that doping with cations having a valence higher than +4

can increase the photoactivity [27] while doping with trivalent metal ions would show a

detrimental effect in photocatalytic activity [28]. However, an inconsistent mix of positive
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and negative effects have been reported for the photocatalytic activity of doped TiO2.

For example, doping using Fe3+, Mo5+, Ru3+, Os3+, Re5+, V 4+, and Rh3+ was claimed

to increase the photoreactivity for oxidation and reduction processes [29]. However,

the same study reported the opposite effect with Co3+ and Al3+ showing a decrease

in photoreactivity [29]. Similar effects were found with low valence (Fe3+, Co2+, Ni2+)

and high valence cations (Mo5+, Nb5+, W 6+) [30]. Theoretically, the addition of Ti3+,

V 3+, Cr3+, Mn3+, and Fe3+ in both anatase and rutile TiO2 crystal modifications were

studied and it was concluded that there is a significant band gap narrowing effect for

anatase; whereas, for the rutile modification no effect is expected [31].

The positive effect of metal doping is believed to be related to the energy level

and d-electron configuration of the dopants in the host structure [29]. Additionally,

it is believed that the presence of metal species allows the formation of a permanent

space charge region on the surface of the semiconductor, improving the separation of

photocarriers. Other authors conclude that although metal ion doping should decrease

the photothreshold energy of TiO2, the metal ion may also serve as a recombination

center for electrons and holes, thus diminishing the overall activity of the photocatalyst

[30, 32]. In conclusion, at present there is still no consensus in this matter and more

research is needed in order to resolve the conflicting doping effects reported [32].

1.5.4 Methods for Preparation of TiO2

While diffent methods have been used for the preparation of ceramic oxides and

inorganic materials in general, most commonly solid-state synthetic rutes are used. How-

ever, these routes are time consuming and have high energy requirements [33]. Thus a

search for more energy efficient methods in the preparation and improvement of oxide

materials is relevant.
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In the case of titania, industrial production makes use of the ilmenite mineral

through the sulfate and chloride methods. The sulfate process starts with dissolving

the ilmenite material in sulfuric acid to produce titanium oxysulfate (TiOSO4). This

is followed by neutralization with a base to yield hydrated titanium oxide. Finally,

calcination produces the anatase or rutile product [34]. The hydrated oxide (TiO2.nH2O)

and the product after calcination usually have low or no photocatalytic activity due to

the presence of crystal defects and contaminants (normally Fe and S that remain from

the reaction) [34]. The chloride method is quite similar to the sulfate route, but instead

of sulfuric acid, chlorine gas at high temperature (1000-1300 K) is used. The product

of this reaction, titanium tetrachloride (TiCl4) is subjected to thermal decomposition to

produce anatase or rutile [35]:

TiCl4(g) +O2(g) → TiO2(S) + 2Cl2(g) (1.9)

A large number of methods is emerging as synthetic routes for the preparation and

doping of titania. These include: electrochemical methods [36, 37], ionized cluster beam

deposition [38], aerosol process [39, 40], gas condensation [41], homogeneous precipitation

at low temperatures [HPPLT ][42], sol-gel process [43], mechanochemical synthesis [44],

hydrothermal process [45-47] and combustion synthesis [33, 48, 49-51]. Comparatively,

each method has advantages and disadvantages. For instance, aerosol process gives a pure

product with no multiple steps, but the high temperature required leads to aggregation

of particles. Among low temperature methods, the hydrothermal approach is attractive

because of the use of TiOSO4 as raw material and the use of a low temperature (300 oC)

in aqueous media. However, the total time required varies between 1-6 hours and post

preparation annealing of samples is required (temperatures higher than 450 oC). Sol-gel

process is also a low temperature method, but it incorporates a series of successive steps

and costly chemicals and does not easily allow for control of composition. In addition,
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the sample must be annealed in order to improve the photocatalytic activity [43]. On

the other hand, combustion synthesis exhibits advantages over the other methods for the

preparation of TiO2. Because of the relevance of this particular method for this work, it

is elaborated separately in the next section.

1.6 Combustion Synthesis

Combustion synthesis, also known as self-propagating high-temperature synthesis

(SHS), uses a highly exothermic redox chemical reaction between metals and nonmetals,

for the synthesis of oxide and nonoxide materials [33]. This method presents a variety

of advantages that include: low energy requirement, generation of high-reaction temper-

ature, short duration of reaction, high yields, highly crystalline products, simplicity and

low cost [48, 52]. The synthesis is obtained through an exothermic, rapid, self-sustaining

and self-propagating reaction. This is possible due to the large amount of heat released

by the reaction itself, and is this exothermicity what makes the technique special and

attractive [48, 53, 52].

As with any other combustion reaction, combustion synthesis requires the presence

of an oxidizer (oxygen or any other electronegative element) and a fuel (source of reducing

elements to the reaction). Because of its “redox” characteristic, combustion synthesis can

be carried out via two different approaches based on the use of either redox compounds

or redox mixtures [48].

The redox compounds approach uses fuel-metal complexes, which after ignition un-

dergo self-sustained combustion to yield the desired metal oxide. The main requirement

for this reaction is the presence of both the oxidizing and reducing groups together in the

same compound. The combustion of ammonium dichromate ((NH4)2Cr2O7) is an ex-

ample of this type of synthesis. This solid redox compound contains oxidizing (Cr2O
2−
7 )

and reducing (NH+
4 ) groups. Then, after ignition, a self-propagating and self-sustained
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reaction produces the metal oxide (Cr2O3) in a glowing reaction known as artificial vol-

cano:

(NH4)2Cr2O7(S) → Cr2O3(S) +N2(g) + 4H2O(g) (1.10)

Similar to this dichromate reaction, metal complexes containing hydrazine, car-

boxylate, formate and acetate ions, are found to undergo self-sustained combustion.

Although attractive, this method has a series of disadvantages such as preparation time

(requires several days), low yield (≈ 20%) and because not all metals form complexes

with the hydrazine carboxylate ligand it is not possible to use this method to prepare

some metal oxides (i.e., chromites, alumina) [54].

A different approach that avoids the preparation of complex mixtures makes use

of the combustion of redox mixtures [54, 55]. This approach uses metal nitrates for

the source of oxidizing elements and one or more energetic fuels like urea, glycine or

hydrazides [48]. As an example, the so called gunpowder reaction can be used for better

understanding of this exothermic and self-propagating reaction. This mixture of charcoal

(fuel), sulfur (catalyst, sensitizer) and saltpeter or potassium nitrate (KNO3) (oxidizer),

discovered in China in the IX century, and part of the modern human history, can be

explained in a simple equation:

10KNO3(S) + 3S(S) + 8C(S) → 2K2CO3(S) + 3K2SO4(S) + 6CO2(g) + 5N2(g) (1.11)

The large amount of gases is the desired product of the reaction and act as the

propellant power for a projectile.

The ratio of the oxidizer and fuel for the redox mixture is calculated using the

equivalence ratio (Φe), defined as [56]:

φe = O/F (1.12)
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where (O) is the total oxidizing valence and (F ) the total reducing valence of the elements

present in the mixture [56]. The maximum release of energy from a given mixture is

reached when the φe value is equal to unity, and values higher or lower are referred as

fuel rich or fuel lean mixture respectively [56]. According to propellant theory, the species

M2+, M3+, M4+, C and H are considered to be reducing with valencies of + 2, + 3,+ 4,

+ 4 and + 1 respectively. Oxygen is considered to be an oxidizing species with valence

-2 and nitrogen is considered to be valence neutral with a value of zero [55, 56].

1.6.1 Combustion Synthesis and TiO2

Both the above approaches for combustion, i.e., combustion of redox compounds

and combustion of redox mixtures, have been used for the synthesis of TiO2. For the

first approach, titanyl hydrazine carboxylate or titanyl oxalate were used [57, 55]. The

main disadvantage comes from the preparation of these complexes, which demands time

and have low yield [55].

The alternative method, i.e., combustion of redox mixtures, makes use of titanyl

nitrate (TiO(NO3)2) and different fuels, with ignition by gradual heating of the redox

mixture in aqueous phase. Literature references for the synthesis of TiO2 using this

method together with the fuels used are listed in Table 1.1. Since the method is car-

ried out in solution, it keeps all the advantages of the wet chemistry approach plus the

capability of doping with different metal ions. Such capability has been proven in the

literature for metal oxides and inorganic materials [33, 48, 58]. However, very few stud-

ies have appeared on the synthesis and doping of TiO2 using the combustion synthesis

method [53, 59, 60]. Doping was proved for carbon [53], but the use of transition metals

(Cu, Fe, V, W, Zr, Ce) in form of nitrates did not achieve improvements in the photo-

catalytic activity of the final product [59, 60]. The use of Pt, Cu and Pd was reported to

improve the photocatalytic oxidation of CO and reduction of NO [59]. Photocatalytic
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Table 1.1. References and materials for synthesis of TiO2 under combustion of redox
mixtures

Oxidizing Agent Fuel Reference
TiO(NO3)2(aq) Glycine [53]

Hexamethylenetetramine
Oxalyldihydrazide

TiO(NO3)2(aq) Glycine [63, 49]
TiO(C2O4).2H2O(s) Ammonium Nitrate [57]
TiO(NO3)2(aq) Carbohydrazide [57]
TiO(NO3)2(aq) Oxalyldihydrazide [57]
TiO(NO3)2(aq) Urea [64]

applications of combustion synthesized TiO2 include: degradation of poly(ethylene ox-

ide), polyacrylamine [61], poly(bisphenol-A-carbonate) [62], and organic dyes under UV

[63] or visible light [60].

1.6.2 Heterogeneous Photocatalytic Reduction of Cr(V I)

Because of the potential health risk from water contaminated with hexavalent

chromium, local and federal regulations have been placed to increase public awareness

and expand the standards for control of this pollutant nationwide. Today, almost every

city has its own regulations for levels of Cr(V I) in drinking water, and analyses are made

on a daily basis [65]. Sources for contamination with this form of chromium are found

in different industrial activities such as leather tanneries, ferrochrome production and

treatment of cooling tower water.

Hexavalent (Cr(V I)) and trivalent (Cr(III)) represent the two primary oxidation

states found in the environment. Cr(V I) presents a high carcinogenic risk, high solubil-

ity, and high mobility, while the trivalent form has relatively low toxicity, mobility and

solubility. Use of physical or chemical remediation methods like adsorption, ion exchange

or precipitation does not help in the efficient removal of the toxic hexavalent chromium
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from water. Instead, treatment and remediation is based on reduction to the less solu-

ble Cr(III). The most popular of these methods makes use of a strong reducing agent

followed by the base precipitation as hydroxide. Other methods use direct current [66],

Fe(II)/Fe(III) reaction [67], or photocatalysis using titania [68, 69]. The photocat-

alytic method is possible because transformation from Cr(V I) to Cr(III) can be driven

as a photoassisted reduction under UV (or visible) illumination in aqueous suspensions

using TiO2 [68].

At low pH, Cr(V I) exists in aqueous solution as the dichromate anion (Cr2O
2−
7 )

which can be transformed to Cr(III) as shown in the equation:

Cr2O
2−
7 + 14H+ + 6e− → 2Cr3+ + 7H2O (1.13)

The reduction is possible because the standard potential for (Cr2O
2−
7 ) /Cr3+ is 1.232 V

Vs. SHE [68, 70], and this value is more positive than the potential of the conduction

band edge of the titania semiconductor surface. The photogenerated holes oxidize water

molecules to O2 while the electrons reduce Cr(V I) to Cr(III) [69]. Figure 1.7 shows a

summary of events for this reacion starting from the photoexitation process.
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Figure 1.7. Photocatalytic reduction process of Cr(V I) on a TiO2 particle.



CHAPTER 2

EXPERIMENTAL

2.1 Chemicals

The following chemicals were used without further purification in the combustion

synthesis process: Titanium (IV) oxide sulfate sulfuric acid hydrate, TiOSO4.2H2O +

H2SO4 (Alfa Aesar 98.0 - 102.0%), urea (Sigma,ACS reagent, 99.0-100.5%), thiourea

(Sigma, reagent plus 99.0%), molybdenum (V) chloride (Alfa Aesar 99.0%), titanium

Sulfide, anhydrous powder (Aldrich) and TiO2 (Degussa P-25) was used as reference in

the characterization studies. The benchmark TiO2 (Degussa P-25) was predominantly

anatase and had a specific surface area of 60 m2/g. All solutions in this study were

prepared from double-distilled (Corning Megapure) water. In some instances, the samples

were subject to thermal anneal at 450 oC for 30 min in air using a model 650-14 Isotemp

programmable muffle furnace (Fisher Scientific).

2.2 Experimental Procedures

The synthesis of TiO2 using combustion synthesis (CS − TiO2) followed the path

for the combustion of redox mixtures (see section 1.6). Urea or thiourea were used as fuels

(reducing agents) and titanium oxysulfate (TiOSO4) or titanyl nitrate (TiO(NO3)2) as

the source for the oxidizing elements. Two sets of reactions were used with the purpose

of later comparison. The first one makes use of the titanyl nitrate salt and the second

one uses the oxysulfate salt. Titanyl nitrate was prepared using controlled hydrolysis of

titanium isopropoxide under ice-cold water and vigorous stirring. The white precipitate

(TiO(OH)2) obtained was washed several times in distilled water and then dissolved

in nitric acid to get a clear, transparent titanyl nitrate salt [53, 62]. In all the cases

22
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Table 2.1. Reactants used and total oxidant/reducing ratio

Reactant Formula Oxidant/Reductant ratio
Titanium oxysulfate TiOSO4 -8

Titanyl nitrate TiO(NO3)2 -10

Urea CO(NH2)2 + 6
Thiourea CS(NH2)2 + 6

stoichiometric compositions of the combustion mixtures were calculated based on the

total oxidizing and reducing valencies, so that the equivalence ratio φe = O/F was unity

[56]. Table 2.1 shows the different reagents used with the total oxidizing or reducing

power of each of them. Notice that negative values represent compounds with oxidizing

power while the positive ones are related to fuels with reducing power.

The reaction was started with the stoichiometric mixture of fuel and the oxysulfate

or nitrate salts in a platinum crucible (water was added in the case of the oxysulfate

salt). Next, the mixture in the platinum crucible was placed on a preheated hot plate

(150 oC), with the objective of ensuring homogeneous mixing and starting dehydration of

the aqueous mixture. Once the reaction acquired a viscous appearance, it was transferred

to a preheated furnace (350oC), where the reaction was accompanied by release of a large

amount of gases producing a dry foamy, white to yellow product (See Figure 2.1).

2.3 Photocatalytic Reduction of Cr(V I)

For testing the photocatalytic activity, reduction of hexavalent chromium was used

as a probe. The dose of photocatalyst suspension was 2 g/L in all cases. Samples

were used as prepared unless otherwise expressed. An initial sparging with nitrogen for

a period of 30 minutes without radiation was performed. Then the light was turned

on, and the reaction was kept under constant agitation using magnetic stirring. The

photoreactor used was described elsewhere [69]. The reaction vessel had an inner and
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Figure 2.1. Flowchart for the combustion synthesis of TiO2.

outer compartment. The inner quartz compartment was equipped with a water-cooling

jacket that serves the purpose of housing the lamp and keeping the temperature of the

vessel approximately constant. The outer compartment was an immersion well vessel

with a volume of 250 mL. Nitrogen was supplied through the gas inlet to ensure efficient

mixing of the suspensions.

In all instances, the total initial concentration of Cr(V I) was approximately 800

µM . Samples were collected for measuring the initial concentration, and after the initial

period of 30 minutes of dark equilibration. This was done with the purpose of finding

the amount of chromium ion adsorbed on the surface of the catalyst. After the pho-

toreaction was started, samples were syringed out every hour and filtered immediately

after collection to remove the suspended photocatalyst (0.45 µM polytetrafluoroethylene

(PTFE) syringe filter was used in each case). The solutions were analyzed using UV-vis

spectrophotometry to measure the concentration of the remaining Cr(V I) in the solution

[68, 71].
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2.4 Instrumentation

Films for XPS analysis were made using a suspension of the CS − TiO2 samples

and isopropanol (2-propanol containing 10 g/L dose). They were cast on the surface of

indium oxide glass (ITO) by dip-coating, keeping the back surface masked with cello-

phane tape. After each dip, heating was performed for 10 min at 80oC. This sequence

was repeated eight times, after which the final coated films were heated overnight at a

temperature of 80oC. The CS−TiO2 samples were characterized by X-ray photoelectron

spectroscopy (XPS) using a Perkin Elmer/Physical Electronics Model 5000C. Scanning

electron microscopy (SEM) analyses were obtained using a Zeiss Supra 55 instrument,

with nominal electron beam voltage of 5 kV.

Diffuse reflectance spectroscopy was performed on a Perkin-Elmer Lambda 35 UV-

vis spectrophotometer equipped with an integrating sphere. X-ray powder diffraction

(XRD) patterns of the samples were obtained on a Siemens D-500 powder diffractometer

using CuKα radiation. The step size and scan step time were set to 0.01 degree and 0.5

second respectively. Shifts of the d-spacing for the (101) peak were analyzed over a 2θ

range of 22-28o.

The source of light for the photocatalytic experiment was a tungsten halogen lamp

750 W, 120V (Sylvania) and the total Cr(VI) remaining in solution was recorded on a

Hewlett-Packard Model HP 8452-diode array spectrometer.
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RESULTS AND DISCUSSION

3.1 Initial Observations

Combustion synthesis using both titanium salts ((TiO(NO3)2) and (TiOSO4)),

were performed with urea and thiourea as fuels in the redox mixture. Two series

were completed for further comparison: The first one made use of titanyl nitrate salt

(TiO(NO3)2) plus urea (NU), thiourea (NT ), or mixtures of both fuels (NUT ). For the

second series, stoichiometric mixtures of the oxysulfate salt (TiOSO4) plus urea (SU),

thiourea (ST ), or mixture of fuels (SUT ) were used. In both cases, the final product was

a white to yellow solid with foamy appearance (see Figure 3.1).

Comparison of oxidizing materials ((TiO(NO3)2) and (TiOSO4)) in the various

reactions shows no apparent difference other than reaction time. On the other hand,

a strong influence was found when the two different fuels were compared, giving in all

instances a bright yellow, dense and compact solid material when thiourea was used

in the reaction. In contrast, the use of urea results in a more foamy voluminous solid

material with white to pale yellow color. All reactions proceeded in the same fashion; on

heating, the precursor mixture turned from cloudy to clear, then initial evaporation of

the solvent was observed. The samples were then transferred to the furnace, where the

reaction between the fuel and titanium salt proceeded with the generation of heat, flame

and gases. The final appearance of the CS − TiO2 samples prepared in the oxysulfate

series can be seen in Figure 3.1, where the upper part is the benchmark TiO2 Degussa

P-25 sample, the white powder in the left side is from reaction with urea (SU), the

26
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Figure 3.1. Physical appareance of CS − TiO2 for the oxysulfate series. See text for
identification.

sample in the right side is from reaction with thiourea as fuel (ST ), and the picture in

the bottom is of the final powder using a mixture of the two fuels (SUT ).

Titanyl sulfate and nitrate salts were also dissolved in a precursor solution without

any fuel, in order to find out if any reaction occurs in absence of the reducing elements.

Procedure was as described above, but no reaction was observed. In addition, even though

some material remained on the walls of the crucible after heating inside the furnace, no

combustion reaction was detected during this time.
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3.2 Combustion Synthesis of TiO2

The first set of reactions were made using TiO(NO3)2 with urea, thiourea as fuel,

or a mixture of these two fuels. The second set of reactions involved TiOSO4 as the

source for oxidizing elements and same fuels mentioned above. Characterization of the

products of the different reactions and its photocatalytic activity will be addressed in the

following subsections.

3.2.1 Diffuse Reflectance Spectroscopy

Figure 3.2. UV-visible diffuse reflectance spectra for the various CS − TiO2 samples
using TiO(NO3)2 and different fuels.

Figure 3.2 and 3.3 contain the UV-visible transmittance spectra recorded for films

formed from the CS − TiO2 samples prepared using different precursors and fuels. A

dramatic change can be observed for the TiOSO4 series (Figure 3.3). Specifically, a
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Figure 3.3. UV-visible diffuse reflectance spectra for the various CS − TiO2 samples
using TiO(NO3)2 and different fuels.

decrease in transmittance is found in 380 - 700 nm range for samples prepared from the

oxysulfate salt when compared with the benchmark TiO2 (Degussa P-25). On the other

hand, the series prepared from the titanyl nitrate salt showed a more modest improvement

in the absorption of light (see Figure 3.2). In general both series present improvement in

the absorption of visible light by TiO2 with a shift to the red spectral region.

To determine the band gap of each sample, the variation of (αhν)2 with excitation

energy (hν) was obtained using the diffuse reflectance data for the various films. Inter-

cepts of the Tauc plots [72] show the approximate values of the optical band gap (Eg) for

the two different series. These plots are shown in Figure 3.4 and 3.5, where TiO2 P-25

serves as the reference with a band gap value (3.3 eV) in agreement with values reported

elsewere [3, 4].
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Figure 3.4. Tauc plots for the TiO(NO3)2 series.

Figure 3.5. Tauc plots for the TiOSO4 series.
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Table 3.1. Band gap values obtained for the various CS − TiO2 samples. See text for
sample notation

Sample Eg(eV )

P-25 3.3

SU 3.1
ST 2.5
SUT 2.5

NU 3.1
NT 3.1
NUT 3.1

It is rather remarkable that using urea or thiourea as fuel did not make any differ-

ence in the band gap of CS − TiO2 for the titanyl nitrate series (≈ 3.1 eV ). In fact, no

change is seen in the Tauc plots for the two cases (Figure 3.4). In the case of TiOSO4

a value of 3.1 eV was obtained for urea (SU), while with the use of thiourea (ST ) or

a mixture of fuels (SUT ), the value of the band gap was reduced to 2.5 eV (see Figure

3.5).

The band gap values (Eg) for the various CS − TiO2 samples are compared in

Table 3.1 along with the value for the reference TiO2 (Degussa P-25) sample. A general

improvement is observed in the absorption of light in the visible region for all the samples.

The change in band gap is appreciable for the samples from the combustion reaction of

titanium oxysulfate salt with thiourea or a mixture of urea and thiourea.

3.2.2 XPS

X-ray photoelectron spectroscopy (XPS) was used to study the chemical states of

the different elements and the nature of doping of the CS − TiO2 samples. XPS is a

well established non destructive surface analysis technique for crystalline and amorphous

materials. It permits the determination of the oxidation states of elements in a sample.
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Figure 3.6. High resolution XPS of Ti 2p core level for CS − TiO2 and Degussa P-25
sample.

To understand the different oxidation states, a set of reference materials and different

products were prepared using the dip coating technique [73]. The reference materials

included titanium oxysulfate (TiOSO4), titanium disulfide (TiS2) and a physical mixture

of Degussa P-25 TiO2 and 5.0 % elemental sulfur (TiO2 + S)). The CS − TiO2 samples

were made using the two different precursor salts and various fuels as discussed earlier.

Calibration spectra for all the samples was made using the C 1s line at 284.6 eV,

which was present as a strong signal and is assigned to adventitious surface carbon [74].

Accompanying this peak, the C 1s spectra for all the samples (references and CS−TiO2)

show two extra peaks at 285.5 and 288.5 eV. These peaks could be assigned to elemental

carbon in the case of the first signal and carbonate species to the peak around 288 eV.

Importantly, no peak around 282 eV is present indicating the absence of Ti− C bond

and precluding doping by carbon in the samples [53, 75].
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The N 1s peak was also recorded for all CS − TiO2 samples, the peak with low

intensity and position around 400 - 401 eV is assigned as an amino group present in

the final product and is in agreement with values in the literature [53, 74, 76]. No peak

at 396 eV was found showing the absence of nitrogen doping in the final product [14].

The Ti 2p level spectra for all samples show the typical two peaks for Ti4+(2p 3/2)

and Ti4+(2p 1/2). Furthermore, all samples showed the typical energy difference between

the two peaks (∆Eb = Eb(Ti2p 1/2) − Eb(Ti2p 3/2)) with a value around 5.7 eV [74].

Also, the intensity ratio between them is close to the 1:2 value reported for spin-orbital

splitting [30, 74]. These peaks are listed in Table 3.2 and the spectra are presented in

Figure 3.6.

The reference TiS2 sample, representing a titanium in a sulfur rich environment

shows two peaks for Ti4+ at lower binding energy (455.8 - 462 eV) plus an extra peak

corresponding to contamination from the oxide form of titanium (Ti − O bond) which

is mainly due to the preparation method of the film [77]. The oxygen rich environment

represented by the reference TiO2 (Degussa P-25) appears at a higher energy with peaks

centered at 458.4 and 463.8 eV plus a peak related to Ti3+ around 457 eV [78]. The Ti

peak for TiOSO4 appears at 459.4 and 465.4 eV reflecting the rich oxygen and sulfur

environment surrounding the metal ion (Ti−O−S and Ti−O−Ti bonding) in agreement

with its structure [79].

From Table 3.2 a change in position for the Ti 2p 3/2 signal can be observed for the

different samples prepared via combustion synthesis. Specifically the NU , ST and SUT

samples show a shift from the value associated with the peak for TiOSO4 (459.6 eV) to

a value close to the reference TiO2 (458.2 eV) case.

The O1s region spectra for CS−TiO2 shows a broad shape that reveals a complex

composition for the different samples and references. This complexity can be resolved

for each peak by means of curve fitting, the resulting distribution is a convolution of
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Table 3.2. XPS analysis details for the Ti 2p peak for reference and CS − TiO2 samples

Sample Binding Energy (eV) Peak Designation Area ∆Eb FWHM
TiS2 458.3 Ti−O 173 5.7 1.2

464 152 2.3
455.8 Ti− S 411 6 1.1
461.9 225 1.6

TiO2 458.2 Ti−O 1908 5.6 1.8
463.8 865 2.2
456.8 Ti3+ 188 1.1

TiOSO4 459.6 Ti−O − S 222 5.7 1.2
465.3 98 2.0

NU 458.4 Ti−O 1041 5.6 2.0
464.0 478 2.5

NT 459.3 Ti−O 239.2 5.7 1.6
465.0 126 2.6

SU 458.9 Ti−O 885 5.6 1.7
464.5 420 2.4

ST 458.5 Ti−O 1619 5.7 1.1
464.2 505 2.0

SUT 458.6 Ti−O 952 5.6 1.5
464.2 472 2.3

the individual contributions to the overall peak [74]. For example, the reference (TiO2)

P-25 has two main peaks contributing to the core level, which are in accordance with

values reported in the literature [53, 74] and can be assigned as the binding energies for

oxygen-metal bonding (around 529.5 eV) and to the presence of hydroxyl groups (OH−)

adsorbed on the TiO2 surface (532.4 eV) [53, 76].

Deconvolution for TiOSO4 reflects the inner composition of the oxysulfate with a

ternary constitution as seen in Figure 3.7. Here, I represents the binding energy for the

oxide (at 530.5 eV), II represents the OH− signal around 531.7 eV and III is the S−O

region that corresponds to sulfate and bisulfate groups with a value of 532.6 eV [74, 80].

These values are consistent with the structure of the titanium oxysulfate salt [79].
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Figure 3.7. Deconvolution of the O 1s core level spectrum for TiOSO4 reflecting its
composition. The components I, II, III are elaborated in the text.

For the case of CS − TiO2 the same analysis was applied and curve fitting gave a

ternary composition as exemplified by the SUT sample in Figure 3.8. In this case the

lower binding energy (represented by I) is again related to oxygen in the oxide while the

higher binding energy (III) can be attributed to oxygen as sulphate groups. Component

II is assigned to OH− groups adsorbed on the surface and has a value of 531.4 eV.

These peak deconvolution analysis show in particular a high concentration of sulfate

related species and low hydroxide or oxide participation for the oxysulfate salt again in

agreement with the structure of this soluble salt [79]. For the CS − TiO2 samples the

highest presence of O − S groups is observed for the SU sample while the highest OH−

levels are observed for the SUT sample.
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Figure 3.8. O 1s core level spectrum deconvoluted to show the different components for
the SUT sample. The components I, II, III are elaborated in the text.

Figure 3.9. High resolution XPS of O 1s core level for CS − TiO2 and Degussa P-25
samples.
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Table 3.3. Binding energy values of components in the O1s spectra of different CS−TiO2

and reference materials

Sample Binding Energy (eV) Area Peak Designation FWHM

TiO2 529.5 2646 Ti−O 1.7
530.8 106 OH− 1.0

TiOSO4 530.5 146 Ti−O 1.5
531.7 342.5 OH− 0.9
532.6 2532 S −O 1.7

NU 529.5 920 Ti−O 1.6
530.5 636 OH− 2.4

NT 529.8 1353 Ti−O 1.2
531.3 273 OH− 1.2
532.8 892 S −O 2.3

SU 530.1 944 O2− 1.7
531.5 747 OH− 2.3
532.5 2201 S −O 2.2

ST 529.8 1353 Ti−O 1.2
531.3 273 OH− 1.2
532.8 892 S −O 2.3

SUT 529.9 934 Ti−O 1.4
531.4 1219 OH− 3.0
532.8 1020 S −O 2.1

Figure 3.9 shows the O 1s core level in the oxysulfate series together with the

reference TiO2. Values for the different reference and CS−TiO2 samples materials with

the curve fitting analysis, peak designation and area are given in Table 3.3.
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Figure 3.10. Deconvolution of the S 2p core level spectra for the SUT sample. I and II
are identified in the text.

The S 2p core level spectra for the different samples and references were also

recorded and the values are reported in Table 3.4. Once again, deconvolution of the

peak reveals the complex chemical composition. Figure 3.10 is an example of this; it

represents the curve fitting for the SUT sample. Area I with value around 168.6 eV is

assigned to the presence of S in the 4+ state (S4+) and 169.5 eV corresponds to the S6+

species [25, 74, 81-83]. The binding energy values for both components are in agreement

with data in the literature [74, 81].

From the reference samples the values for the binding energy of sulfur in a titanium

rich environment represented by TiS2 was found to be in agreement with values reported

(160 - 161 eV) [77, 81]. The physical mixture of Degussa P-25 and elemental sulfur (5.0

%) showed two broad peaks with low intensity related to the presence of sulfur; the first

around 163 eV representing elemental sulfur in the sample while the peak at 168 eV
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Table 3.4. S 2p Binding energies, relative percentages in for CS − TiO2 samples, with
curve fitting analysis. (*) Represents elemental sulfur

Sample Position (eV) Peak Designation Conc.% Area FWHM

TiS2 160.3 Ti− S 63.5 295.4 0.67
161.5 S2− 197 0.86
162.9 S∗ 17 1.0

TiO2 + S 162.8 S∗ 2.5 46 3.0
168.1 S+4 25 2.5

TiOSO4 168.8 S+4 10 38 0.9
169.4 S6+ 199 2.1

NT 168.5 S+4 13 96 1.3
169.5 S6+ 103 1.7

SU 168.5 S+4 6.7 108 1.6
169.6 S6+ 115 2.0

ST 168.1 S+4 1.4 22 1.5
169.8 S6+ 10 1.2

SUT 168.5 S+4 2.0 38 1.5
169.8 S6+ 13 1.2

is related to the sulfur as the SO2 species. These values again are in agreement with

references in literature [74, 77, 81].

Figure 3.11 shows different peaks for the CS − TiO2 samples in the titanium oxy-

sulfate series along with TiOSO4 as reference. Examination of the shape reveals a high

content of sulfur as S6+ for the TiOSO4 reference and the sample prepared using the

oxysulfate salt and urea as fuel (SU), proving the presence of sulfate species in these two

samples as S6+. In fact, the area in the XPS spectra for S6+ is up to 5 times more than

that for S4+ for this samples. This is in agreement with the structure of this soluble salt

(see Figure 3.12) [79].
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Figure 3.11. S 2p spectra of CS − TiO2 samples in the oxysulfate series.

Figure 3.12. Structure of hydrated titanyl sulfate [79].
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The total concentration of sulfur in the surface, binding energy positions and peak

designations for the various samples are presented in Table 3.4. Using values obtained

for peak area a comparison of the ratio of sulfur species (S4+/S6+) can be made for the

various CS − TiO2 samples. Thus, values close to unity can be found for NT and SU

samples while ST and SUT samples present two and three times more S4+ species (see

Table 3.4).

As a conclusion for this part of the the work, sulfur was found to be present in the

different CS − TiO2 samples as a mixture of oxidation states (S4+ and S6+) with values

of binding energy around 168.5 and 169.5 eV respectively in agreement with references

found in literature [24-26, 82] . Importantly, S2− species (binding energy around 161-

162 eV) were not found in the CS − TiO2 samples precluding the substitution of sulfur

atoms for the oxygen atoms in titania host lattice [23]. A high fraction of sulfur occurs

in the 6+ oxidation state in the TiOSO4 reference salt and the sample prepared using

the oxysulfate salt and urea SU . On the other hand, ST and SUT samples show a

stronger presence of the 4+ oxidation state. The CS − TiO2 the sample prepared with

the oxysulfate salt and a mixure of the two fuels (SUT ) presents the highest ratio of S4+

to S6+.

A set of samples were prepared in the SUT series with the purpose of studying the

effect of washing of the final sample. Films were prepared with the as prepared sample

and after washing with DI water several times, then the XPS spectra were recorded and

compared.

For the Ti 2p core level spectrum no significant change in the binding energy oc-

curred and a constant ∆Eb value of 5.7 eV was identified for the Ti 2p spin-orbital

splitting [30, 74]. The O 1s core level for the as prepared and after washed samples are

compared in Figure 3.13. The values obtained after peak deconvolution show no change

in the binding energy positions for the different curves (see Table 3.5). Furthermore,
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Figure 3.13. XPS O 1s core level spectra for SUT sample as prepared and after washed.

peaks related to the metal oxygen (Ti − O) bond and OH− groups (529 and 531 eV

respectively) on the surface increase for the washed sample. On the contrary, the value

related to the presence of O − S (533 eV) was reduced in the washed sample (see Table

3.5).

For the S 2p core level a reduction in the peak area at 169-170 eV was observed

for the washed sample along with an increase in the area around 168 eV. This is clear

indication of a reduction of the S6+ groups for the washed sample and an increase in

the S4+ presence. Figure 3.14 shows the S 2p core level spectra for the two samples.

The three solid curves represent the sample after the washing process (black curve), and

the curves obtained from peak deconvolution showing the presence of S6+ (red curve)

and S4+ (blue curve). The dashed curve represents the as prepared sample. Binding

energy values and peak assignments for these curves are contained in Table 3.6. When
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Table 3.5. O 1s core level XPS data for the CS − TiO2 samples showing the effect of
post-synthesis washing

Sample Binding Energy (eV) Area FWHM

As prepared 529.9 123 1.5
531.5 572.5 1.6
532.9 260 2.2

After wash 529.9 307 1.3
531.6 1245 1.9
533.3 127 1.7

Figure 3.14. S 2p core level spectrum of SUT sample showing the effect of washing.
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Table 3.6. Binding energy (BE) for the S 2p core showing the effect of washing

Sample Binding Energy (eV) Area Peak Designation

As Prepared 168.1 33.5 S4+

169.1 68.1 S6+

After washed 168.4 104 S4+

169.6 50 S6+

comparing the overall elemental composition for both samples, a small change in the ratio

of the different elements present at the surface of the samples was observed. The ratio

was calculated for O : Ti : S as 10:1:2 for the as prepared sample while the post-synthesis

washed sample showed values of ≈ 6 : 1 : 1.

As a summary of the XPS study, cationic doping by means of sulfur was found

in the samples prepared by combustion synthesis, the oxidation states of the S atoms

incorporated into the titania structure were determined to be S6+ and S4+. The O 1s

core level data revealed abundance of OH− groups relative to Ti − O. Since XPS is a

surface technique this implies the presence of plentiful hydroxyl groups on the surface

while the Ti−O contribution arises from the catalyst bulk. Neither carbon nor nitrogen

doping was noted based on values of binding energies. Substitution of sulfur for titanium

in the structure of TiO2 was also not observed. A general increase in peak area for the

washed sample was found with no change in position for the oxygen or titanium core

levels. Sulfur as S4+ species remains after washing several times with deionized water.

Same trend appears for the O 1s core level of the as prepared and washed samples, with

increase up to four times in area for the O− Ti (529.9 eV) and OH− (531.5 eV) signals,

and a decrease in the total area for O − S at 533 eV (see Figures 3.13 and 3.14).
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Figure 3.15. Powder XRD patterns showing the effect of annealing for the ST sample.

3.2.3 XRD

Figure 3.15 shows the powder X-ray diffraction patterns showing the effect of an-

nealing for the ST sample. It can be seen that the as prepared sample shows amorphous

characteristics and an increase in crystallinity is obtained after annealing at 450 oC. A

similar trend was found for the SUT sample, but in the SU case, the initial amorphous

characteristic did not change even after annealing at 450 oC. The position of the (101)

peak reflects the trend in crystallinity as seen in Figure 3.15.

Figure 3.16 shows XRD patterns of reference TiO2 (Degussa P-25) (predominantly

anatase) along with the sample prepared using the mixture of fuels (SUT ). For the

ST and SUT samples the initial amorphous material has anatase composition after the

annealing process (see Figure 3.16). Interestingly, annealing to a temperature up to

750 oC shows no appreciable conversion to the rutile phase in the SUT sample (see
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Figure 3.16. Annealing effect of the SUT sample. (*) Denotes peak assigned to rutile
structure and all the other peaks correspond to anatase phase.

Figure 3.16). This phenomenon was pointed out in the literature for doping of TiO2

with sulfur, concluding that presence of sulfur in the grain boundaries prevent the phase

transition of anatase to rutile [84].

Values for position of the peak and crystallite sizes of the samples were calculated

using the (101) signal for the SUT and ST annealed for 30 minutes at 450oC, Degussa P-
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Figure 3.17. Comparison of Degussa P-25 TiO2 with ST and SUT samples for the (101)
XRD peak.

25 was used as reference. The average crystalline sizes of the two samples was estimated

from the (101) peak of anatase using the Debye-Scherrer equation:

D =
Kλ

β cos θ
Å (3.1)

where D is the average crystallite size in angstroms, K is a constant (0.89), λ is wave-

length of copper Kα (1.5405 Å), β is the full width at half maximum (in radians)(1o =

π/180 radians), and θ is the diffraction angle. The calculated values together with the

position of the (101) peak and the FWHM values are shown in Table 3.7.

The particle size in Degussa P-25 was found to be 21.2 nm in size in agreement with

values reported elsewhere [85]. High resolution analysis of the (101) signal of Degussa

P-25 and the ST and SUT samples annealed to 450 oC reveal a shift in the position of
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Table 3.7. Comparison of grain size for SUT and ST samples with Degussa P-25

Sample 2θ FWHM Grain size (nm)
P-25 25.30 0.38 21.2
ST 25.15 1.19 5.5
SUT 25.15 1.19 6.7

the (101) signal (see Figure 3.17). This could be related to lattice distortion in the doped

samples. Further analyses of these peak shifts are required and this work is in progress.

3.2.4 SEM

Figures 3.18 and 3.19 contain representative SEM images for the sulfate series of

samples prepared with either a mixture of the two fuels (Figure 3.18) or with urea alone

(Figures 3.19). The samples prepared using thiourea (either alone or in combination with

urea) present a mesoporous morphology with many pores which presumably result from

the evolved gas during the combustion (see Figure 3.18, for example). On the other hand

when urea is used as the fuel, no pores were observed and only a melted solid appearance

is observed. This is exemplified by the micrograph in Figure 3.19. The morphology as

probed by SEM for the CS − TiO2 samples is markedly different from the Degussa P-25

case shown in Figure 3.20.
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Figure 3.18. SEM image of as-prepared SUT sample.
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Figure 3.19. SEM image of an as-prepared SU sample.
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Figure 3.20. SEM image of the Degussa P-25 TiO2 sample.
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3.2.5 Photocatalytic Activity

Figures 3.21 and 3.22 show the change in concentration of Cr(V I) with irradiation

time during photocatalytic reaction using the CS − TiO2 samples under visible light

irradiation. The initial dose was 2g/L in all the cases and the initial concentration of

Cr(V I) was 800 µM at pH = 3.2. Data are shown for CS − TiO2 samples derived

from the two series of titanium oxide precursors, namely oxynitrate (Figure 3.21) and

oxysulfate (Figure 3.22) along with those for the benchmark Degussa P-25 TiO2 sample.

Figure 3.21. Visible light photocatalytic reduction profile of Cr(V I) using CS − TiO2

samples prepared from TiO(NO3)2 and different fuels as shown.

Remarkable differences can be seen for the two different series. As shown in Figure

3.21, no improvement in the photocatalytic performance toward reduction of Cr(V I)

was found for the as-prepared samples using nitrate salts when compared to commercial
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Degussa P-25. Furthermore, the photocatalytic activity with the urea product (NU)

aproached that of the reference P-25, while the use of thiourea (NT ) even decrease the

photocatalytic activity.

Figure 3.22. Visible light photocatalytic reduction profile of Cr(V I) using CS − TiO2

samples prepared from TiOSO4 and different fuels as shown.

In contrast, Cr(V I) reduction rates were found to be improved for the titanium

oxysulfate salt and thiourea fuel (ST ) when compared to the commercial sample (Figure

3.22). More interesting is the improvement when a mixture of the fuel was used (SUT );

in this case, the final concentration of of Cr(V I) after 12 hours of visible irradiation was

close to zero. the use of urea (SU sample) did not improve the photocatalytic activity

toward the reduction of Cr(V I) under visible light irradiation.
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Figure 3.23. Photocatalyc activity of the SUT sample as prepared and washed.

To evaluate the effect of washing on the photocatalytic activity, the SUT sample

was washed several times with deionized water, then dried in the oven overnight and used

in the photocatalytic reduction of Cr(V I). As can be seen in the Cr(V I) concentration

curves with respect to time under visible light (Figure 3.23) no appreciable change in the

reduction rate was found between the as-prepared and washed samples.

The effect of annealing on the photocatalytic activity of the SUT sample was

verified, Figure 3.24 shows the Cr(V I) concentration curves with respect to time under

visible light irradiation for as-prepared and annealed samples at 150 oC, 200 oC and

400 oC for 30 minutes. A decrease in photocatalytic activity can be seen with an increase

in annealing temperature. Initially no appreciable change can be seen after heating at

150oC or even 250oC, but low photocatalytic activity is observed after heating at 400 oC.
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Figure 3.24. Effect of annealing on the photocatalytic activity of the SUT sample for
Cr(V I) reduction.

This is presumably a morphological consequence of thermal annealing; i.e., the surface

area probably diminishes as a result of sintering.

3.3 Metal Co-doping

To evaluate if co-doping with metal ions is viable using the combustion synthesis

technique, a set of reactions was carried out using a soluble salt containing an appropriate

metal ion. Molybdenum was chosen for this purpose in the form of chloride (MoCl5),

due to the similar ionic radii of Mo and Ti, solubility of the chloride salt and also

because higher valence cations such Mo5+ are expected to minimize recombination of

the photogenerated charge carriers [30]. Three sets of samples were prepared, in each

case 5% by weight of molybdenum chloride, titanium oxysulfate salt and urea (SU+Mo),

thiourea (ST +Mo) or the mixture of fuels (SUT +Mo) were employed.



56

Figure 3.25. Physical appearance of samples prepared with the use of MoCl5.

Each reaction was set up as described in experimental section for the oxysulfate

series (section 2.2), with the only difference that 5% by mass of MoCl5 was added to the

initial mixture. The equivalent ratio was kept equal to unity in each case as before [56].

The final product obtained was a dry, foamy, brown solid (see Figure 3.25).

3.3.1 Diffuse Reflectance Spectroscopy

UV-vis transmittance spectra for the SUT samples prepared with the addition of

molybdenum chloride salt show the absorption edge to be at longer wavelengths than

that of the Degussa P-25 sample or the previous CS − TiO2 samples. This can be

seen in Figure 3.27, where the Tauc plots show a decrease in the band gap edge for the

new CS − TiO2 samples. Further analyses show that multiple band gap values can be

extrapolated, obtaining three values in each case (see the case of SUT + Mo in Figure

3.27). The first of these values was observed in the different samples with approximately

the same energy (around 3.2 eV) while the two additional values were establish to be at

different positions. These values are presented in Table 3.8 and show a narrowing effect
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Figure 3.26. Tauc plots obtained for samples prepared using the oxysulfate series and
5.0% MoCl5.

Figure 3.27. Tauc plot for the SUT +Mo combustion synthesized sample. A third band
gap value (≈ 3.2 eV ) is not shown for clarity.
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Table 3.8. Band gap values for the different CS − TiO2 samples made with the addition
of 5.0% MoCl5

Sample Eg (eV)

SU 2.6
3.1
3.2

ST 2.0
2.2
3.2

SUT 1.7
2.0
3.2

on the optical band gap for each sample, in each case lower than that of Degussa P-25

(3.3 eV) or the samples obtained in the initial reaction (2.5 eV) (see section 3.3.1). The

new band gaps energy are remarkably low (1.7 and 2.0 eV) for the sample that makes

use of the mixture of fuels (see also Figure 3.27).

3.3.2 XPS

Samples were prepared using the new CS−TiO2 samples and XPS spectra recorded.

The photoelectron peak of Ti 2p core level did not show any change either in position or

composition when compared to the initial system (without the use of MoCl5).

The O 1s core level was recorded for the different samples, with the information

obtained summarized as follows:

1. All samples show a broad peak that can be deconvoluted to three components

showing no change in position relative to those obtained with the original mixture

(SUT , ST or SU).
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Figure 3.28. High resolution XPS spectra of Mo 3d core level for the SUT +Mo sample
showing the different contributions (see text for notation of components).

2. The main components for the SUT +Mo and ST +Mo samples were assigned to

Ti − O in the lattice and OH− surface hydroxyl groups, just like in the original

series.

3. In the case of the SU +Mo sample, a high area around 532.5 eV was found as the

main component for the O 1s, this peak is assigned to the presence of O − S.

Deconvolution of the sulfur peak (S 2p core level) shows the presence of S6+ and

S4+ (around 169.5 and 168.5 eV respectively). Just like in the original oxysulfate series

the peak area related to S4+ was higher than the S6+ area in the case of thiourea and

mixture of urea and thiourea fuels. For the SU + Mo sample the ratio was higher in

the S6+ species. No peaks associated with the formation of MoS2 or TiS2 were found,

binding energies of these metal sulfur bond normally appear in the range 161-163 eV [86].
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Table 3.9. Mo 3d binding energies (eV) in the SUT +Mo sample

Curve Oxidation state Binding Energy (eV) Area
A Mo(IV ) 230.8 17.9

233.9 9
B Mo(V ) 231.5 22.1

234.6 19.5
C Mo(V I) 232.5 33.5

235.5 11.2

The Mo 3d core level for the different samples shows a broad peak with a complex

structure, that after deconvolution reveals spin-orbit splitting for the different oxidation

states with a typical value of 3.2 eV (∆BE = Mo3d5/2−Mo3d3/2) [74]. Distinctive values

for the different oxidation states of molybdenum were found for the different samples and

the values for the SUT + Mo sample are reported in Table 3.9. Figure 3.28 shows the

curve fitting for the SUT + Mo sample, where I represents molybdenum in oxidation

state IV (as in MoO2). II is the Mo(V ) oxidation state and III represents Mo(V I)

(like in MoO3) [30, 74]. Mo(0) has a binding energy around 228-229 eV and was not

present in this particular sample [30, 74, 87, 88].

In summary, co-doping with Mo is possible as the radius of Mo6+ is close to that of

Ti4+ (62 and 68 pm) [89]; thus it is likely that Mo ions could enter into the TiO2 lattice

displacing Ti4+. The presence of the different oxidation states for molybdenum in the

different CS−TiO2 samples helps to confirm co-doping of the metal oxide. These values

are in agreement with information previously reported using other synthesis methods

[30, 88]. In sum, these XPS data show co-doping of the metal oxide host by sulfur

(mainly S4+) and molybdenum (mainly 6+, but also present as 4+ and 5+).
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Figure 3.29. XRD of SUT +Mo sample compared to the Degussa P-25 sample.

3.3.3 XRD

Figure 3.29 shows XRD spectra of a CS − TiO2 sample prepared with the use of

5% MoCl5 and annealed at 450 oC and 750 oC for 30 minutes. The crystalline size using

the (101) peak after annealing at 450 oC and the Debye-Scherrer equation (see section

3.1) was calculated to be 9.37 nm. This increase in size is confirmed by the shape of the

(101) peak for SUT + Mo when compared to ST and SUT , as can be seen in Figure

3.30.

High resolution analysis of the (101) signal of the SUT+Mo, ST and SUT samples

annealed at 450oC shows a shift in the position of the (101) signal (see Figure 3.30). This

again could be related to lattice distortion in the co-doped samples. Further analysis of

these peak shifts is required and this work is in progress.
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Figure 3.30. High resolution X-ray diffractograms of the (101) peak for SUT , ST and
SUT +Mo CS − TiO2 samples.

3.3.4 Photocatalytic Activity

Figure 3.31 shows the profile for the photocatalytic reduction of Cr(V I) with the

new samples prepared using the oxysulfate salt, different fuels and 5.0% by mass of

MoCl5. The Degussa P-25 and SUT samples are shown in the figure for comparison.

The initial conditions were the same as those used in the original oxysulfate series. From

this figure it is clear that photocatalytic activity was improved for the SUT and ST

samples. Almost complete conversion of Cr(VI) is seen in a period of 4 to 5 hours

under visible illumination (see Figure 3.31). The improvement can be visualized easily

following Figure 3.32, where the remaining concentration of Cr(V I) after four hours

of visible irradiation is compared for different CS − TiO2 samples. This represents an

improvement in the overall photocatalytic activity of the new samples when compared

to the initial CS − TiO2 series or to the reference (Degussa P-25) TiO2 sample.
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Figure 3.31. Photocatalytic activity of the co-doped CS − TiO2 under visible light.

The effect of Mo co-doping on the photocatalytic activity can be understood as

follows. The photocarriers generated by visible light separate with electrons being trans-

ferred to molecular oxygen producing a superoxide anion radical, and the holes produce

hydroxyl radicals. Before recombination takes place, trapping of these charges is neces-

sary to ensure photocatalytic activity. Higher valence electrons such as Mo5+ can replace

Ti4+, leaving extra holes weakly bound to the dopant center contributing to the conduc-

tion band. Then, electrons in the conduction band (e−CB) are trapped by the co-doped

metal before recombination takes place, providing more electrons in the conduction band

for the reduction of electron acceptor species [30]. As a result of the decrease of car-

rier recombination more super oxide radicals O−•
2 are also produced [30]. In the case of

molybdenum it has been shown that Mo5+ and Mo6+ can co-exist simultaneously during

illumination [87].
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Figure 3.32. Photocatalytic activity of the various CS − TiO2 samples for Cr(V I)
reduction after four hours of visible light irradiation.



CHAPTER 4

SUMMARY AND CONCLUDING REMARKS

This thesis research has shown that combustion synthesis is a simple, one step, low

energy, easy method to prepare and improve titanium dioxide (TiO2). All the CS−TiO2

samples show a shift in absorption of light to higher wavelengths. The improvement in the

absorption of light was obtained with the use of oxysulfate salt as oxidant and thiourea

or mixtures in one to one ratio of urea and thiourea; the band gap values were found

to be equal to 2.5 eV in the cases where thiourea or the mixture of fuels were used.

These samples show dramatic improvement in the photocatalytic activity toward the

reduction of Cr(V I) under visible illumination. XPS studies show the presence of sulfur

as dopant in these CS− TiO2 samples as S+4 and S+6 species, along with high presence

of hydroxyl groups adsorbed at the surface of the metal oxide. XRD proved the final

oxide composition to be anatase and no noticeable conversion to rutile was found even

after annealing to 750 oC.

Even though previous works did not find metallic co-doping of titania using this

method, co-doping by molybdenum was demonstrated in this research. These new co-

doped TiO2 samples showed a significant rate of reduction of Cr(V I) under visible irra-

diation. Two low band gaps were observed in the Tauc plots for this co-doped product

making use of thiourea (ST +Mo) and the mixture of fuels (SUT +Mo); the values were

2.0 - 2.2 and 1.7 - 2.0 eV respectively. XPS studies found the molybdenum to be present

as a mixture of oxidation states (mainly +6, but also as +4 and +3).

Neither carbon nor nitrogen doping was noted based on the XPS results. Substi-

tution of sulfur for titanium in the structure of TiO2 was also not observed. Further
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studies are required to establish the mechanistic reasons for why thiourea (or mixtures

with urea) yield superior TiO2 samples relative to the use of urea alone as the fuel.
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