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ABSTRACT 

“STRUCTURAL AND GAS SENSING PROPERTIES OF 

TiO2-BASED (Sn, Mg) NANO-STRUCTURES INDUCED BY 

MECHANICAL MILLING AND NNEALING” 

  

Titanium oxynitride has attracted research interest for the fact that it is a bioactive 

non-toxic material. It is suitable for surface coating of biomaterials and in other 

applications such as anti-reflective coatings, while oxygen-rich titanium oxynitride 

has been applied in thin film resistors and photocatalysis. Two common types of 

titanium oxynitrides are TiOxNy and TiO2-xNy. In this work, titanium mixed metals 

oxynitrides (Ti-TiO2, Mg-TiO2 and Mg-Sn-TiO2) were synthesized for the first time 

using ball milling (BM) and annealing processes. Their structural, morphological, 

surface, optical, and gas sensing properties were studied in detail. Structural 

analyses showed that upon milling a pure TiO2 phase, tetragonal to orthorhombic 

phase transformation occurred. However, when milling TiO2 mixed with Mg, Sn 

and Ti no evidence of the transformation was observed. Furthermore, scanning 

electron microscopy, transmission electron microscopy and atomic force 

microscopy showed that the milling process promotes particle refinement. The 

gas sensing analyses also demonstrated that the sensing response of the TiO2, 

Mg-TiO2 and Mg-Sn-TiO2 materials improved upon milling.  

 

Moreover, the Mg-TiO2 showed improved sensing compared to pure TiO2 due to 

incorporation of Mg, which might have resulted in a decrease of charge carrier 
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concentration. The Mg-TiO2 sensing materials showed fast response-recovery 

time of 32 s and 48 s, respectively, as well as high selectivity to NH3 gas 

compared to other gases (H2, and CH4). In addition, the improved response 

observed for the milled samples is due to increased surface area and pore 

diameter, providing more active sites for the target gas and allowing more gas 

adsorption with an increase in point defects related to oxygen vacancies (VO), 

which are the most favorable adsorption sites for oxygen species and thus can 

enhance the possibility of interaction with gas molecules. A combination of 

photoluminescence, x-ray photoelectron spectroscopy, vibrating sample 

magnetometer and sensing analyses demonstrated that a direct relation exists 

between the magnetization, sensing and the relative occupancy of the VO present 

on the surface of TiO2 nanoparticles.  

Therefore, based on these finding we conclude that the milling process promotes 

particle refinement, resulting in an increased BET surface and partial breaking of 

Ti–O bonds on the TiO2 surface layer, which results in the formation of oxygen 

vacancies in the TiO2 lattice, therefore anticipating improved sensing response.  
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CHAPTER ONE 

 

BACKGROUND OF THE STUDY 

 

 

1.  GAS SENSING 

 

MOTIVATION 

 

The standard of living has improved quite remarkably because of the 

industrial revolution. Besides the benefits, the industrial revolution has introduced 

a negative aspect on human health due to emission of various gases and 

particles, which pollute the environment. Thus the development of gas sensors 

with high sensitivity, good selectivity, low-power consumption, and long-term 

stability to detect or monitor the leakage of poisonous (or flammable) gases that 

can be harmful to the environment and human health, has become more 

pressing. In 2009 an industrial market report in the United States of America 

(USA) reported that the demand for sensors increased with an annual average 

growth rate of 4.6% from 2004 [1.1]. The global gas sensors, detectors and 

analysers market 2013 reported that the market size for gas sensors was 

US$1,782.1 M in 2013; a market growth – Compound Annual Growth Rate of 

5.1% is expected by 2020 [1.2]. Among all the materials, metal-oxide (MOX) 

semiconductors appear to be the most promising materials for gas sensing 

application, due to their good thermal stability and capability to operate at high 

temperatures and in harsh environments. Moreover, the structure and 
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morphology of metal oxides can be controlled to vary its electrical, chemical, 

optical and magnetic properties. So far, various MOX, such as tin oxide (SnO2) 

[1.3-1.5], zinc oxide (ZnO) [1.6-1.10.], cerium oxide (CeO2) [1.11], titanium 

dioxide (TiO2) [1.12, 1.13], indium oxide (In2O3) [1.14], etc. have been used as 

gas sensing materials. However, among the above mentioned MOX, TiO2 has 

been reported as the most promising material for gas sensing application, due to 

its novel properties such as stability, bio-compatibility, cost effectiveness and 

non-toxicity. It has a high corrosion resistance compared to other metal oxides 

and therefore has a longer life cycle. TiO2 is known to display extraordinary 

changes in its electrical properties upon exposure to O2, CO, NO2 and other 

reactive gases. Generally, gas sensors based on MOX operate in air at 

temperatures between 100 and 400 °C, whereby the sensing porous surface 

layer are covered with adsorbates [1.15]. At these high temperatures the oxygen 

exchange reaction modifies the concentrations of electrically charged oxygen 

vacancies. The interaction of oxygen involves different reactions as follows: 

    

                         O2 (gas) + V (ads)       ↔ O2 (ads)                                      (1.1) 

                           O2 (ads) + e−     ↔     O2− 
(ads)                               (1.2) 

O2
− 

 (ads) +  e−     ↔     O2
2− 

(ads)                           (1.3) 

 O2
2-

 (ads) + V(ads)   ↔  2O-
 (ads)                        (1.4) 

 2O-
 (ads) + e−     ↔     O− 

(ads) +      O
2− 

(ads)                       (1.5) 

                            O− 
 (ads)   + O2− 

(ads)   +  e−     ↔     2O2− 
(ads)                              (1.6) 

 2O2-
 (ads) + VO

++
(ads)   ↔     Oo

  +      O
2− 

(ads)+V(ads)                     (1.7) 

 O2−
(ads) +  VO

++
(ads)   ↔     Oo +  V(ads)                       (1.8) 

 

 

 

 



 17 

In the above reactions the adsorption site is denoted by (ads), vacant adsorption 

by (V(ads)), and electron transferring from the sensor to the adsorbate and doubly 

ionized oxygen vacancy (V++).   The reactions between TiO2 and O2 are shown in 

Fig. 1.1  

 

 

 

Fig. 1.1: Plausible reactions occurring upon interaction of TiO2 with oxygen 

from the surrounding gas phase [1.16].  

 

 

It has been found that the sensor element based on Pd (1.0 wt.%) modified 

Ni0.6Zn0.4Fe2O4 exhibited an enhanced response to H2S with excellent selectivity 

and can detect 10ppm H2S, which is useful for practical applications [1.17]. 

Previous studies have reported that the synthesized Mg0.5Zn0.5Fe2O4 nano-tubes 

possess promising gas sensing characteristics and response towards H2, CO, 

and N2O gases [1.18]. Currently, to the best of our knowledge, sensing 

properties based on Mg-doped TiO2 has never been investigated. Furthermore, 

as compared to the conventional binary oxide based sensors, the gas sensing 
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characteristics of nanostructured Mg-TiO2-N sensors are found to be limited in 

literature. The nanocrystalline size induced by mechanical milling (MM), the light 

weight of Mg-TiO2, and the high surface-to-volume ratio of its nanostructures 

makes it a suitable candidate for improving capabilities to detect chemical and 

biological species. This is due to the material’s strong oxidizing power, good 

chemical inertness, low cost, nontoxicity, large surface area, unique optical and 

sensing properties [1.17]. Since gas sensing properties are usually affected by 

the morphology, grain sizes, and synthesis conditions a mechanical milling (MM) 

or ball milling (BM) treatment (discussed in detail below) has been selected for 

further structure refinement and size reduction of anatase TiO2 powders (see 

detailed discussion) in this study. MM is an eminent solid-state powder process 

involving welding and fracturing of particles during high energy milling [1.19]. 

This technique has been shown to be proficient in synthesizing a variety of 

equilibrium and non-equilibrium phase (solid solution, metastable crystalline and 

quasi-crystalline phases, nanostructures and amorphous alloys), starting from 

blended elemental or pre-alloyed powders [1.19]. Furthermore, the use of MM or 

BM for gas sensing application has been limited to few cases so far [1.20-1.22]. 

Therefore, the present thesis focuses on the novel synthesis of the mixed metal 

oxynitrides and gas sensing performance of the mechanically milled TiO2, Mg-

TiO2 based nanocrystalline powders. The sensing performace of these powders 

will be compared with the corresponding nitrided samples.  
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1.2. GAS SENSING PROPERTIES  

 
1.2.1. Response 

 

The sensor response (R) (see reactions 1.9 and 1.10) in percentage is 

defined as the ratio of the resistance change by introducing target gas in the air 

[1.23]. Generally, when the n-type semiconducting metal oxide material is 

exposed to a reducing target gas, the sensing resistance decreases (current 

increases), whereas when it is exposed to oxidizing gas, the resistance 

increases.    

 

The ratio is given as:                 

                                                               (for reducing gas)                             (1.9) 

 

and                                           (for oxidizing gas)    (1.10) 

                            

where, Rgas and Rair are the resistance values of the sensor during gas exposure 

and ambient air, respectively. Fig. 1.2 shows the variation of resistance of the 

sensor versus time.  As shown in Fig. 1.2, the sensing resistance increases 

rapidly when the target gas is introduced in the chamber and reaches its 

equilibrium. When the target gas is removed, the resistance decreased quickly to 

the baseline. This behaviour shows the high reproducibility of the sensor. 

 

 

 

  100(%) 
air

gas

R
R

R

  100(%) 
gas

air

R
R

R
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Fig. 1.2: A typical resistance curve of a gas sensing material [1.23]. 

1.2.2. Response time and recovery time 

 

The response time is defined as the time required for reaching 90% of the 

equilibrium value of the resistance after gas exposure, and the recovery time is 

defined as the time required for the resistance to return to 10% below the original 

resistance in air after the test gas is released (see Fig. 1.2). 

 
 
1.2.3. Sensitivity 

 
A change of measured signal per analyte concentration unit is called 

sensitivity. The change in electrical properties of the metal-oxide semiconductor 
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due to adsorption of gas molecules is mostly associated with the chemisorption 

of oxygen. Molecular oxygen adsorbs on the surface by trapping an electron from 

the conduction band of the semiconductor [1.24].  

 

1.2.4. Selectivity 

 

The feature that determines if a sensor can respond selectively to a group 

of analytes or a single analyte is called selectivity. The metal-oxide gas sensors 

normally have challenges of high selectivity. The material is prepared to be 

sensitive to one compound and has low cross-sensitivity to other compounds that 

may be present in the working atmosphere. Normally it is challenging to attain a 

categorically selective metal oxide gas sensor. Most of the materials possess 

cross-sensitivity to humidity and other gases [1.25]. 

 

1.2.5. Stability 

 

For practical application, the stability of response is of critical importance. 

Thus, the stability is the ability of a sensor to replicate results including the 

retention of the sensitivity, selectivity, response, and recovery time. The material-

associated stability problem can lead to incorrect results such as false alarms. 

Little attention is paid in the literature to the problems of stability [1.25, 1.26]. 

Generally, nanostructured oxides with small grains as well as nanotubes, 

nanorods etc. are subject to degradation because of their high reactivity. There is 

no unified approach to increasing the stability of metal-oxide gas sensors. It has 
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been reported that doping metal oxides with metal particles and synthesis of 

mixed oxides increase the stability of sensor elements [1.26, 1.27]. 

 

1.2.6. Repeatability 

It is important that commercialized sensor products show good cycle repeatability 

at ambient temperatures with reproducible data for a certain period of time [1.28]. 

For a polluted sensing environment, poor sensing performance will be 

experienced. 

 

1.3. MECHANICAL ALLOYING/MILLING PROCESS 

 
Mechanical alloying (MA) was developed at the International Nickel 

Company in the late 1960’s’ by John Benjamin and his co-workers for production 

of oxide-dispersion-strengthened (ODS) alloys for high temperature structural 

applications [1.29]. However, an increase in interest in MA as a non-equilibrium 

processing method occurred after realizing that amorphous alloys could be made 

by MA. A variety of studies using the MA of dissimilar powders and mechanical 

milling (MM) has since increased reports of synthesized intermetallic compounds 

[1.30], extended solid solution and carbides [1.31-1.34], metastable crystalline 

phases and nanocrystalline materials [1.19]. MM involves microscopic 

deformation and welding of nano-sized powder particles during the ball-powder-

ball collision. However, if a large exothermic heat reaction is involved, as for 

example with Ni+Al+NiAl, much higher local temperatures, perhaps even to the 

melting temperature, can be produced by milling [1.30]. It provides non-
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equilibrium phases at low cost relative to some other fabrication techniques such 

as sputter deposition. Material production can take place at room temperature; 

however, if products with high strength are required there is still a need for 

thermal treatment to be applied. Novel structures are realized even after 

annealing and sintering of ball milled powders [1.35, 1.36]. In order to generate 

an understanding of the resultant crystal structures induced by MM/MA and 

annealing, it is appropriate to investigate pure metals phase transformation [1.35, 

1.36], for example, the FCC TiC powder synthesized by MA process. The 

question remains whether pure Ti does transform to FCC phase, or whether the 

interstitial elements drive the formation of TiC during MA. Therefore, thermal 

stability of ball-milled Ti is required. 

 

1.4. TITANIUM 

 
1.4.1. Hexagonal closed-packed to body-centered cubic (HCP→BCC) 

transformation 

 

Pure Ti undergoes an allotropic HCP→BCC phase transformation above 

883 °C. Fig. 1.3a shows the densely packed lattice planes and the lattice 

parameters at room temperature. The unit cell of the BCC phase is illustrated in 

Fig. 1.3b, exhibiting {110} lattice planes, and the lattice parameter at 900 °C.  
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                      (A)       (B) 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1.3: The densely packed lattice planes and the lattice parameters of (A) 

HCP -phase and (B) BCC -phase Ti at room temperature [1.37].  

 

The HCP→BCC transformation temperature is influenced by the purity of Ti, 

hence interstitial and substitutional elements affect the transformation. Plastic 

deformation by grain refinement enhances strength as well as ductility, 

generating ultra-fine-grained (UFG) microstructure with excellent physical and 

mechanical properties in titanium and its alloys [1.38, 1.39]. Commercially pure 

titanium (CP-Ti) has become widely used as a biomaterial for dental implants, 

orthopaedic implants, cardiovascular appliances, and implant-supported dental 

crowns because of outstanding high specific strength, high resistance to 

corrosion, greater biocompatibility, low modulus of elasticity, and high capacity to 
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be osseo-integrated with bone [1.38].  However, oxynitrides of Ti are potential 

materials for sensing and biomedical application. Titanium oxynitride is mainly 

obtained in FCC crystal structure. 

 

1.4.2. Hexagonal closed-packed to face-centered cubic (HCP→FCC) 

transformation in Ti 

 
 

Investigations have shown that polycrystalline Ti thin films gradually 

transform from FCC to HCP structure with increasing film thickness. The FCC 

phase is formed in a highly compressive HCP matrix, the magnitude of which 

decreases with increasing film thickness possible in the thickness range 144–720 

nm, while HCP is stable at 720 nm [1.40]. This theory implies that the FCC phase 

is stabilized easier in thin films, hence, during MM process, the shape and the 

size of the particles will be the driving force for the transformation in Ti. The FCC 

Ti phase induced by MM show lattice parameters in the range of 4.20-4.40 Å 

[1.41, 1.42].  Manna et al. reported HCP (hexagonal-closed-packed) to FCC 

(face-centred-cubic) solid-state transformation in Ti governed by lattice 

expansion (negative hydrostatic pressure) as a result of grain refinement or 

nanocrystallization during milling [1.41]. The formation of FCC TiOxNy is driven 

by the ability of pure Ti transformation to FCC structure. 

 

1.5. ANATASE-TIO2 

 

Titanium dioxide (TiO2) is a strategic mineral for the South African economy 

due to abundant reserves. The oxidation of Ti yields TiO2 with a tetragonal rutile 
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crystal structure. The driving force for the oxidation of Ti is its strong chemical 

affinity with oxygen (O) when compared with interstitial nitrogen (N).  Anatase 

has a tetragonal lattice (P42/mnm) with four TiO2 units per unit cell forming 

chains of slightly elongated TiO6 octahedra as shown in Fig. 1.4. The Ti−O 

bonding is largely ionic with some covalent contribution [1.43].  

 

 

  

 

 

 

 

 

 

 

Fig. 1.4: Crystal structure, ball and stick representation of pure and 

stoichiometric anatase TiO2 bulk structure [1.43].  

 

 
TiO2 is a reducible semiconducting oxide yielding electrical conductivity and 

colour change. The removal of a neutral oxygen atom from stoichiometric bulk 

anatase by thermal annealing treatment leaves two excess electrons in the lattice 

which becomes reduced partially while forming Ti3+ species [1.43]. The current 

thesis is aiming to exploit these characteristics of anatase TiO2 with innovative 

synthesis of titanium oxynitride materials with unique applications. Extensive 
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milling will be used to create oxygen vacancies to be occupied by nitrogen atoms. 

For example, the un-doped thin films of anatase were found to possess room 

temperature ferromagnetism related to the presence of oxygen vacancies [1.43]. 

It thus implies that ferromagnetism might be induced in anatase by high-energy 

ball milling. Although milling of TiO2 with induced phase tarsnformation has been 

reported, TiOxNy was never synthesized from the technique used in the current 

study. 

 

1.6. BALL MILLING OF ANATASE-TIO2 

 

BM induces phase transformations, chemical reactions and changes in the 

reactivity of solids. The Rutile-TiO2 is formed during room-temperature milling of 

anatase TiO2 [1.44]. At the early stage of BM, anatase TiO2 phase transformed to 

high-pressure srilankite phase due to high impact energy and highly broadened 

reflections of srilankite phase [1.45, 1.46]. The transformations from anatase to 

srilankite and rutile were also induced at room temperature and ambient pressure 

when the nanocrystalline TiO2 powders were milled in oxygen, air and nitrogen 

atmospheres, respectively [1.47]. An increase in oxygen vacancies can 

accelerate the milling-induced transformation of anatase in TiO2. The Ti–O bonds 

on the TiO2 surface layer are broken during mechanical activation, resulting in the 

release of oxygen from the TiO2 lattice. As a result, oxygen vacancies are 

generated in the TiO2 lattice [1.48].  
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1.7. NITROGEN-DOPED TIO2 (TITANIUM OXYNITRIDE) 

 

Due to partial breaking of Ti–O bonds on the TiO2 surface layer by milling 

to release oxygen from the TiO2 lattice (TiO2-x), there is an opportunity to fill 

vacancies with nitrogen for the synthesis of titanium oxynitride (TiON). Two 

common types of titanium oxynitrides are TiOxNy and TiO2-xNy. The nitrogen-

doped photocatalyst TiO2-xNy can be prepared during BM of TiO2 in a NH3 and 

H2O solution [1.49]. When compared with TiO2, the photoabsorption of nitrogen-

doped TiO2-xNx photocatalyst increases. However, the  crystal phase composition 

of TiO2-xNx remains the same, as  TiO2 without BM but the diffraction intensity of 

the TiO2-xNx is comparatively weaker than that of TiO2 [1.49]. Upon BM for 120 h, 

the amount of doped nitrogen reached 0.26 wt.% in the TiO2-xNx [1.49]. Nitrogen 

doped TiO2 thin films were deposited by RF magnetron sputtering onto various 

substrates. The resulting TiOxNy layers are influenced by the surface 

morphology, roughness, surface energy and phase content [1.49]. The aim of 

BM in the current work is to create oxygen vacancies in TiO2, which can yield the 

TiOx monoxide structure which is believed to promote the TiOxNy phase when 

nitrided. Due to the capability of MA to produce oxide-dispersion-strengthened 

(ODS) alloys, TiOx phase can be synthesized between TiO2 and pure Ti. During 

milling, a layer of nanocrystalline TiO2 will form a coating on a Ti particle. During 

annealing the exchange of oxygen atoms from TiO2 to Ti will result in TiOx with 

oxygen vacancies. In the presence of nitrogen activated at elevated temperature, 

formation of TiOxNy will be realized. Dissolution of N will be promoted by 

annealing the ball milled TiO2 nanocrystalline powder. The material will be more 
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stable when compared to those synthesized by milling TiO2 under a nitrogen 

source.  

 

The interaction between the TiOx metal surface and cell/tissue is important 

for the biocompatibility of metallic implants, and surface modification has been 

studied extensively to alter its surface characteristics, and improve 

biocompatibility. Titanium oxide (TiOx) films were deposited by electron-beam 

evaporation system using TiO2 as a source material [1.51]. Using air as a 

reactive gas in sputtering at different air/Ar ratios yields films with various colours 

[1.52]. The films turned from golden and dark golden colours in the air/Ar ratio 

range of 0.10–0.20 to diverse colours including purple, dark blue, cyan, etc. at 

higher air/Ar ratios [1.52]. Synthesis of TiOxNy has been investigated with 

different processing methods; one such is laser pyrolysis. The synthesis of FCC 

titanium oxide or oxynitride nanoparticles yields properties that are highly 

dependent on their structures [1.53]. Additionally, titanium oxynitride can be 

synthesized by reacting TiN and TiO [1.54]. Titanium oxynitrides exhibit the 

combination of properties of metallic oxides such as colour, optical properties and 

nitrides like hardness, and wear resistance [1.55]. In this work a novel reduction 

of TiO2 with pure Ti will be synthesized to form TiOx with oxygen vacancies, 

which upon nitridation yield TiOxNy powder.  
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1.8. MIXED METAL OXYNITRIDES 

 

AlN and Al2O3 were used as starting powders and either MgO or MgAl2O4 

was added as a source of magnesium to produce MgAlON refractories, while in 

the case of magnesia-based samples stoichiometric spinel formed instead of 

MgAlON but [1.56]. Indium tin oxide (ITO) with films stable up to a temperature of 

550 °C is an n-type degenerate semiconductor with unique properties, such as 

high electrical conductivity, very high optical transmittance, high infrared 

reflectance, excellent hardness and chemical inertness. It is used for display 

devices, solar cells and many other optical applications [1.57].  Formation of (Mg-

Ti)OxNy was never reported in literature. In this study, for the first time TiO2 will 

be milled with Mg and annealed in nitrogen to form (Mg-Ti)OxNy. Pure Mg will 

reduce O from TiO2 and create vacancies that will be occupied by N atoms to 

form a new oxynitride powder.  

 

1.9 AIMS AND OUTLINES 

 

1.9.1. Background 

 

The use of bio-active and/or sensing materials in the fabrication of low cost 

devices and products, pegs TiO2 as a most favourable material for gas sensing 

application. Despite the numerous reports on ball milled and phase 

transformation of Ti powder, formation of titanium oxynitride synthesized from 

mixed metal oxide by ball milling and annealing is still limited. An extensive body 

of work was reported on the formation of titanium oxynitride prepared by 
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sputtering, but limited in the area of powder metallurgical synthesis. It is shown 

that mixed metal oxynitride formation synthesyzed with TiO2 and the addition of 

reducing metals (pure Ti and Mg) is feasible while their sensing properties are 

reported for the first time. Therefore, the aim of this thesis is to study the 

structural, optical, surface morphology and gas sensing properties of the 

mechanically milled and annealed titanium mixed metals oxynitrides (Ti-TiO2, 

Mg-TiO2 and Mg-Sn-TiO2) by nitridation. These mixed metal oxides were 

prepared by ball milling and annealing with Mg and Ti used as reducing metals to 

create oxygen vacancies. 

 

1.9.2. Structure of the thesis 

 

 This chapter provided the necessary background and physical theory 

involved in mechanical milling/alloying for the synthesis of nanocrystalline 

powders. The systematic characterization of Ti, Mg and TiO2 was stadied in 

detail for structural transformation prior to synthesis of mixed metal oxides and 

oxynitrides. The theory explaining the synthesis of titanium oxynitride is 

discussed. The literature of gas sensing properties of oxide as well as mixed 

metal oxide powders addressing the gaps that the current study tries to fill is 

presented. The limitations and gaps deduced from the literature are: 

 

 Lack of detailed thermal stability of ball-milled Ti and the formation of 

oxynitride formation in air. 
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 Formation of titanium oxynitride by reduction of TiO2 by Ti to induce defects 

followed by nitridation of TiOx thereof promoting the formation of titanium 

oxynitride powders. 

 The use of Ti and Mg as reducing metal to TiO2 prior to the formation of the 

mixed metal oxynitrides was never reported elsewhere.  

 Sensing properties of ball-milled TiO2, Mg-TiO2 and Mg-Sn-TiO2 powder 

and their oxynitrides. 

 Novel synthesis of the Ti-Sn oxynitrides is presented for the first time. 

 

Since the results of this thesis are composed of a total of eight published 

chapters, and to enable a sequential flow of the experiments, this thesis is 

hereafter divided into three sections (A, B and C). Each section is comprised of 

individual chapters, which are consistent with the general theme of the section. At 

the end of the section, a summary of provided. Finally, each section is concluded 

with a Summary. The references for different sections might appear similar due 

to the fact that the work has already been published and the chapters follow 

published paper style. 

 

Section A 

In Section A, chapter two and three presents only the formation feasibility of 

titanium oxynitride synthesized from pure Ti powder by milling and annealing in 

air and nitrogen, respectively.  

 

 

 

 



 33 

Chapter four is the last chapter of Section A and it presents the formation of 

titanium oxynitride phases when Ti-Sn alloys powder produced by milling is 

nitrided. Therefore, this chapter addresses the formation of oxynitrides after ball 

milling and nitridation. 

 

Section B 

 Due to successful formation of titanium oxynitrides from pure Ti and Ti-Sn 

alloys in Section A, investigations were done on anatase-TiO2 powder. 

Chapter five presents ball milling of TiO2 followed by annealing. Characterization 

for optical, thermal, structural, morphology and humidity sensing properties were 

done. Chapter six entails milling and nitridation of Ti-TiO2. Pure Ti was added to 

reduce oxygen from TiO2 to create oxygen vacancies to promote a successful 

nitridation. The mechanism involves generation of defects caused by milling and 

Ti displacing oxygen atoms from their interstitial positions. The investigation 

presents microstructural and structural development of nonstoichiometric titanium 

oxides induced during the reduction of anatase by pure Ti and the resultant 

formation of TiOxNy powders upon nitridation. 

 

Section C 

 Section C comprises of the last three chapters. Chapter seven focuses on 

the structural transformation and surface properties of magnesium upon 

annealing under nitrogen and nitrogen/oxygen gas mixture before doping in TiO2 

since it was established that formation of titanium oxynitrides are feasible. The 
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formation of magnesium oxynitride is a new contribution in literature; hence 

reported for the first time in this thesis. Chapter eight demonstrates the effect of 

added Mg-TiO2 after milling and nitridation. This novel preparation process, 

reports the development of a new nanostructured ball milled Mg-TiO2 powder 

material by nitridation. The surface morphology, structural and optical properties 

are studied in detail while the gas sensing responses of Mg-TiO2 and Mg-TiO2-N 

materials to hydrogen, ammonia, humidity and methane were examined. Lastly, 

Chapter nine details the effect of both Mg and Sn on Mg-TiO2 on milling and the 

resultant properties after nitridation and their gas sensing properties.  
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 SSEECCTTIIOONN  AA  

 

CCHHAAPPTTEERR  TTWWOO  
 

Formation of metastable FCC phase by ball 

milling and annealing of titanium-stearic acid 

powder  

  

AABBSSTTRRAACCTT  

 

Ball milling of titanium and stearic acid (SA) mixed together yields the hexagonal 

closed-packed (HCP) crystal structure. Upon thermal analysis, the known α→β 

phase transformation in pure Ti was disturbed. This implies that BM eliminates 

the crystal ordering in Ti powder. SA introduced the carbon to form Ti (C) solid 

solution. The Raman peaks suggest shiftining despite the crystal structure 

remaining HCP after milling. 

 

 
 
 
 
 
 
The content of this chapter was published in:  Advanced Powder Technology 26 (2015) 632-639 
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22..11    IINNTTRROODDUUCCTTIIOONN  

 

 
Due to their low density, high strength-to-weight ratio and good corrosion 

resistance; titanium (Ti) and its alloys are currently demanded in many structural 

applications; such as in aerospace, automotive and medical industries. There is a 

serious challenge in the processing of pure Ti due to its affinity for interstitial 

elements such as oxygen (O), nitrogen (N), carbon (C) and hydrogen (H). On the 

other hand, attempts to increase the strength of pure Ti without compromising 

elongation are achievable [2.1]. The use of oxygen to re-enforce Ti yields a high 

strength Ti composite. This nonferrous grey metal has a hexagonal closed 

packed (HCP) crystal structure at room temperature and undergoes a transition 

to body-centred cubic (BCC) above 883 ºC. Literature shows that metastable 

face- centred cubic (FCC) is an intermediate Ti phase that emerges due to ball 

milling (BM) and deformation of the powder. The reported lattice parameters of 

FCC Ti by BM [2.2-2.4] and other processes [2.5-2.7] are found in the range of 

4.24 to 4.40 Å. So far, it is only Vullum et al. [2.8] investigation that resulted in 

the smallest lattice parameter of 4.10 Å for FCC Ti, which is attributable to small 

amount of H.  In relation to these findings, the lattice parameter of 4.11 Å is 

regarded ideal by first-principle calculations and predictions [2.4, 2.9, 2.10]. 

Despite materials-embrittlement by hydrogen, studies show that the FCC Ti 

hydride has a low elastic modulus which is a positive property for biomedical 

implants [2.11]. At a nano-scale level Ti properties improve considerably, hence 

the application options also widen. BM of Ti does not only reduce the grain size 

but also induces phase transformation [2.3]. Up to this date, there are several 

 

 

 

 



 42 

reports published on the solid-state transformation achieved by high-energy ball 

milling (HEBM) on elemental metals [2.3, 2.4]. Manna et al. [2.3] reported the 

metastable FCC solid-state transformation in Ti governed by lattice expansion 

(negative hydrostatic pressure) as a result of grain refinement during milling. 

However, there is an unclear underlying relationship between the metastable 

FCC phase and the microstructural development of Ti emerging from various 

processing techniques especially when SA is added. The FCC phase was earlier 

obtained by BM of Ti and an n-Heptane mixture whereby C and H decomposition 

influences the stabilization of the metastable phase that originates by milling-

induced stacking faults [2.12]. These findings were based on differential 

scanning calorimetry (DSC) and x-ray diffraction (XRD) studies. Recently, high 

hardness values were attained in pure Ti due to Ti (C) reinforcement after MM 

and hot pressing [2.13]. The hardness of 800 Hv, far less than that of a stable 

TiC phase (2700 Hv) was reported [2.14]. The source of the interstitial could be 

the process control agents such as SA. SA is a low cost 18-carbon chain 

saturated fatty acid used in many industrial sectors to create protective coatings 

[2.15]. It is biocompatible and ideal for the pharmaceutical industry for coatings of 

controlled drug delivery [2.16]. SA is a possible carbon source for Ti [2.12] and 

can be detrimental or beneficial depending on the amount used [2.17]. The 

current work investigates the thermal stability of milled Ti and effect of SA. It aims 

to study preparation of pure Ti by BM prior to the synthesis of TiOxNy powder. 
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22..22    EEXXPPEERRIIMMEENNTTAALL  WWOORRKK  

 

 

Titanium (Ti) powder of 99.5% purity with a particle size of 40 µm was used. 

It should be pointed out that the Ti powder was milled alone without SA and after 

milling the particle size of Ti reduced to about 32 µm. Previous studies indicated 

that BM treatment results in further structure refinement and size reduction of 

powder materials. BM is a solid-state powder process involving welding and 

fracturing of particles in a high energy milling process [2.18]. Stearic acid (SA) 

(C18H36O2) with a purity of 99% was mixed in 5 weight percentage (wt. %) with 

Ti to make a charge for milling. BM was performed for 15 hours (h) in a milling 

jar, under argon atmosphere at the speed of 800 rpm and ball-to-powder (BPR) 

ratio of 20:1. The unmilled and 15 h ball milled powders have undergone cold 

pressing (CP) at a pressure of 20 MPa into cylindrical compacts/discs of 17 mm 

in diameter and 3 mm thickness. Fig. 2.1 illustrates the BM and CP processes.  
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Fig. 2.1: The ball milling and cold pressing processes of Ti powder. 

 

 
Thermal analysis of unmilled and 15 h milled Ti powders was carried out 

using DSC and TG incorporated in NETZSCH STA heated up to 1200 °C and 

cooled to room temperature using Al2O3 as a baseline. The thermal analyses 

were conducted at a heating rate of 20 °C min−1 and under an argon flow rate of 

20 ml/min.   
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Phase evolution was traced with a PANalytical X’ pert PRO PW3040/60 x-

ray diffractometer with a Cu Kα (λ= 0.154 nm) monochromated radiation source, 

and 0.02 step size scanned from 20 to 90  (2θ). The XRD peak broadening was 

calculated from the full width at half maximum (FWHM) of the most intense Bragg 

peak. It should be noted that pure tungsten was used as a standard. To calculate 

the crystallites size, the Scherrer formula was used [2.19]: 

 

                           (2.1) 

 

where  is the wavelength of the x-rays, 
2θ

B  is the full width at half 

maximum intensity (FWHM) and  is the diffraction angle. Powder morphology 

was analysed by LEO 1525 field-emission scanning electron microscope (FE-

SEM) coupled with a Robinson Backscatter Electron Detector (RBSD) and an 

Oxford Link Pentafet energy dispersive x-ray spectroscopy (EDS) detector. 

Raman measurements were obtained using a Horiba Jobin-Yvon HR800 Raman 

microscope equipped with an Olympus BX-41 microscope attachment. An Ar + 

laser (514.5 nm) with energy setting 1.2 mW from a Coherent Innova Model 308 

was utilized as an excitation source.  
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22..33..  RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONNSS  

 
2.3.1.  Powder Characterization 

 

SEM morphology of the unmilled and 15 h milled titanium-stearic acid (Ti-

SA) powders are presented in Fig. 2.2a and b, respectively. As shown in Fig. 

2.2a, the unmilled atomized Ti powder particles have a spherical shape. Due to 

the high energy impact resulting from ball-to-powder collisions, some spherical 

particles are flattened to thin flakes type (Fig. 2.2b). These thin flakes are highly 

reactive to interstitial elements on thermal application. No welding of powders 

particles were experienced on milled with SA as it was the scenario with milled Ti 

powder without SA. 

 

 

 

 

 

 

 

 

 

Fig 2.2: SEM images of Ti (a) unmilled and (b) 15 h ball-milled powders 

 

Fig. 2.3 shows the crystal structures of unmilled and 15 h milled-SA Ti 

powders.  XRD patterns display the HCP crystal structure in unmilled and 15 h 
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milled Ti-SA powders. Ti powder milled for 15 h without SA has HCP crystal 

structure. It appears that BM shortens and broadens the intensity peak heights as 

previously reported elsewhere [2.20, 2.21]. The peaks have slightly shifted to the 

higher 2 theta positions due to structural deformations and induced lattice strain 

by milling. The estimated crystallite sizes using Scherrer formula reduce from 73 

nm (unmilled) to 47 nm (15 h milled-SA). On the contrary, for 15 h-milled without 

SA a crystallite size of 34 nm was achievable. This implies that milling in SA 

delays the crystallite refinement. The calculated lattice parameters of unmilled 

and 15 h milled Ti-SA powders are a=2.95 Å; c=4.68 Å and a=2.92 Å; c=4.67 Å, 

respectively.  

 
 

 

 

 

 

 

 

 

 

 

                    

 Fig 2.3: XRD patterns of unmilled Ti and 15 h milled powders 
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Fig. 2.4 shows the Raman spectra of 15 h Ti-SA and 15 h without SA. 

According to Lohse et al. [2.22], pure Ti does not have Raman-active vibrational 

modes, which implies that milling induces the Raman-active vibrational modes 

shown in Fig. 2.4. Although C from SA could facilitate contamination on the Ti 

milled powder, the Raman peaks do not correspond to either C or TiC. Lohse et 

al. [2.22] reported Raman peaks at 260, 420 and 605 cm-1 for commercial TiC 

and carbon graphite peaks at 1320 and 1590 cm-1. The two graphs in Fig. 2.4 

interfere with each other. In addition, the 15 h Ti-SA shows multiple peaks at 142 

cm-1, 257 cm-1, 414 cm-1, 609 cm-1, 711 cm-1, 834 cm-1, 1322 cm-1  and 1611 cm-1 

that are not attributable to TiC [2.23] but to nonstoichiometric titanium carbide 

(TiCx)  solid solution. The 15 h Ti, without SA sample, show peaks at 460, 541, 

795, 1088, 1611 cm-1. The shifting of peaks from Ti-SA together with Ti without 

SA is attributable to the defects created by milling operations that resulted in the 

refinement of crystallite size. 
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Fig. 2.4: Raman spectra of 15 h (Ti-SA) and (15 h without-SA) powders. 

22..33..22..  TThheerrmmaall  AAnnaallyyssiiss  ooff  TTii  

 

 
Thermal analysis is useful for phase transformation analysis and for 

choosing suitable sintering temperatures. Fig. 2.5a-b shows the DSC and TG 

curves of unmilled and 15h-Ti-SA powders, respectively.  Fig. 2.5a shows the 

behaviour of pure atomised Ti powder upon thermal treatment. The DSC curve 

shows the α→β allotropic phase transformation in pure Ti powder with an 

endothermic peak at 909oC during heating and an exothermic peak at 886oC 

upon cooling. This behaviour confirms a reversible α↔β phase transformation in 

pure Ti. The emergence of endothermic (heating) and exothermic (cooling) peaks 

is in agreement with literature of the first order phase transformation [2.24-2.27]. 

It is similar to those of second order phase transitions such as ferromagnetic to 

paramagnetic [2.24, 2.27]. The corresponding TG curve shows no significant 
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change. Fig. 2.5b shows the DSC and TG curves for 15 h Ti-SA powder. It is 

evident that milling of the Ti-SA mixture induces the change in thermal properties 

of the Ti powder. The disappearance of a well-pronounced reversible α→β peak 

at 909 and 886 ºC is evident. The disappearance of the phase transformation is 

in agreement with Porter et al.’s [2.28] findings obtained upon milling of the 

atomised Ti-Ni powder. This implies that BM eliminates the crystal ordering in Ti 

powder. Nevertheless, SA consists of long chain fatty acids that can establish 

hydrogen and carbon bonds.  The melting temperature of SA is approximately 70 

oC, decomposes at approximately 150 oC, and can decompose during BM. The 

exothermic peak representing the reactions between Ti and SA decomposed 

elements i.e. C and H appears at 442 oC. Suzuki and Nagumo [2.12], showed a 

similar reaction of pure Ti and n-Heptane (CH3(CH2)5CH3) after thermal 

processing of milled powder, whereby C and H atoms were distributed 

preferentially between the closed packed planes of the HCP structure. At 745 C, 

the endothermic peak appears, due to dissociation of H2 gas dissolved in closed 

packed planes of Ti powder during milling. This endothermic peak shown at 728 

C is reversible upon cooling. The decomposed H atoms dissolve again into the 

Ti lattice. 
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Fig 2.5: DSC graph of Ti (a) unmilled and (b) 15 h milled Ti powders 

 
 

22..44    CCOONNCCLLUUSSIIOONN  

 

BM of Ti-SA mixture yields did not alter the lattice parameter of Ti. The 15 h 

Ti-SA shows multiple Raman peaks at 142 cm-1, 257 cm-1, 414 cm-1, 609 cm-1, 

711 cm-1, 834 cm-1, 1322 cm-1  and 1611 cm-1 that are not attributable to TiC 

[2.23]. The 15 h Ti, without SA sample, show peaks at 460, 541, 795, 1088, 1611 

cm-1. The shifting of peaks from Ti-SA together with Ti without SA is attributable 

to the difference in the crystallite sizes. Thermal analysis shows that phase 

transformation occur at lower temperature for milled Ti powder. It was concluded 

in this study that pure Ti powder without control agent will be milled for the 

synthesis of titanium oxynitride in order to avoid contamination. 
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CCHHAAPPTTEERR  TTHHRREEEE  

 

Formation of face-centered cubic and tetragonal 

titanium oxynitride by low temperature annealing 

of ball milled titanium powder in air 

 

AABBSSTTRRAACCTT   

 
TiO0.61N 0.29 was synthesized by annealing of ball milled Ti in air at 900 ºC for 5 

hrs. A trace of rutile-type TiO1.56N0.56 phases was observed. The morphology of 

the synthesized powder displayed multiple interesting colours. Scanning electron 

microscopy, x-ray diffraction and Raman spectroscopy were used for 

characterization of the powders. Raman analyses showed a phase 

transformation upon annealing in air.  

 

 

 

 

 

 

 

The content of this chapter was published in:  Advanced Powder Technology 26 (2015)169-174 
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33..11  IINNTTRROODDUUCCTTIIOONN  

For the past three decades, studies on ball milling (BM) or mechanical 

milling (MM) have aroused interest in the research field. The process induces 

deformations and grain refinement on elemental powders [3.1-3.3]. Although Ti 

shows allotropic phase transformation upon thermal stress, several authors 

reported on the intermediate metastable FCC phase using BM processes [3.4-

3.7].  

However, the reaction of Ti with interstitial elements such as O, N, C, form 

stable compounds. The lattice parameters of the FCC phase reported after MM 

range from 4.24 to 4.40 Å [3.4-3.7]. The lattice parameters of titanium carbide 

(TiC), titanium nitride (TiN), and titanium monoxide (TiOx) and titanium hydride 

(TiH2) are found within this range. Literature shows that TiN can be synthesized 

with ball milled Ti powder at low temperatures [3.8]. The synthesis of nitride and 

oxynitride is feasible by milling Ti in air [3.9]. Lately, researchers show a high 

interest in titanium oxynitride (TiOxNy) that is proposed as a material of choice for 

biomedical applications [3.10], since it has good electrical and optical properties, 

as well as good thermal stability [3.11]. TiOxNy films provide a retarding diffusion 

barrier at the interface between a metal and silicon [3.9]. The preparation of 

TiOxNy involves sputtering [3.9, 3.11-3.13] as well as MM [3.14]. It seems that 

hydroxyapatite (HA) implant material bond with TiOxNy due to its mixed-valence 

states on the Ti atoms surface by negative charge of oxygen, thus promoting the 

adsorption of Ca2+ ions [3.10]. Therefore, in this current work, TiOxNy and TiO2-

xNy structures were prepared by milling in Ar and subsequently annealed in air 
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due to the increasing interest in biomedical application. To study the surface 

morphology, elemental analysis and the phase composition of the obtained 

TiOxNy and TiO2-xNy, scanning electron microscopy, x-ray diffraction and Raman 

spectroscopy analyses were performed. 

  

33..22    EEXXPPEERRIIMMEENNTTAALL  WWOORRKK    

 

High purity titanium powder was subjected to BM. The powder was charged 

in a 50 l stainless steel milling vial with 5 mm diameter stainless steel balls filled 

with argon gas inside a glove box.  BM was done for 30 h at 800 rpm and a 20:1 

ball-to-powder weight ratio. The two samples were annealed at 900 C under air 

and nitrogen (N2) atmosphere, respectively. Phase evolution was traced with a 

PANalytical X’pert PRO PW 3040/60 X-ray diffraction (XRD) machine fitted with a 

Cu Kα radiation source. The XRD peak broadening was calculated from the full 

width at half maximum (FWHM) of the most intense Bragg peak. Pure tungsten 

was used as a standard, while the average crystallite size was estimated using 

the Scherer formula [3.15]. The surface morphology of the annealed and 

polished samples was studied using LEO 1525 field-emission scanning electron 

microscope (FE-SEM) coupled with a Robinson Backscatter Electron Detector 

(RBSD) and an Oxford Link Pentafet energy dispersive x-ray spectroscopy (EDS) 

detector. Raman spectra were collected using a Horiba Jobin-Yvon HR800 

Raman microscopy equipped with an Olympus BX-41 microscope attachment. 

An Ar+ laser (514.5 nm) with energy setting 1.2 mW from a Coherent Innova 
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Model 308 was used as an excitation source. Optical images were captured by 

digital camera.  

 

33..33  RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONNSS  

 

3.3.1 Morphology and microstructures 

 

Fig. 3.1 shows the SEM images of (a) unmilled and (b) 30 h ball-milled Ti 

powders. The unmilled Ti powder particles show spherical shape morphology 

with a broad distribution of sizes ranging from 18 to 45 μm. Upon extensive and 

continuous milling for 30 h at 800 rpm, the spherical shape of the particles 

changes to thin flakes or pancakes. The two 30 h-milled Ti sample, has 

undergone annealing in nitrogen and air, respectively.  

 

 

 

 

 

 

 

 

 

 

Fig. 3.1: SEM images of (a) 0 and (b) 30 h-milled Ti powders. 
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 Fig. 3.2 shows the XRD patterns of Ti powders (a) unmilled, (b) 30 h-milled 

and (c) 30 h-annealed at 900 ºC. The unmilled and 30 h milled Ti retained the 

HCP crystal structure as shown in Fig. 3.2a and b. Moreover, the crystallite size 

reduced from 110.27 nm to 47.21 nm after milling. Fig. 3.2c shows the XRD 

pattern of the 30 h milled Ti powder in flowing air at 900 ºC. It is evident that new 

peaks have developed. The FCC and tetragonal phases confirm the formations 

of titanium oxynitride phases; TiO0.61N 0.29 and rutile-type TiO1.56N0.56. The former 

has a lattice parameter a=4.260 Å while the latter has a=4.555 Å; c=2.962 Å. The 

crystallite size of FCC TiO0.61N 0.29 is 66.72 nm while the rutile type has a larger 

crystallite size of 106.65 nm as shown in Fig. 3.3.  The TiO1.56N0.56 phase is 

either of anatase [3.16, 3.17] or rutile nature [3.18]. This phase has a small N 

contamination compared to the TiOxNy phase [3.16]. The obtained XRD patterns 

for TiOxNy and rutile-type TiO1.56N0.56 phases are in agreement with the literature 

[3.16]. From the XRD patterns, the TiO1.56N0.56 showed (110), (200), (220) and 

(310) planes, while the TiO0.61N 0.29 revealed (111), (200), (311) and (222) planes 

which are in agreement with the reported rutile phase of N2-doped TiO2 [3.18]. 

The majority of TiO2 phases formed in the samples are because oxygen has 

higher electronegativity with Ti when compared to nitrogen [3.19]. Simon et al. 

[3.20] observed that annealing under air at 450 C leads to complete oxidation of 

Ti (O, N) to titanium dioxide, mainly in the anatase form with a small contribution 

of the rutile phase. 
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Fig. 3.2: XRD patterns of (a) unmilled, (b) 30 h-milled and (c) 30 h-annealed Ti 

powders in air.  

  

 The formation mechanism of oxynitride is proposed; equations, (1) and (2) 

shows that Ti has higher affinity to O2 than N2, although both reactions are 

exothermic. Air contains approximately 78 % nitrogen and 21 % oxygen. 
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Ti + ½ N2 →TiN   ∆Hf = -346.89 KJ/mol   (3.1) 

Ti + O2 →TiO2   ∆Hf = -959.75 KJ/mol   (3.2)  

 
High temperatures induced during the exothermic reaction between Ti and 

oxygen facilitates the TiOxNy formation that occurs at lower temperatures. Due to 

stacking faults induced by BM [3.21], the FCC TiO0.61N 0.29 phase is preferable 

over tetragonal TiO1.56N0.56 phase. The smaller crystallite size (66.72 nm) of 

TiOxNy justifies that low heat input was involved. Crystallite growth improves at 

high temperatures in the case of TiO1.56N0.56.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3: Evolution of average crystallite sizes of Ti powders before and after 

annealing in air. 
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 Figs. 3.4a and b show the Raman spectra of the unmilled, milled Ti 

powders and TiO1.56N0.56 and TiO0.61N 0.29 phases respectively. Raman peaks of 

the atomized Ti powder appear at 560, 795.8, and 1097 cm-1.  Upon milling, a 

peak shift was observed at 246, 403, 563, 770, 1227.5 and 1757 cm-1, which is 

probably due to the change in the crystal orientation induced by the milling effect. 

Upon annealing at 900 in air, TiO1.56N0.56 and TiO0.61N 0.29 phases were observed, 

which revealed Raman active modes at 144, 199, 248, 409, 436, 518 and 640 

cm-1 corresponding to anatase and rutile phases [3.22, 3.23]. It is clear from the 

spectra that the Raman modes shift to higher wavenumber showing modes of 

TiO1.56N0.56. Therefore, the peaks observed at 248, 436 and 605 cm−1 are 

attributed to the Raman active modes of TiO0.61N 0.29.  

 

 

 

 

 

 

 

 

 

Fig. 3.4: Raman spectra of (a) unmilled and milled Ti powder in Ar and (b) 30 h 

milled-annealed powder in air done on TiO1.56N0.56  and TiO0.61N 0.29 

phases of the polished powder sample. 
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From the Raman analysis, we can conclude that there is a difference in 

crystal structure between two phases of annealed powder, TiO2-xNx and TiOxNy. 

Table 3.1 shows a summary of Raman peaks positions compared with the 

literature. Thus based on the literature (Table 3.1) it can be concluded that 

TiO1.56N0.56 and TiO0.61N 0.29 phases were formed by annealing in air. 

  

Table 3.1: Comparison of published Raman data of TiO1.56N0.56 and TiO0.61N 0.29 

 with the current work 

 

Raman shifts (cm
-1

) 

TiOxNy 

 

Raman shifts (cm
-1

) TiO2-xNy 

 

Reference 

 

148, 200, 398, 518, 641 

-  

[3.24] 

 

144, 400, 514, 639 

214, 246, 646 

-  

[3.25] 

 

143, 445, 615 

200, 400, 640 

-  

[3.26] 

 

144, 410, 520, 640, 

240, 450, 620 

-  

[3.27] 
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[3.17] 

 

248, 436, 605 

 

144, 200, 409, 518, 640 

 

Current work 

 

Note: A corresponds to anatase and R to rutile phase 

 

 Fig. 3.5a shows the SEM image of the 30 h-milled powder after annealing 

in air, while its corresponding selected areas 1 and 2 is shown in Figs. 3.5b and 
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c, respectively. Two different morphologies are evident for area 1 and area 2. 

Area1 (Fig. 3.5 b) appear as the fine grains welded together, while area 2 

illustrates larger particles (Fig. 3.5c). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5: SEM images of (a) 30h milled and annealed in air and (b-c) correspond 

to high-resolution images of (a) showing different shapes of the particle.  
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The EDS analysis in Fig.3.6 confirms the existence of O and N. Minor 

peaks of carbon originate from the sample preparation carried out for the SEM 

analysis. The two Ti-phases, oxygen-rich TiO1.56N0.56 and nitrogen-rich 

TiO0.61N0.29 with varying N2 content, exists.  From the quantitative analysis 

determined from the EDS spectra the values were estimated as TiO1.56N0.56 and 

TiO0.61N0.29. These values are consistent with ones observed by Tessier et al. 

[3.16] for titanium oxynitride. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6: EDS analysis of the 30 h milled Ti powder annealed in air  
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 Fig. 3.7 shows the optical images of Ti powders annealed in air and N2 as 

well as the SEM microstructure of the particles annealed in air. Fig. 3.7a shows 

the optical picture of air-annealed powder particles; displaying multiple interesting 

blue, gold and bright yellow colours. According to the published literature, the 

bright yellow and golden colours belong to low oxygen titanium oxynitride 

TiO0.61N0.29 and that can turn blue due to an increase in oxygen content [3.29]. 

Multiple colours are due to the temperature difference during the synthesis. TiN 

may have reddish to yellowish colours based on the processing temperatures 

[3.28], as confirmed in Fig. 3.7b. Koopayeh et al [3.29] suggested that pale 

yellow and dark blue colours are due to stoichiometric and oxygen deficiency in 

tetragonal rutile, respectively. Therefore, the tetragonal TiO2 structure can also 

accommodate small amounts of nitrogen. In order to differentiate TiOxNy and TiN, 

titanium powder was annealed in a N2 atmosphere (Fig. 3.7b). Since the air-

annealed sample has larger particles that are welded together, it was possible to 

do microstructural analysis on the sample. Fig. 3.7c shows the SEM 

microstructure of the polished sample obtained after annealing in air. The 

microstructure is comprised of globular TiOxNy (light and dark grey) phases. A 

light-grey TiOxNy phase is only due to smaller amounts of N2 compared to the 

dark phase. The bright phase surrounding the TiOxNy is a nitrided TiO2-rutile 

represented by TiO2-xNx. Due to the high amount of oxygen in TiO1.56N0.56 this 

phase is expected to be less ductile when compared with the TiO0.61N 0.29 phase.  
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Fig. 3.7: Optical images of 30 h milled Ti (a) annealed in air, (b) milled Ti powder 

annealed in N2 and (c) microstructure of the Ti sample annealed in air.  

 

 

 

33..44  CCOONNCCLLUUSSIIOONN  

 

TiO0.61N 0.29 was synthesized by annealing of ball milled Ti in air at 900 ºC. 

In addition, traces of rutile-type TiO1.56N0.56 solid solution were detected. The 

morphology of the synthesized powder displayed multiple interesting colours. The 

estimated average crystallite sizes of TiO0.61N0.29 and TiO1.56N0.56 are 66.72 nm 

 

Optical Image (TiOxNy) Optical Image (TiN) 

(c) 

(b) (a) 

TiNxOy different O 

concentration 

TiO2-xNx 

 

 

 

 



 68 

106.65 nm, respectively. The formation mechanism of TiO0.61N0.29 and 

TiO1.56N0.56 is proposed. During the reaction at high temperature, the rutile-TiO2 

phase form first due to the higher heat of formation for TiO2. As the temperature 

decreases, N2 occupies the oxygen vacancies present in TiO2 to induce TiO2-xNx 

while at the same time, the N2-rich particles promotes the formation of the 

TiO0.61N0.29 phase. The observed shift of the Raman active peaks to higher 

wavenumber was induced by formation of the TiO0.61N0.29 phase. 
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CCHHAAPPTTEERR  FFOOUURR  

 

Production of titanium-tin alloy powder by ball 

milling: Formation of titanium-tin oxynitride 

composite powder produced by annealing in air 

 

AABBSSTTRRAACCTT  

Phase transformation was induced by BM and annealing of Ti75-Sn25 powder. 

HCP solid solution was induced by BM and yielded compressed lattice 

parameters a=2.929 Å; c=4.780 Å and c/a=1.63. Upon annealing in Ar at 700 °C, 

Ti3Sn intermetallic with lattice parameters a=5.916 Å; c=4.764 Å with (c/a=0.80) 

was detected. Subsequent TGA analysis of HCP milled Ti-Sn and Ti3Sn 

intermetallic in air have resulted in tetragonal oxynitride powders with lattice 

parameters a=4.985 Å; c=2.962 Å, c/a=0.594 for the former and a=4.582 Å; 

c=2.953 Å and c/a=0.644 for the latter, respectively. The powder morphology was 

monitored by high-resolution transmission electron microscopy while the 

roughness of the milled sample was analysed by atomic force microscopy. Phase 

transformation was monitored by x-ray diffraction and complemented by Raman 

spectroscopy.  

 

 
 
The content of this chapter was published in:  Journal of Alloys and Compounds 622 (2015) 824-830 
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44..11  IINNTTRROODDUUCCTTIIOONN    

Research into metallic oxynitrides is a subject of interest due to their 

remarkable optical and electronic properties and chemical stability [4.1, 4.2].  In 

particular, titanium oxynitride (TiNxOy) has been widely applied in solar selective 

collectors [4.3], biomaterials [4.4], and decorative coatings [4.5]. However, 

TiNxOy properties depend significantly on the N:O ratio. On the other hand, 

combination of Ti and Sn in alloys brings an interesting properties such as two-

stage B2–R–B19’ martensitic transformation on cooling and the one-stage B19’–

B2 on heating in Ti–Ni–Sn alloys [4.6, 4.7]. Elemental Sn is an important dopant 

for improvement of room temperature photoluminescence. The lattice defects 

caused by Sn doping could serve as favourable trap sites of the electrons or 

holes to reduce their recombination and consequently increase the photocatalytic 

activities [4.8]. Moreover, Ti-Sn mixed oxide is a better protective film than the 

single Ti or Sn oxides. The optical properties obtained after the application of the 

protective film depend on the composition [4.9]. Nitrogen (N)-doped SnO2 

nanocrystals (NCs) has been investigated to gain insights about the optical 

properties and to promote further applications of NCs SnO2 [4.10]. Similarly N-

doping occur in TiO2 powders [4.11], therefore Ti-Sn doping is of interest in the 

current work. Formation of mixed metal carbides is feasible via ball milling (BM) 

with ultrafine particles [4.12, 4.13]. The ultrafine powder particles become very 

reactive when flattened due to surface deformation. As a result, synthesis of 

compounds such as nitride [4.14] and oxynitrides [4.15] is possible at low 

temperatures. Mixed metal oxynitride are available and has been fabricated in 
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indium-tin-oxynitride films by RF-sputtering for potential applications in 

electronics [4.16]. Hence, the current paper presents the synthesis of the 

oxynitride phase, formed by annealing the ball-milled Ti-Sn powder in air. 

 

44..22..  EEXXPPEERRIIMMEENNTTAALL  WWOORRKK  

  

 

Titanium-tin (Ti75-Sn25) powder mixture was prepared from pure Ti and Sn 

of 99.98% and subjected to BM. The powders were charged in a stainless steel 

milling vial filled with argon gas inside a glove box.  BM was done for 30 hours at 

600 rpm speed. Annealing of the milled powders was performed in a Carbolite 

tube furnace under flowing argon (Ar) at 700 °C. Thermal analysis of the milled 

and annealed powders was conducted at a heating rate of 20 °C min−1 and under 

industrial air flow rate of 20 ml/min to 1000°C. Morphology of the Ti-Sn samples 

was studied using field-emission scanning electron microscopy (FE-SEM, Zeiss-

Auriga). Phase evolution was traced with a PANalytical X’pert PRO PW 3040/60 

X-ray diffraction (XRD) machine fitted with a Cu Kα radiation source.  To calculate 

the crystallites size, the Scherer formula was used: 

 

                                                            (4.1) 

 

where  is the wavelength of the x-rays, 
2θ

B  is the full width at half 

maximum intensity (FWHM) and  is the diffraction angle. 

Optical properties were measured using a Jobin-Yvon NanoLog 

photoluminescence (PL) spectrometer. The topography of Ti pellets was 

)cos(

9.0

2 



B
Lhkl 
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analyzed using atomic force microscopy (AFM, Veeco, and Digital Instruments). 

Raman spectra were collected using a Horiba Jobin-Yvon HR800 Raman 

microscopy equipped with an Olympus BX-41 microscope attachment. An Ar+ 

laser (514.5 nm) with energy setting 1.2 mW from a Coherent Innova Model 308 

was used as an excitation source. 

 

44..33  RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

 

Figs. 1 a-d show the SEM images of Sn, Ti, 30 h-milled and 30 h-milled 

and annealed Ti-Sn powders, respectively. The Sn powder displays the rod and 

cucumber-shaped morphology (Fig 1a), while Ti powder (Fig 1b) is comprised of 

spherical particles. Fig. 2c shows the morphology of 30 h-milled Ti-Sn powder. 

During the milling process, irregular semi-spherical lumps of particles were 

developed. At this stage, elemental Sn is not distinguishable from Ti implying that 

both metals have welded. Fig. 2d shows SEM image of the milled Ti-Sn powder 

after annealing in Ar at 700 °C. However, the powder morphology appears similar 

to those of milled powder in Fig. 1c. Therefore, there is change in morphology 

due to annealing. 
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Fig. 4.1: SEM images of unmilled (a) Sn (b) Ti, (c) 30 h milled and (d) 30 h 

milled and annealed Ti-Sn at 700 ºC in Ar  

 

To investigate structural development and phase transformation, XRD 

analysis was performed on the milled and annealed powders. Figs. 4.2 a-b show 

the XRD pattern of the 30 h milled and that of milled and annealed in Ar at 700 

°C. Figs. 4.2a reveal a broad and shortened intensity peaks due to the crystallite 

refinement and defective structure induced by extensive BM.  After milling, 

approximately 45 nm crystallite sizes were obtained.  The crystal structure was 
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identified as HCP with lattice parameters a=2.902 Å; c=4.734 Å and c/a=1.631.  

Fig. 4.1b reveals the crystallization of the 30 h-milled Ti-Sn powder upon 

annealing in Ar atmosphere at 700 ºC into HCP Ni3Sn-type structure with 

a=5.828 Å; c=4.732 Å, and c/a=0.812. Its estimated crystallite size equals 65 nm. 

Moreover, intensity peaks of the Ar annealed sample show better crystallinity in 

agreement with the increased crystallite size. The c/a of 0.812 agrees with that of 

reported orthorhombic crystal structure on cast samples [4.17, 4.18].  The 

orientation relationships between orthorhombic and hexagonal phases  

(110)orto ||(100)hex, <001>orto||<001>hex has been proposed [4.17]. The transition 

from hexagonal to orthorhombic phase is accompanied by a shortening of 1.5% 

along x axis and an elongation of 0.5% along y axis (into orthorhombic basis) 

leading to the reduction of crystal volume of 1% [4.17].  Therefore, the XRD 

analysis confirms phase transformation of Ti-Sn to Ti3Sn intermetallic. However 

since the intermetallic is in powder form, further transformation is expected upon 

thermal treatment at higher temperatures. 
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Fig. 4.2: XRD pattern of the (a) 30 h milled Ti-Sn (b) 30 h milled-annealed 

Ti-Sn powders in Ar at 700 °C.  

 

Fig. 4.3 depicts the PL spectra of the 30 h-milled sample, and that of the 

sample annealed in Ar. The intense peak around the 395 nm wavelength of the 

30 h-milled Ti-Sn powder is attributable to the structural defects and impurities 

induced after milling, which are in agreement with the XRD pattern in Fig. 4.2a. 

The PL emission peak of the Ar annealed sample is flat and small, indicating 

better crystallinity, in agreement with XRD peaks due to annealing [4.19].   
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Fig. 4.3: Room temperature PL of the 30 h-milled and annealed Ti-Sn powder 

in Ar at 700°C. 

 

 

 It is thus logical to investigate the effect of milling and annealing on the 

particle surface roughness. Surface properties are crucial for bonding and 

adhesion, especially on biomedical products. AFM images of the 30 h-milled Ti-

Sn and that of the annealed sample at 700 oC are shown in Figs. 4.4a-b. It is 

observed that the milled Ti-Sn powder contains fine grains resulting in surface 

roughness values around 1.08 nm.  The observed low roughness value for 30 h-

milled powder might relate to decreased crystallinity and smooth fresh surfaces 

on deformed particles. After annealing, the surface roughness increases to 3.45 
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nm, indicating better crystallinity and crystal growth during annealing as shown in 

Fig. 4.4c-d.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4: AFM height and (a) Ti-Sn milled and (b) annealed at 700°C in Ar.  

 

 

 Due to interest in the study of oxynitride, new alloys will arouse research 

interest in this subject. Both synthesized 30 h-milled and annealed Ti3Sn 
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powders were subjected to annealing by using the TGA analysis in air from 0 to 

1000 °C. Fig. 4.5 illustrates the TGA graphs of the 30 h-milled and pre-annealed 

Ti3Sn powders, respectively. The milled powder increases mass slightly at a 

faster rate than the pre-annealed powder. This increase in mass starts at 

approximately 300 °C and reaches maximum at around 900 °C and clearly 

indicates the phase transformation of powders in air. The resultant powders after 

TGA analysis were carefully collected and characterized to gain insight into the 

structural and morphology properties upon annealing in air. The TGA results 

indicate that milling has affected the powder particle size hence its reactivity to 

nitrogen occurs earlier than that of the unmilled powder. 
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Fig. 4.5: TGA graphs of the 30 h-milled and the milled and pre-annealed Ti-Sn 

powders 

  

 The morphology of the samples obtained after TGA analysis is shown in 

Fig. 4.6a-d. Fig. 4.6a-b is the low and high magnification SEM images of the 

milled powder. The particles in Fig. 4.6a show porous features unlike those in the 

as-milled condition (Fig. 4.1c). The high magnification image in Fig. 4.6b 

displays small rectangular rod-shaped particles of different sizes but improved 

crystallinity. Fig. 4.6c shows the pre-annealed sample after TGA analysis. A 

large irregular particle appears to be an agglomeration of finer particles. As 

shown in Fig. 4.6d, the particles are interconnected and appear as small grains 

with well-defined grain boundaries, which are also crystalline. EDS analysis has 

confirmed the presence of Ti, Sn, O and a small amount of N. In addition, the 
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corresponding powders have changed color from their original gray to 

golden/yellow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6: SEM images of the Ti-Sn milled and pre-annealed samples obtained 

after TGA analysis in air. Low and high magnification (a)-(b) 30 h-

milled and (c)-(d) 30 h milled and pre-annealed.  

 

The crystal structure of the powder obtained after TGA analysis is shown in 

Figs. 4.7a-b. The XRD pattern of the milled powder shows a higher intensity 

peak, or improved crystallinity compared to that of the pre-annealed sample, 
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before TGA analysis.  However, both powders were transformed from HCP to 

tetragonal crystal structures, respectively. The lattice parameters of the milled 

sample lattice parameters are a=4.985 Å; c=2.962 Å, c/a=0.594 while for the pre-

annealed sample are a=4.582 Å; c=2.953 Å and c/a=0.644, respectively. These 

tetragonal oxynitride phases are of rutile-type and vary only in Sn, O and N 

content, respectively. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7: XRD pattern of the milled Ti-Sn and milled pre-annealed samples 

obtained after TGA analysis in air. 

 

 

Fig. 4.8a-c shows the Raman spectra of TiO2, SnO2 and Sn to use as 

comparison with the Raman spectra of the milled and powders obtained after 

TGA analysis. The anatase Raman vibration modes at 142, 197, 399, 518 and 

640 cm-1, respectively are shown in Fig. 4.8a. The TiO2 exhibits six Raman 
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active modes (1A1g at 520 cm-1, 2B1g at 395 cm-1 and 3Eg at 144, 199 and 638 

cm-1). The most intense peaks observed at 144 cm-1, 520 and 638 cm-1 are due 

to the anatase phase [4.20]. The analyzed SnO2 Raman active modes appeared 

at 300, 359, 443, 574, 639 and 791 cm-1 while the Sn powder sample does not 

show any strong vibration modes, as shown in Fig. 4.8c. Moreover, some 

fundamental Raman peaks of nanocrystalline rutile SnO2 may not be detectable 

in the rutile bulk SnO2 [4.21]. For N-doped SnO2, Raman peaks appear at 253.9, 

302.1, 556.3 and 627.8 cm-1 [4.10].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8: Raman spectra of TiO2, SnO2 and Sn powders  
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Fig. 4.9a shows the Raman spectra of the 30 h-milled Ti-Sn powder. The 

Raman peaks are broad with low intensities, in agreement with the XRD results. 

The Raman peaks for milled powder appear at 288, 843, 1001 and 1042 cm-1, 

respectively. In addition, the milled sample analysed using TGA in air shows 

Raman vibration modes at 190, 330, 442, and 573 cm-1 in Fig 4.9b. A Raman 

peak appearing at 574 and 580 cm−1 belongs to A1g mode intensity, which arises 

either as a consequence of an increase in the surface-to-volume atom ratio or 

due to conversion from crystalline to nanocrystalline form, induced by increasing 

the number of disordered atoms by milling [4.22]. These intensity peaks of the 

TGA sample are comparable to those obtained after Raman analysis of the TGA 

powder for the pre-annealed sample (Fig 4.9c), in agreement with the XRD 

patterns shown in Fig. 4.7. Due to the presence of Sn, these Raman modes are 

different from those of pure TiO2-xNy and TiOxNy recently published [4.15].  The 

difference in Raman intensity peaks are attributable to varying Ti:Sn and N:O 

ratios. Morever, It is known that the stretching wavenumber peaks are related to 

the force constants and lengths of the bonding; consequently Raman analysis 

can offer vital information on the Ti–O bond lengths of TiOxNy [4.23]. The best 

known empirical relations between stretching wavenumbers () and equilibrium 

bond lengths (R) are given below: 

 

                                                    or                                                                  (4.2)                                   

                          

)exp( BR BRA
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where A and B are experimentally derived fitting parameters [4.23]. Annealing in 

air has phased out all the Raman peaks found on the milled powder. This implies 

that crystallization and phase transformation has occurred, which was confirmed 

by the new Raman vibration modes of the TGA powder samples.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9: Raman spectra of 30 h-milled its sample after TGA and the pre-

annealed TGA Ti-Sn powders. The TGA analysis of the powders was 

done air. 

  

  

44..44..  CCOONNCCLLUUSSIIOONN  

In conclusion, HCP solid solution was induced by Ball milling of Ti75-Sn25 

powder and yielded a compressed lattice parameters a=2.929 Å; c=4.780 Å and 

c/a=1.63. Upon annealing in Ar at 700 °C, lattice parameters a=5.916 Å; c=4.764 

Å with (c/a=0.80) was detected. The XRD analysis confirms phase transformation 
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of Ti-Sn to Ti3Sn intermetallic. The particles of the milled powder after TGA 

analysis show porous structure unlike those in the as-milled condition. The milled 

Ti-Sn has increased mass slightly at a faster rate than the pre-annealed Ti3Sn 

intermetallic powder during TGA analysis. The high magnification image display 

shows agglomerated fine rectangular rod-shaped particles of different sizes. A 

large irregular particle appears to be an agglomeration of finer particles. The Ar 

pre-annealed particles are interconnected and appear as small grains with well-

defined grain boundaries. The crystal structures of milled and pre-annealed 

powders show phase transformation from HCP to tetragonal phases, 

respectively. The former sample have the lattice parameters a=4.985 Å; c=2.962 

Å, c/a=0.594, while the latter sample have a=4.582 Å; c=2.953 Å and c/a=0.644, 

respectively. These phases are attributed to tetragonal oxynitride of rutile-type. 

The roughness of the milled powder has increased from 1.078 nm to 3.448 nm 

after annealing. The high PL intensity was obtained on the milled powder due to 

defects generated by milling, and is agreement with broadening of the XRD 

peaks. Raman intensity is also consistent with the XRD results. This powder will 

be useful to industries interested in the biomedical, structural and damping 

capacity applications. The milled sample analysed using TGA in air shows 

Raman vibration modes at 190, 330, 442, and 573 cm-1. A Raman peak 

appearing at 574 and 580 cm−1 is well-known as the A1g mode intensity, which 

arises either as a consequence of the increase in the surface-to-volume atom 

ratio, or is due to conversion from crystalline to nanocrystalline forms induced by 
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an increasing number of disordered atoms on milled and annealed samples in air 

[4.22]. 
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SSUUMMMMAARRYY  

 

BM of Ti-SA mixture did not change the lattice parameter of pure Ti. The 15 

h Ti-SA shows multiple Raman peaks at 142 cm-1, 257 cm-1, 414 cm-1, 609 cm-1, 

711 cm-1, 834 cm-1, 1322 cm-1 and 1611 cm-1. The 15 h Ti sample prepared 

without SA, shows peaks at 460, 541, 795, 1088, 1611 cm-1. The shifting of 

peaks is attributed to the difference in the crystallite sizes. 

 FCC TiOxNy was synthesized by annealing of ball-milled Ti in air at 900 ºC. 

The traces of rutile-type TiO2-xNx solid solution were detected while morphology 

of the synthesized powder displayed multiple colours. The estimated average 

crystallite sizes of TiO0.61N0.29 and TiO1.56N0.56 are 66.72 nm 106.65 nm, 

respectively. During the high temperature reaction, the rutile-TiO2 phase form first 

due to the higher heat of formation favorable for TiO2. As the temperature 

decreases, N2 occupies the oxygen vacancies present in TiO2 and induce TiO2-

xNx formation. Concurrently, N2-rich particles promote the formation of 

TiO0.61N0.29 phase. The observed shift of the Raman active peaks to higher 

wavenumber is attributed to the formation of TiO0.61N0.29 phase. 

After alloying Ti with Sn (Ti75-Sn25) using BM, HCP solid solution was induced 

with lattice parameters a=2.929 Å; c=4.780 Å and c/a=1.63. Upon annealing in Ar 

at 700 °C, lattice parameters a=5.916 Å; c=4.764 Å with (c/a=0.80) was formed. 

The XRD analysis confirms phase transformation of Ti-Sn to Ti3Sn intermetallic. 

The particles of the milled powder after TGA analysis show porous structure 

unlike those in the as-milled condition. The milled Ti-Sn has increased mass 
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slightly at a faster rate than the pre-annealed Ti3Sn intermetallic powder during 

TGA analysis. The image display agglomerated fine rectangular rod-shaped 

particles of different sizes. The pre-annealed sample under Ar shows particles 

that are interconnected and appear as small grains with well-defined grain 

boundaries. The crystal structures of milled and pre-annealed powders has 

transformed from HCP to tetragonal structure. The former sample have the lattice 

parameters a=4.985 Å; c=2.962 Å, c/a=0.594 while the latter sample have 

a=4.582 Å; c=2.953 Å and c/a=0.644, respectively. These phases are attributed 

to tetragonal oxynitride of rutile-type. The roughness of the milled powder has 

increased from 1.08 nm to 3.45 nm after annealing. The high PL intensity was 

obtained on the milled powder due to the high volume of defects generated by 

the milling operation. This is in agreement with the broadening of XRD peaks and 

is also consistent with Raman results. This powder will be useful to industries 

interested in the biomedical, structural and damping capacity applications. The 

milled sample that was analyzed with the TGA in air shows Raman vibration 

modes at 190, 330, 442, and 573 cm-1. A Raman peak appearing at 574 and 580 

cm−1 is assigned to the A1g mode intensity, which arises either as a consequence 

of the increase in the surface-to-volume atom ratio or due to conversion from 

crystalline to nanocrystalline form, induced by an increasing number of 

disordered atoms on milled and annealed samples in air [4.22]. 
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SSEECCTTIIOONN  BB  
 

CCHHAAPPTTEERR  FFIIVVEE  

 

Characteristics of the Mechanical Milling on the 

Room Temperature Ferromagnetism and Sensing 

Properties of TiO2 Nanoparticles 
 

 

 

AABBSSTTRRAACCTT  

 
 

 

The correlation between defect-related emissions, the magnetization and sensing 

of TiO2 nanoparticles (NPs) prepared by milling method, is reported. Surface 

morphology analyses showed that the size of the TiO2 NPs decreases with 

milling time. Raman and XRD studies demonstrated that the structural properties 

of the TiO2 transform to orthorhombic structure upon milling. Magnetization 

improved with an increase of a defect-related band originating from oxygen 

vacancies (VO), which can be ascribed to a decrease in the size of the NPs due 

to the milling time. Moreover, the longer-milled TiO2 exhibited enhanced gas-

sensing properties to humidity in terms of sensor response, with about 12 s 

response time at room temperature. A combination of photoluminescence, x-ray 

photoelectron spectroscopy, vibrating sample magnetometer and sensing 
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analyses demonstrated that a direct relation exists between the magnetization, 

sensing and the relative occupancy of the VO present on the surface of TiO2 NPs. 
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55..11..    IINNTTRROODDUUCCTTIIOONN  

 

After the theoretical prediction of room temperature ferromagnetism (RTFM) 

in manganese (Mn)-doped zinc oxide (ZnO) and its high Curie temperature due 

to strong p-d hybridization, the emerging field of spintronics generated a 

widespread interest due to its potential to provide new functionalities and 

enhanced performance in conventional electronic devices [5.1, 5.2]. Despite 

some initial promising results on dilute magnetic semiconductor (DMS), the basis 

of RTFM in DMS is not fully understood, and the mechanism behind the magnetic 

ordering is still under debate; in addition it is not clear if they can display this 

required high-temperature magnetism, that is, Curie temperature (TC) (above 300 

K) in order to be useful for spintronic applications [5.3-5.5].  More importantly, to 

achieve spintronic devices, RTFM should be an intrinsic property of the 

semiconducting host matrix. Recent reports using innovative characterization 

tools such as X-ray absorption spectroscopy and X-ray magnetic circular 

dichroism (XMCD) ruled out the possibility of RTFM being due to extrinsic effects 

associated with 3d cations, demonstrating that the 3d electronic shells of the 

cations in these diluted magnetic oxides (DMOs) do not carry any measurable 

ferromagnetic moment. Scientists also reported RTFM in undoped oxides such 

as TiO2, HfO2, ZnO, and In2O3. RTFM in these materials could be related to 

surface defects and/or interface defects [5.6-5.9] which are induced during the 

preparation process. Previous results calculated that the FM observed in 

undoped TiO2 largely originates from the d-orbitals of low-charge-state Ti cations 

converted from Ti4+ cations, which are induced by the surface oxygen vacancies 
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[5.10, 5.11].  

Furthermore, most recent reports by Chaboy et al. [5.12] and Guglieri et al. 

[5.13, 5.14] using XMCD analyses carried out on ZnO nanoparticles (NPs) 

capped with organic molecules and without any 3d doping, have shown the 

existence of an intrinsic ferromagnetic contribution. They suggested that it 

branches from the interface formed between the ZnO core of the NP and the 

capping region created by bonding to the organic molecules. Additionally, there is 

a need for reproducibility of a FM signal in undoped oxides systems prepared 

with the same growth conditions, which add to the controversy about the origin of 

FM. Céspedes et al. [5.15] and Straumal et al. [5.16, 5.17] reported that 

magnetism in undoped oxides depends on the structural details of the sample, 

especially at the near-surface regions (surface, grain boundaries, or interfaces). 

Therefore, since magnetic properties are usually affected by the synthesis 

conditions, morphology and grain sizes, we have chosen in this study to carry out 

mechanical milling (MM) treatment for further structure refinement and size 

reduction of TiO2 powders. MM is a well-known solid-state powder process 

involving welding and fracturing of particles in a high energy milling process 

[5.18]. Despite all the achievements, the use of MM for spintronic applications 

has been limited to few cases. It has been found that ball milling induces the 

phase transformation from anatase to rutile which results in FM above room 

temperature in the milled TiO2 doped with Fe [5.19]. Chen et al. [5.20] reported 

that by doping TiO2 with a non-magnetic Al in a (TiO2)1−xAlx (x = 0-0.5) 

composition. Using X-ray absorption near-edge structures spectroscopy they 
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found that there is a charge transfer from Al to O at the interface of nanograins, 

signifying that the charge-transfer ferromagnetism is a possible mechanism in the 

nanostructured TiO2-Al system. 

However, apart from spintronic applications, systems for monitoring the air 

quality are vital for quality control of products in different industries that includes 

electronic devices, precision instruments production, textile area, food storage, 

and human comfort in domestic environments [5.21]. Humidity control is very 

imperative in a wide range of our daily life and for industrial processes, air 

conditioning, electronics processing, since higher relative humidity also induces 

the outside temperature to be hotter in the summer and reduces the 

effectiveness of sweating to cool the body, by preventing the evaporation of 

perspiration from the skin. As a result intensive research has been carried out in 

a large range of metal oxide (MOX) materials as humidity sensor elements in 

order to achieve the necessary requirements for practical application of humidity 

sensors, with good sensitivity over a wide range of humidity and temperature, 

short response time, good reproducibility, etc. [5.22-5.25]. The principle of 

humidity measurement with MOX-based sensors is the change in electrical 

capacitance or conductivity owing to water vapour chemisorption and 

physisorption on the surface of the sensing element. Despite the many 

successes there are few reports on humidity sensors based on milled anatase-

TiO2, as well as studies on the correlation between magnetism and sensing. 

Therefore, in the current study we investigate the effect of MM time on the 

magnetic and structural properties of milled anatase-TiO2 NPs. Additionally a 
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simple approach to fabricate humidity sensors based on TiO2 NPs is presented 

and these results are correlated with the optical and magnetic properties. 

 

55..22..  EEXXPPEERRIIMMEENNTTAALL  PPRROOCCEEDDUURREE  

 

Anatase titanium dioxide (TiO2) powder of high purity was subjected to high 

energy ball/mechanical milling (MM). The powders were charged in a milling vial 

filled with argon gas inside a glove box.  MM was done for 60 and 120 h intervals. 

Small samples were collected inside the glove box for characterization. The 

surface morphology of the TiO2 samples was studied using field-emission 

scanning electron microscopy (FE-SEM, Zeiss-Auriga). Phase evolution was 

traced with a PANalytical X’pert PRO PW 3040/60 X-ray diffraction (XRD) 

machine fitted with a Cu Kα radiation source. High-resolution transmission 

electron microscopy was employed to investigate the localized phase formation 

and crystal growth of the milled NPs. Electron micrographs and selected area 

diffraction patterns (SAED) were collected with an FEI Tecnai G220 FE-TEM. 

Raman measurements were collected using a Horiba Jobin-Yvon HR800 Raman 

microscope equipped with an Olympus BX-41 microscope attachment. An Ar+ 

laser (514.5 nm) with energy setting 1.2 mW from a Coherent Innova Model 308 

was used as an excitation source. 

Optical properties were measured using a Perkin-Elmer Lambda 750 UV-vis 

and a Jobin-Yvon NanoLog photoluminescence spectrometer. Nitrogen (N2) 

adsorption-desorption isotherms were obtained using Micrometiritics TRISTAR 

3000 surface area analyzer (USA) after samples were outgassed at 110 C 
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under 10-2 mm Hg for 6 h. Specific surface area analyses were carried out by the 

Brunauer-Emmet–Teller (BET) method using desorption isotherms. X-ray 

photoelectron spectroscopy measurements were carried using a PHI 5000 

Versaprobe-Scanning ESCA Microprobe. The survey scans were recorded with a 

100 μm, 25 W, 15 kV beam using monochromatic Al Kα radiation ( hv  = 1486.6 

eV) and for the higher resolution spectra the hemispherical analyzer pass energy 

was maintained at 11.8 eV (C1s, O1s, Ti2p) for 50 cycles. Measurements were 

performed using either a 1 eV/step and 45 min acquisition time (binding energies 

ranging from 0-1400 eV) for survey scans or a 0.1 eV/step and 20-30 min 

acquisition times for the high resolution scans. The pressure during acquisition 

was typically under 1×10−8 Torr. The surfaces were also cleaned by sputtering for 

30 s using an Ar ion gun (2 kV energy ions), and measurements were repeated. 

A minicryogen-free measurement system with a vibrating sample magnetometer, 

VSM (type J3505 mini CFM-VSM) was used to study the magnetization 

properties for TiO2 semiconductor nanoparticles milled for 120 h. Since this type 

of samples tend to exhibit small magnetization signals, special care was taken 

during measurements as to avoid magnetic contamination [5.26, 5.27]. Magnetic 

measurements carried out on different batches of TiO2 powders displayed 

consistent and reproducible results, demonstrating RTFM behaviour. These 

measurements included magnetic hysteresis loops, zero-field-cooling (ZFC) and 

field-cooling (FC) magnetizations. The magnetic hysteresis loops were obtained 

at various isothermal temperatures between 4 K and 300 K in applied magnetic 

fields of up to 50 kOe. ZFC and FC magnetization curves as a function of 
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temperature were recorded in applied magnetic fields of 0.1, 0.5, 15 and 30 kOe. 

The lower curve of ZFC was obtained after the sample was cooled down in zero-

field from 300 K to 4 K. The magnetization curve ( ZFCM ) was recorded while 

warming up the sample in a static applied magnetic field from 4 to 300 K. During 

the field cooling procedure the sample was cooled from 300 K to 4 K in the 

presence of an external static magnetic field. The magnetization curves ( FCM ) 

were recorded while warming up the sample in the same field.  

 
 

The TiO2 NPs were dispersed in ethanol and drop-coated on alumina 

substrates (size: 2 mm × 2 mm) with two Pt electrodes (on its top surface) and a 

micro-heater (on its bottom surface). The deposited sensitive layer was heated to 

250 C to remove the organic solvent used and to obtain good adhesion. The 

sensing measurements were carried out at room temperature. To test the device, 

the desired level of relative humidity (RH) was achieved by bubbling the water by 

air and mixed with dry air before entering in the sensing chamber. The humidity 

inside the chamber was monitored using an in-built humidity sensor. The 

humidity response of the device was surveyed through monitoring the variation of 

the resistance of the sensors using a gas sensing station KSGAS6S 

(KENOSISTEC, Italy).  
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55..33..    RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

 
Fig. 5.1a shows that the un-milled TiO2 nanoparticles (NPs) are almost 

spherical in shape, well resolved and agglomerated with an average size ranging 

from 80 to 130 nm. Upon milling for 60 hrs, the NPs are less agglomerated, as 

shown in Fig. 5.1b. Fig. 5.1c shows that the degree of agglomeration also 

increases with increasing duration of milling (120 hrs) and the particle size 

reduces to about 40 nm upon milling for 120 hrs. 
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Fig. 5.1: SEM micrographs of the (a) 0 (b) 60 (c) 120 hrs milled TiO2 powders. 

 

Fig. 5.2a presents the XRD patterns of un-milled anatase-TiO2 NPs with 

tetragonal crystal structure and lattice parameters of a=3.782 Å; c=9.502 Å. It is 

clear from Fig. 5.2b that the anatase structure remained stable after milling for 60 

h, while its lattice constants a and c reduced slightly to 3.777 and 9.501 Å, 

respectively. Upon milling for 120 hrs the XRD intensity reduced while the full-

width at half maximum (FWHM) broadened (Fig. 5.2c). The broadening of peaks 
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is associated with crystallite refinement and the disordering of the crystal 

structure. This ordering is confirmed by the detected metastable orthorhombic 

phase which has lattice parameters a=4.523 Å; b=4.696 Å; c=2.962 Å, 

respectively. Traces of the anatase-TiO2 phase with lattice parameters a=3.783 

Å; c=9.497 Å was detected. The orthorhombic structure detected after milling do 

not share a similar crystal structure with the known Brookite orthorhombic (TiO2-

II). Bose et al. [5.28] reported the lattice parameters a=4.536 Å; b=5.502 Å; 

c=4.942 Å of orthorhombic TiO2-II after 100 h ball milling. In addition, 

orthorhombic TiO1.94 structure was established with lattice parameters a=9.38 Å; 

b=9.19 Å; c=5.88 Å [5.29]. These results were supported by reduction of TiO2 by 

hydrogen, whereby orthorhombic TiO2-δ with lattice parameter a= 9.31 Å was 

achieved [5.30]. Rezaee et al. [5.29] reported the orthorhombic Brookite 

transformation at varying milling speeds. The lattice parameters a=9.101 Å; 

b=9.195.455 Å; c=4.942 Å and crystallite size of 64 nm were obtained [5.31]. 

Therefore, it is evident that the orthorhombic lattice parameters observed in the 

current work is not similar to those already reported in literature.  
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Fig. 5.2: (a-c) XRD profiles of the un-milled and milled TiO2 powders.  
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The TEM image in Fig. 5.3a confirms that the un-milled TiO2 NPs are 

mainly of spherical shape with a diameter of 116 ± 0.5 nm, which corresponds to 

the crystallite size calculated from XRD patterns. Fig. 5.3b shows the high 

resolution TEM image for an isolated TiO2 NP. The uniform fringes with an 

interval of 0.355 nm, corresponding to (101) lattice spacing of anatase phase, are 

observed over the entire particle [5.32]. Selected area electron diffraction (SAED) 

shown in the inset of Fig. 4.3b clearly indicates that the TiO2 NPs are highly 

crystalline in nature. The HRTEM image in Fig. 5.3c shows that the anatase 

grain sizes decrease from 115 nm for pure TiO2 powder to about 40 nm for 120 

h-milled TiO2 powders as confirmed by the size distribution (see insets). This is 

very close to the average particle size determined from XRD analysis. It is also 

evident from the micrographs that the NPs almost retain their spherical shapes 

even after long durations of milling. A similar result has also been obtained from 

XRD analysis. SAED patterns of the milled samples (Fig. 5.3d) reveal that the 

number of diffraction rings decreases with increasing milling time and that the 

rings are quite broad, which indicates that the particles are very small in size. 

This is consistent with the XRD patterns which indicated that the peak 

broadening increases with increasing milling time.  
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Fig. 5.3:  HR-TEM images of the (a-b) 0 h and (c-d) 120 hrs-milled TiO2 NPs 

and their corresponding SAED patterns. Inset in (a) and (c) 

corresponds to the particle size distribution of the 0 h and 120hrs-

milled powders. 

 

 The Raman spectra of the TiO2-NPs milled at different times are shown in 

Fig. 5.4.  The un-milled and 60 h-milled TiO2 NPs exhibit six Raman active 
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modes (1A1g at 518 cm-1, 2B1g at 399 and 518 cm-1 and 3Eg at 144, 199 and 641 

cm-1) [5.33]. The strongest peaks at 144 cm-1, 520 and 639 cm-1 due to anatase 

phase are in agreement with the one reported in ref [5.34]. An increase of milling 

time induces a shift in the peak positions to higher wavenumbers. The intensity 

and the FWHM are often used as an indication of the ordering in the material. 

Therefore the high intensity of the unmilled and 60 milled TiO2 indicates a highly 

ordered/crystalline material.  
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Fig. 5.4: Raman spectra of the un-milled and milled TiO2 NPs at different milling 

times. 
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 When milling for 120 h, the intensities of the peaks reduce while the FWHM 

increases, which indicates a disordering in the TiO2 structure, entirely consistent 

with the XRD analysis. In addition, it is clear that the peaks positions shift to 

higher wavenumbers with broad bands around 151, 260, 410 and 610 cm-1. The 

broad peaks at 410 and 610 cm−1 can be attributed to the Raman active modes 

Eg and A1g of rutile TiO2, respectively [5.35]. The broad band at around 260 cm−1 

results from second-order scattering [5.36], while the peak at around 151 cm-1 is 

due to the anatase phase, suggesting that traces of the anatase-TiO2 phase are 

still present. 

 

Fig. 5.5 (a) shows the UV-vis absorption spectra of the un-milled and milled 

TiO2 NPs. The un-milled TiO2 exhibits an absorption peak in the region of 360-

380 nm. However, when the NPs are milled, an improvement in the absorption 

and a slight blueshift are observed, due to reduction of the particle size observed 

by SEM and TEM analyses. The band gap of these samples can be calculated 

using Tauc’s formula [5.37]:  

 

                     (1) 

 

where α is the absorption coefficient, A is a constant, h is the energy and n 

depends on whether the transition is indirect (n = 4) or direct (n = 1). It is clear 

from Fig. 5.5b that the band gap reduces with milling time and from this plot, the 

band gaps of the un-milled, 60 and 120 h milled TiO2 NPs were estimated to be 

4.183, 4.182 and 4.179 eV, respectively. 
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Fig. 5.5: (a) UV-vis absorption spectrum of the un-milled and milled TiO2 NPs 

and (b) Tauc plots of (αh)2 as a function of energy. 

 

 

 

Fig. 5.6 depicts the PL spectra of the un-milled and milled TiO2 NPs at 

various times. It can clearly be seen that the PL intensity increases with an 

increase in milling time. For detailed analysis, we have de-convoluted the 

spectrum into three peaks (400, 428 and 455 nm) with Gaussian functions. The 

PL emission band at 400 nm (3.0 eV) was suggested to be due to self-trapped 

excitons localized on TiO6 octahedrals [5.38, 5.39]. An emission band located 

around 455 nm is attributed to the oxygen vacancy (VO) on the surface area of 

TiO2 and this emission is prominent for the 120h-milled TiO2. PL emissions of 

TiO2 at longer wavelengths (460 and 530 nm) result from the VO on the surface 

area of TiO2 nanowires [5.38]. 
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Fig. 5.6: (a) PL spectra of the un-milled and milled TiO2 NPs. (b−c) Gaussian fits 

of each PL spectrum (the black lines are the experimental results and 

the red circles are Gaussian fits). 

 

 

 

Fig. 5.7 depicts the typical N2 adsorption/desorption isotherm curves of the 

unmilled and milled TiO2 NPs. The hysteretic activity is related to both 

connectivity and the broadening of the pore size distribution in porous materials. 

It is clear that as the milling time increases, the isotherms shift downward while 
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the hysteresis loops at high relative pressure increases, denoting higher pore 

size distribution as well as higher BET surface area as depicted in Table 5.1. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7: Typical N2 adsorption and desorption isotherm curves. 
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Table 5.1: Surface areas (BET), total pore volumes (Vpore), pore diameters 

(dpore), crystallites size (D) and energy band gap (Eg) of milled TiO2 

NPs. 

 
 

 
Milling 
time 
(hrs.) 

 
BET 

 (m2 g−1) 

 
Vpore 

 (cm3g−1) 

 
dpore 
(nm) 

 
D (nm) 

 
FWHM 
(cm-1) 

 
Eg (eV) 

 
0  

 
8.255 

 
0.059 

 
21.537 

 
128.451 

 
16.929 

 
4.183 

 
60  

 
8.493  

 
0.048 

 
32.557 

 
127.102 

 
9.621 

 
4.182 

 
120  

 
10.263 

 
0.049 

 
40.334 

 
41.125 

 
36.416 

 
4.179 

 

 

To complement the PL analyses, the chemical composition of the pure 

anatase TiO2 in comparison to that of milled for 60 and 120 h was investigated by 

X-ray photoelectron spectroscopy (XPS), and the corresponding results are 

shown in Fig. 5.8. As observed in Fig. 5.8, the fully scanned spectra 

demonstrated that only Ti, O, and C elements existed in the pure and milled TiO2, 

and no impurities are evident in the entire spectrum. The detected carbon is 

associated with the carbon tape used during the measurements, which adsorbed 

on the surface during the exposure of the sample to the ambient atmosphere. 

The binding energy for the C1s peak at 284.6 eV was used as the reference for 

calibration [5.9].  
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Fig. 5.8: XPS survey scan of unmilled and milled TiO2 nanostructures 

 

 

Fig. 5.9 displays high resolution XPS spectra of the Ti2p core-level of the 

pure and milled TiO2. For the unmilled TiO2 (Fig. 5.9a), the peaks centred at 

around 458.7 eV and 464.2 eV are assigned to Ti4+ (2p3/2), and Ti4+ (2p1/2) 

respectively [5.40, 5.41]. However upon milling for 60 hrs (Fig. 5.9b) the peaks 

become broad denoting that the milling induced significant changes in the 

nanocrystalline structure of TiO2 and this is consistent with the XRD and Raman 

results. The 60 hrs milled sample show two peaks centred at 458.6 and 463.1 eV 

and two peaks at 459.1 and 464.8 eV. Upon milling for 120 hrs (Fig. 5.9c), the 
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broadening of the peaks becomes more discernible revealing two fitted peaks 

centred at 458.4 and 464.6 eV, assigned to Ti4+ (2p3/2) and Ti4+ (2p1/2) 

respectively, as well as two peaks at 457.0 and 463.3 eV. The peaks located at 

457.0 and 463.3 eV are assigned to Ti3+ (2p3/2) and Ti3+ (2p1/2) respectively 

[5.40]. 

 

Figs. 5.9d-f presents the O 1s core level spectra of the pure and milled 

TiO2 at various times. It can be clearly seen that each O 1s signal of the pure 

TiO2 and that milled for 60 hrs (Fig. 5.9d and e) could be fitted into two 

symmetric peaks. The peaks located at 529.67 and 531.55 eV corresponds to the 

oxygen vacancy-Ti4+ and oxygen vacancy-Ti3+, respectively [5.41, 5.42]. It is 

observed from Fig. 5.9f that when the sample is milled for 120 hrs, broadening of 

the oxygen peaks also became more apparent and oxygen on the sample 

surface exists at least in three forms at the binding energies of 528.92, 529.85, 

and 531.61 eV, corresponding to oxygen vacancy-Ti2+; oxygen vacancy-Ti4+ and 

oxygen vacancy-Ti3+, respectively [5.41, 5.42]. This suggests that more oxygen 

vacancies are produced in the milled TiO2 powder.  
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Fig. 5.9: Experimental and fitted curves for normalized Ti2p (a) unmilled, (b) 60 

hrs milled, (c) 120 hrs milled and (d-f) corresponds to O1s XPS spectra 

of (d) unmilled, (e) 60 hrs milled and (f) 120 hrs milled TiO2 

nanostructures  

 

 
Previous studies reported that during ball milling, partial Ti–O bonds on the 

TiO2 surface layer may be broken due to mechanical activation and oxygen is 

released from the TiO2 lattice. Therefore, oxygen vacancies are produced in the 

TiO2 lattice [5.42]. Magnetic characterization of the un-milled and milled TiO2 

nanostructures was performed using VSM in the magnetic field range of 0-14kOe 

at various temperatures as shown in Fig. 5.10. It is evident from Fig. 5.10a that 
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the un-milled TiO2 NPs reveal a paramagnetic signal. When milling for 60 hrs 

(Fig. 5.10b), a weak ferromagnetic hysteresis loop with a contribution of 

paramagnetism is observed. The observed coercivity (Hc), remnant (Mr) and 

saturation magnetism (Ms) values are 158.04 Oe, 10.33 ×10−3 emu/g, and 1.26 

×10−3 emu/g respectively. The observed paramagnetism may be induced by 

possible interaction/impurity phases or TiO2 clusters. When increasing the milling 

time to 120 hrs (Fig. 5.10c), clear magnetic hysteresis loops are observed for the 

NPs demonstrating room temperature ferromagnetism (RTFM) recorded at 19 

different isothermal temperatures 4 - 300 K (some loops are not shown). The 

observed RTFM is thought to be due to higher VO on the TiO2 NPs surface (see 

PL results) and structure defect induced by the milling process, which result in 

coalescence of the ferromagnetic domains [5.44] such as reduced crystallites 

size (see Table 1). Previous studies [5.9, 5.45-5.47] showed that larger crystals 

are detrimental to magnetic properties. The origin of ferromagnetism for TiO2 

NPs diluted magnetic semiconductors can be explained by various carrier 

mediated mechanisms that include double-exchange, super-exchange or 

Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interactions [5.44]. 

Experimental magnetic moment per molecular unit (  ) in the Bohr magneton 

was calculated using the relation 5585/SwMM  where wM  is the molar mass 

[5.48].  
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Fig. 5.10: Magnetic properties of (a) 0, (b) 60 and (c) 120 h milled TiO2 NPs 

measured at various temperatures. The inset shows the magnified view of 

the M – H curves. 

 
 

The magnetic properties such as CH , exchange bias field ( EH ), SM ,   

and RM  as a function of measuring temperature (T) deduced from hysteresis 

loops are illustrated in Fig 5.11. It is evident from this figure that CH , SM , RM  and 

  tend to increase by decreasing temperature. CH , SM , RM  and   increases 

 

(a) (b) 

(c) 
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from about 465 Oe, 0.75 emu/g, 0.16 emu/g and 0.0107 B  at room-temperature 

to 754 Oe, 2.54 emu/g, 0.45 emu/g and 0.0363 B  at 4 K respectively. Above 60 

K, the magnetization decreased with increasing applied magnetic field ( H ). 

Below 80 K, the sample did not saturate even in a maximum field of 50 kOe. The 

current results appear to confirm that there at least two magnetic phases in the 

sample which leads to magnetic exchange bias effects ( EH ) in the TiO2 NPs. 

The exchange bias field was obtained from hysteresis loops using the following 

formula: [5.49] 2/  CCE HHH  where CH  and CH  are the coercive fields at 

right and left side of the shift of HM   loops respectively. The temperature 

dependence of the exchange bias field of the sample is also shown in Fig 5.11. 

Some enhancement of the coercive field for TiO2 NPs may be attributed to 

existence of EH . We observed that all the loops are shifted along the magnetic 

field axis which confirm the existence of the so-called exchange bias field ( EH ) 

due to the coexistence of ferromagnetic (FM) and antiferromagnetic (AFM) 

nanostructures, as a result of surface effects in milled TiO2 NPs [5.49].  
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Fig. 5.11:  The evolution of the coercive field CH , saturation magnetization SM ,         

                   remnant   magnetization RM , experimental magnetic moment per     

                   molecular unit   and exchange bias field EH  as a function of                                 

                   temperature for 120 h-milled sample. 

 

 
 
 

The temperature-dependence of ZFC and FC magnetizations curves of 

the milled TiO2 sample in applied magnetic fields of 0.1, 0.5, 1, 15 and 30 kOe 

are shown in Fig. 4.12. The FC magnetization curves decrease continuously with 

increasing temperature. Sharp reproducible cusps are observed for 

measurements in static applied fields of at least 0.5 kOe at about 60 K. The 

results show splitting between FC and ZFC shown typically at a field of 0.5 kOe. 
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Similar behavior has been reported for BiFeO3 [5.50, 5.51]. Spin-reorientation 

transitions with increasing temperature have also been observed in (Er, 

Tm)2Fe16SiC2 intermetallic compounds [5.52]. In the present case the cusps 

appear to be enhanced at higher field and persist on both FC and ZFC 

magnetizations. The cusps may be associated with AFM domain pinning effect 

due to non-uniformly distributed defects [5.51-5.53]. Domain wall pinning 

develops as a result of the non-uniformity distributed defects that affect the 

movement of the domain wall [5.50]. We suspect the peak positions of the cusps 

to be the Néel point of the AFM phase which also appear to reduce at higher 

measuring field. The splitting of the ZFC and FC curves has been attributed to 

the coexistence of ferromagnetism and anti-ferromagnetism phases [5.50] and 

appears consistent with the magnetic exchange bias effect observed.  
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Fig. 5.12: Temperature-dependence magnetization curves for TiO2 measured 

in different static applied magnetic fields 0.1, 0.5, 1, 15 and 30 kOe. 

The insets show magnified view of reproducible cusps around 60 K. 

   

   
  To evaluate humidity sensing properties of the fabricated devices, we 

measured the I-V characteristics of the sample at room temperature (25 C) with 

various RHs. A chamber was employed to provide different humidity levels in 

incremental steps. Fig. 5.13a shows that the current of TiO2 NPs milled for 120 h 

increases with an increase in humidity up to 100 % RHs. Additionally, Fig. 13b 

shows the TiO2 NPs sensor response at different RH values. It is clear from Fig. 

5.13b that the 120 h milled TiO2 NPs shows improved response as compared to 
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the un-milled powder, probably due to improved oxygen vacancies (VO) on the 

TiO2 surface as evidenced by PL and XPS analyses (Figs. 5.6 and 5.9), and 

high surface area (Table 5.1). Moreover, the RTFM feature was observed in the 

120h milled TiO2 sample, induced by VO (see Fig. 5.10); therefore, this indicates 

that there is a correlation between magnetism and sensing. In addition, the 

increased response under relative humidity can be explained as follows. It is well-

known that TiO2 is an n-type semiconductor due to localized donor levels in the 

bandgap caused by VO and interstitial TiO2 atoms in the lattice. It was 

demonstrated previously by Schaub et al. [5.54] that the VO are active sites for 

dissociation of the water molecule. At high RHs, humidity molecules start to 

condensate on the surface of the TiO2 NPs and both protonic transport and 

electrolytic conduction contribute to increase of the current [5.55].  
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Fig. 5.13: (a) The measured current of the sensor, extracted from different RH 

pulses (b) RH (%) sensing response. 

 

  

55..44    CCOONNCCLLUUSSIIOONN  

In conclusion, anatase TiO2 NPs of high purity was subjected to high energy 

ball/mechanical milling (MM) at different hours. We have utilized XRD, TEM, PL, 

VSM, BET and XPS as characterization tools to investigate the morphology, 

structural, magnetic properties, and defect chemistry of the milled TiO2 NPs. The 

findings show that when the size of the NPs decrease due to milling time the 

magnetization improves with an increase of a defect-related band originating 

from VO. The enhanced humidity sensing performance was also observed for the 

NPs milled for 120 hrs. This improved sensing is attributed to higher VO 

concentration on the TiO2 surface, and increased surface area and higher pore 

size distribution. We have therefore demonstrated that there is a good correlation 

between the magnetism and humidity response characteristics of the milled TiO2 

NPs. It was established that VO is the most probable point defect in these 
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structures and the concentration of these defects varies both with the milled 

duration and microstructure of the TiO2 NPs. Thus we conclude that the 

concentration of VO in turn controls the magnetization and humidity sensing 

characteristics of the milled TiO2 NPs.  
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Hernando, A. Nano Letters 7 (2007) 1489-1494. 

[5.27] M.A. García, E.F. Pinel, J. de la Venta, A. Quesada, V. Bouzas, J.L. 

Fernández, J.L. Romero, M.S. Martn-González, J.L. Costa-Krämer, 
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CCHHAAPPTTEERR  SSIIXX 

 

Morphology and structural development of 

reduced anatase-TiO2 by pure Ti powder upon 

annealing and nitridation: Synthesis of TiOx and 

TiOxNy powders 

 

AABBSSTTRRAACCTT  

It is well known that nitriding of titanium is suitable for surface coating of 

biomaterials and in other applications such as anti-reflective coatings, while 

oxygen-rich titanium oxynitride has been applied in thin film resistors and 

photocatalysis. Thus in this work anatase was reduced with pure titanium powder 

during annealing in argon. This was done to avoid any metallic contamination 

and unwanted residual metal doping. As a result, interesting and different types 

of particle morphology were obtained when the pre-milled elemental anatase and 

titanium powders were mixed. The formation of metastable face centred cubic 

and monoclinic titanium monoxide were detected by the x-ray diffraction 

technique. The phases were confirmed by energy dispersive x-ray spectroscopy 

analysis. Raman analysis revealed weak intensity peaks for samples annealed in 

argon as compared to those annealed under nitrogen (N2).  

 
 

The content of this chapter was published in:  Materials Characterization 100 (2015) 41-49 
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66..11  IINNTTRROODDUUCCTTIIOONN  

 

Studies on modification of TiO2 are of interest to research based on 

applications such as photocatalysis [6.1, 6.2]. Previous attempts to enhance 

photocatalysis properties of TiO2 by doping with nitrogen have led to the 

formation of titanium oxynitride (TiOxNy). The structure modifications of TiO2 are 

initiated by creating oxygen vacancies, decreasing the grain size and by 

annealing [6.3]. High-energy ball milling (BM) triggers the phase transformation 

in TiO2 [6.4]. Moreover, the reaction of TiO2 by pure Ti yields metastable phases 

such as FCC and monoclinic TiOx [6.5]. Accordingly, the reduction of TiO2 by Ti 

yields oxygen vacancies without contaminating with other reducing metals. 

Properties such as resistance switching for memory devices [6.6], photocatalysis 

[6.7], bioactivity [6.8] and insulators [6.9] are found in titanium oxynitrides. 

TiOxNy powder was synthesized by mechanical alloying of pure titanium (Ti) 

powder in air at ambient temperature [6.10]. In addition, production of TiOxNy 

from TiO2 powder may involve generation of defects by displacing oxygen atoms 

from their interstitial positions. The current investigation presents microstructural 

and structural development of nonstoichiometric titanium oxides induced during 

the reduction of anatase by pure Ti and the resultant formation of TiOxNy 

powders upon nitridation. 

  

66..22  EEXXPPEERRIIMMEENNTTAALL  WWOORRKK  

Anatase TiO2 and pure Ti elemental powders were pre-milled separately in 

a milling vial filled with argon gas inside a glove box.  BM was done for 30 hours 
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(h) at 600 rotations per minute (rpm) speed for each charge. Small samples were 

collected inside the glove box for characterization. The mixtures of anatase and 

Ti powders were prepared from three combinations of compositions: 

1. unmilled Ti mixed with unmilled TiO2 (Ti + TiO2) 

2.  unmilled Ti mixed with 30 h milled TiO2 (Ti + 30 h TiO2) and 

3. 30 h milled Ti mixed with 30 h milled TiO2 (30h Ti + 30h TiO2).  

 

These compositions were mixed in a 1:1 weight ratio and annealed at 900 ºC in a 

tube furnace under argon (Ar) for two hours. The resultant products were then 

annealed under nitrogen (N2) at 900 ºC for two hours. The powder morphology 

was studied using an Auriga ZEISS field-emission scanning electron microscope 

(FE-SEM) coupled with a Robinson Backscatter Electron Detector (RBSD) and 

an energy dispersive x-ray spectroscopy (EDS) detector. Optical properties were 

measured using the Jobin-Yvon NanoLog photoluminescence (PL) spectrometer. 

Raman spectra were obtained using a Horiba Jobin-Yvon HR800 Raman 

microscope equipped with an Olympus BX-41 microscope attachment. An Ar+ 

laser (514.5 nm) with power setting 1.2 mW from a Coherent Innova Model 308 

was used as an excitation source. Phase evolution was traced with a PANalytical 

X’pert PRO PW 3040/60 X-ray diffraction (XRD) machine fitted with a CuKα 

radiation source.  
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66..33  RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

 

66..33..11    MMoorrpphhoollooggyy  ooff  tthhee  uunnmmiilllleedd  aanndd  mmiilllleedd  TTii  aanndd  TTiiOO22  ppoowwddeerrss    

 

Figs. 6.1a-d display the morphology of unmilled and milled Ti and TiO2 

powders, respectively. Unmilled Ti powder is comprised of spherical particles 

with varying sizes as shown in Fig. 6.1a. Upon milling, large particles retained 

their spherical shape. Fig. 6.1b shows the 30 h milled Ti powder comprised of 

the mixture of spherical and thin flake type particles due to the milling effect. Fig 

6.1c shows irregular shaped unmilled anatase-TiO2 powder. It is clear from Fig. 

6.1d that BM did not evidently change the shape of the anatase powder upon 

milling.  
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Fig. 6.1: SEM images of Ti (a) unmilled, (b) 30 h milled, (c) unmilled TiO2 

and (d) 30 h milled TiO2 powders 

  

66..33..22  MMoorrpphhoollooggyy  ooff  tthhee  TTii  ++  TTiiOO22  ppoowwddeerrss  aafftteerr  aannnneeaalliinngg  uunnddeerr  AArr  aanndd  NN22  

 

Figs. 6.2a-f show the SEM images of the annealed (Ti + TiO2) powder 

mixtures at 900 °C in Ar with three different combinations of unmilled and milled 

Ti and TiO2, respectively. Figs. 6.2a-b show the mixed phase morphology of the 

unmilled combination of Ti + TiO2.  The presence of original spherical shape of Ti 

 (a) (b) 

(c) (d) 
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nanostructures and the fine TiO2 particles is evident.  Finer TiO2 particles are 

embedded on the surface of the large spherical Ti particles after annealing. Fig. 

6.2b confirms the presence of TiO2 particles after annealing of Ti + TiO2. The 

unmilled and milled combination of Ti + 30  h  TiO2 powder mixture is shown in 

Figs. 6.2c-d. This powder also shows the mixture of the two different particle 

morphologies; the rod type particles that are well alligned and interconnected 

(Fig. 6.2c) and smooth crystalline particles (Fig. 6.2d). Figs. 6.2e-f illustrate the 

morphology of the 30 h milled Ti + 30 h milled TiO2 powder mixture. The two 

different partcle morphologies illustrate irregular shape that is also comprised of 

thin plates (Fig.6.2e) and  the smooth curved crystalline particles (Fig.6.2f).  
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Fig. 6.2: SEM images of the (a-b) (Ti + TiO2), (c-d) (Ti + 30 h TiO2) and (e-f) 

(30h Ti + 30h TiO2)   powder mixtures annealed under Ar. 

 

Fig. 6.3 presents the elemental mapping and EDS analysis of Ti and O of 

a Ti + 30 h TiO2 sample annealed in Ar at 900 C. The oxygen content measured 
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is 25.2 wt. %, which is below the stoichiometric amount to justify a stable TiO2 

structure. This oxygen content confirms that reduction of TiO2 by pure Ti and 

formation of metastable TiOx has occurred, and this is in agreement with the 

reported TiO0.99 [6.11]. The 30 h Ti + 30 h TiO2 and Ti + TiO2 samples show 

slightly higher oxygen content of 26.1 and 32.4 wt. %, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.3: EDS analysis of the Ti + TiO2  powders after annealing under Ar. 
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Figs. 6.4a-f show the SEM images of the Ti + TiO2 powder mixtures of 

different combinations, pre-annealed under Ar, and further treated under N2 at 

900 °C. Figs. 6.4a and b show the morphology of nitrided Ti + TiO2 sample. The 

spherical shape of original Ti particles appears entirely coated with fine TiO2 

particles. This phenomenon is clearly visible in Fig. 6.4b. The reacted particles 

appear grey while the segregated TiO2 particles are white in color. Figs. 6.4c-d 

represents the Ti + 30 h TiO2 sample. These particles appear light grey in color 

with irregular shapes welded together as shown in Fig. 6.4c. These large welds 

are evident in Fig. 6.4d. Figs. 6.4e-f represent the  30  h Ti + 30  h TiO2, 

revealing large angular particles which are coated (or covered) by smaller 

particles. In general, the annealing process carried out in nitrogen ambient has 

changed the particle morphology of all powder samples that were previously 

annealed under Ar. Moreover, the formation of different particle shapes during 

annealing in N2 indicates a phase transformation of powders. In addition, a colour 

change to pale yellow and reddish is observed. 
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Fig. 6.4: SEM images of the (a-b) (Ti + TiO2), (c-d) (Ti + 30 h TiO2) and (e-f) 

(30h Ti + 30h TiO2)   powder mixtures annealed under N2. 
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66..33..33  XXRRDD  aannaallyyssiiss  ooff  tthhee  TTii  ++  TTiiOO22  mmiixxttuurree  aafftteerr  aannnneeaalliinngg  uunnddeerr  AArr  aanndd  NN22  

 
Figs. 6.5a-d show the XRD patterns of Ti-TiO2 powder mixtures of un-

annealed and annealed samples at 900 ºC under Ar gas. Fig. 6.5a shows the 

elemental Ti and anatase-TiO2 peaks characterized by their ground state HCP 

and tetragonal crystal structures, respectively. Upon annealing the powder 

mixture at 900 °C under Ar, new peaks emerged as shown in Fig. 6.5b. The XRD 

intensity peak heights of the annealed sample reduced as compared to the 

original elemental Ti and TiO2 powders, respectively. The anatase to rutile phase 

transformation was induced. The lattice parameters of rutile are a=4.566 Å; 

c=2.948 Å with c/a ratio of 0.65. Additionally, a metastable phase attributed to 

FCC TiOx with lattice parameter a= 4.209 Å was induced. This FCC lattice 

parameter is consistent with that obtained after mechanical milling of the Ti and 

TiO2 mixture [6.11].  In addition, a monoclinic TiOx phase with lattice parameters 

a=9.071Å; b=5.781 Å; c=4.541 Å was obtained. These observations are also in 

agreement with the results reported by Veljković et al. [6.11]. Fig. 6.5c shows the 

XRD patterns of the annealed Ti + 30 h TiO2 under Ar sample. The height of the 

intensity peaks decreases upon annealing. This is an indication of induced 

defects created in the TiO2 powder crystal structure. Minor peaks of tetragonal 

and HCP phase are still observable, but the metastable FCC and monoclinic TiOx 

phases dominate on the XRD patterns. The lattice parameters of FCC and 

monoclinic phases were a=4.230 Å; and a=9.071 Å; b=5.781 Å; c=4.541 Å, 

respectively. The variation in lattice parameters of the different samples is due to 

a slight difference in oxygen content, as confirmed by EDS analysis. Fig. 6.5d 
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shows the XRD pattern of the 30 h Ti + 30 h TiO2 sample after annealing under 

Ar. Similarly, metastable FCC and monoclinic TiOx phases were detected with 

lattice parameters a=4.177 Å and a=9.071Å; b=5.781 Å; c=4.541 Å, respectively. 

This implies that a phase transformation took place during the annealing of Ti 

and TiO2. Veljković et al [6.11] reported the variation in lattice parameters of TiOx 

upon annealing after mechanical alloying of the Ti and TiO2 powder mixture. The 

FCC TiOx has varying oxygen content, hence the difference in lattice parameter. 

In addition, deformation by milling has an effect on the lattice parameter by 

disturbing the equilibrium path for the formation of TiOx structure. Ti reduces the 

oxygen content of TiO2 during high temperature application according to the 

reaction process: 

 

2TiO2 + 2Ti →4TiOx                                                     (7.1) 

 
Upon heating, the anatase-TiO2 phase becomes unstable, leading to a 

weakening of Ti-O bonds due the removal of a neutral oxygen atom from the 

stoichiometric anatase, which creates two excess electrons in the reduced lattice 

after annealing in Ar [6.12]. Since pure Ti has a high affinity for O, it attracts 

oxygen due to electron vibrations induced by the annealing of TiO2, leaving O 

vacancies. This process yields metastable FCC and monoclinic TiOx phases. 

FCC TiOx with NaCl structures has large vacancies at both Ti and O sites [6.13].  
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Fig. 6.5: XRD patterns of untreated (a) elemental (Ti + TiO2) mixture and 

annealed (b) (Ti + TiO2), (c) (Ti + 30 h TiO2), (d) (30 h Ti + 30h 

TiO2)   under Ar at 900 °C. 
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Avar et al. [6.5] and Veljković et al. [6.11] have previously reported the 

synthesis of TiOx from TiO2 and Ti. Furthermore, Aghababazadeh et al. [6.14] 

proposed the systematic analysis of the transformation path in carbon-TiO2 as 

TiO2 Ti3O5 Ti2O3TiOx. As a result, we propose the formation mechanism of 

TiOx in the current study as follows: due to higher thermal expansion () of the 

TiO2 lattice a (13.28 10−6 K−1) as compared to pure Ti (9.7 10−6 K−1 for  phase) 

[6.15], TiO2 expands better than the Ti powder. Atoms of TiO2 gain thermal 

energy and start to vibrate, thereby weakening the Ti-O bonds. Hence, some of 

the O atoms are attracted by Ti and trapped upon cooling. The composition of 

TiOx ranged from 0.92<x<1.26 [6.11]. 

 
 

Figs. 6.6a-c show the XRD profile of pre-annealed Ti + TiO2 of different 

combinations of milled and unmilled samples in Ar that has been subjected to 

nitridation at 900 ºC. Fig. 6.6a shows the XRD pattern of Ti + TiO2 after 

nitridation. The rutile TiO2-xNx was formed, co-existing with FCC, with minor HCP 

peaks of metastable TiOxNy phases detected, respectively. The lattice 

parameters of tetragonal rutile are a=4.594 Å; c=2.959 Å with c/a ratio of 0.64, 

while HCP consists of a=2.970 Å; c=4.775 Å and c/a ratio of 1.61. The FCC 

TiOxNy was detectable with a lattice parameter 4.225 Å.  There were no traces of 

the monoclinic phase that was induced after annealing under Ar. Upon nitridation 

of the 30 h TiO2 + Ti sample, no HCP phases were detected as shown in Fig. 

6.6b. Only two phases exist; the rutile TiO2-xNx and FCC TiOxNy phases. Rutile 

has lattice parameters a=4.566 Å; c=2.948 Å and c/a ratio of 0.65. The 
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metastable FCC oxynitride has a=4.236 Å. However, the heights of the intensity 

peaks are smaller than the intensities of Figs. 6.6a and c. The rutile and FCC 

phases were formed for the 30 h Ti + 30 h TiO2 sample upon nitridation. Rutile 

has lattice parameters a=4.584 Å; c=2.953 Å with c/a ratio of 0.64, while the 

metastable FCC phase has a=4.220 Å. The estimated crystallite sizes for the 

phases calculated by the Scherrer method, on Ar and N2 annealed samples are 

presented in Table 6.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6: XRD patterns of annealed (a) Ti + TiO2, (b) Ti + 30 h TiO2 and (c) 

30 h Ti + 30h TiO2 under N2 at 900 °C 
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Table 6.1: Estimated crystallite sizes of Ti and TiO2 samples annealed in Ar 

and N2 

Samples Phases after 

annealing in Ar 

Cryst. Sizes 

(nm) 

Phases after 

annealing in N2 

Cryst. Sizes 

(nm) 

 

Ti + TiO2 

Rutile (TiO2-x) 

FCC (TiOx) 

106.63 

132.85 

Rutile (TiO2-xNx) 

FCC (TiOxNy) 

106.60 

66.74 

 

Ti + 30 h TiO2 

Rutile (TiO2-x) 

FCC (TiOx) 

45.06 

55.75 

Rutile (TiO2-xNx) 

FCC (TiOxNy) 

71.11 

48.07 

 

30 h Ti + 30 h 

TiO2 

 

Rutile (TiO2-x) 

FCC (TiOx) 

 

80.04 

111.21 

 

Rutile (TiO2-xNx) 

FCC (TiOxNy) 

 

91.43 

74.32 

 

 

Figs. 6.7a-b depict the PL spectra of the three samples of (a) Ti + TiO2, (b) 

Ti + 30 h TiO2 and (c) 30 h Ti + 30h TiO2 obtained after annealing at 900 °C in Ar 

and N2, respectively. It is clear that PL intensity of Ti + 30 h TiO2 is the highest of 

the three samples while its corresponding XRD intensity heights are short and 

broad. This behaviour is attributed to nanocrystallite sizes of rutile-TiO2-x and 

FCC-TiOx with 45.06 nm and 55.75 nm, as shown in Table 6.1, respectively. 

However, upon nitridation the intensity of the Ti + 30 h TiO2-N2 peak reduces as 

shown in Fig. 6.7b. Additionally, it is clear from Fig. 6.7b that the Ti + TiO2-N2 

sample demonstrates improved PL intensity upon nitridation as compared to its 

counterparts. Furthermore, a peak shifts towards lower wavelengths is observed 

in all the samples after nitridation. 
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Fig. 6.7: (a) PL spectra of the Ti + TiO2 samples annealed under Ar at 900 °C. 

 

  Figs. 6.8a-c show the Raman spectra of annealed Ti + TiO2 samples at 

900 °C in Ar conditions. It is well known that in the anatase TiO2 phase, Raman 

active modes around 144, 200 and 641 cm-1 can be attributed  to 3Eg, while the 

modes at 399 and 518 cm-1 are ascribed to 2B1g [6.16, 6.17]. However, it is clear 

from Fig. 6.8a that the unmilled Ti and TiO2 mixture illustrate Raman peaks at 

146, 205, 392, 515 and 633 cm-1, which are sligthly shifted as compared to the 

pure anatase TiO2 phase. In addition, the Ti + 30 h TiO2 sample shown in Fig. 

6.8b shows Raman  peaks at 142, 608 and 800 cm-1, while the 30 h Ti + 30 h 

TiO2 sample in Fig. 6.8c reveals the bands at 142, 265, 422, 613 and 800 cm-1. 

The intensity peaks are generally weakly attributable to metastable TiOx phases 

[6.18]. 
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Fig. 6.8: Raman spectra of annealed (a) Ti + TiO2, (b) Ti + 30 h TiO2 and (c) 

30 h Ti + 30h TiO2 under Ar at 900 °C 
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Figs. 6.9a-c show the Raman spectra of the nitrided samples. Three 

predominant Raman peaks of unmilled Ti + TiO2 after annealing under N2 are 

depicted in Fig. 6.9a. Raman peaks appear at 250, 433 and 613 cm-1, while 243, 

444 and 613 cm-1 peaks were detected in the spectrum for the Ti + 30 h TiO2 

sample, shown in Fig. 6.9b. Raman peaks of the 30 h Ti + 30 h TiO2 milled and 

nitrided samples are shown in Fig. 6.9c. The peaks appear at 250, 437 and 605 

cm-1. As displayed in Table 6.2, most Raman peaks obtained in titanium 

oxynitrides are related and linked with either anatase or rutile in literature. 

However, it is clear that the most intense peak at 142 cm-1 for anatase reduced 

drastically upon the formation of TiOxNy. We therefore conclude that the 

metastable TiOx phases attract N2 during nitridation to induce oxynitride phases.  
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Fig. 6.9: Raman spectra of annealed (a) Ti + TiO2, (b) Ti + 30 h TiO2 and (c) 

30 h Ti + 30h TiO2 under N2 at 900 °C 
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Table 6.2: Published Raman data of TiOx and TiOxNy 

Raman shifts (cm-1) 

TiOx 

Raman shifts (cm-1) 

TiOxNy 

Process/comment Reference 

- 148, 200, 398, 518, 641 Deposition [6.19] 

144, 198, 399, 516, 640 

and 

143, 240, 447, 612 

 Plasma spraying [6.20] 

158, 420, 622 and 

155, 265, 422, 612 

 UV laser 

IR laser 

[6.21] 

144, 399, 529, 639 

440, 612 

 Laser deposition [6.22] 

 144, 400, 514, 639 

214, 246, 646 

Pressure chemical 

vapour deposition 

[6.7] 

 143, 445, 615 

200, 400, 640 

chemical vapour 

deposition 

[6.9] 

 144, 410, 520, 640, 

240, 450, 620 

Sol-gel and heat 

treatment 

[6.23] 

146, 205, 392, 515, 633 

142, 608, 800 

142, 265, 422, 613, 800 

250, 433, 613  

243, 444, 613  

250, 437, 605 

Reduction and 

nitridation 

current  

 

 

66..44  CCOONNCCLLUUSSIIOONN  

 

 

TiO2 was reduced with pure Ti powder during annealing under Ar to avoid 

any metallic contamination and unwanted doping. As a result, different types of 

particle morphology were obtained when the Ti + 30 hTiO2 was annealed. The 

formation of metastable FCC and monoclinic TiOx was detected by the XRD 
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technique and confirmed by the EDS analysis. The metastable FCC TiOx phases 

with lattice parameters a=4.209 Å; a=4.230 Å and a=4.177 Å was detected. Due 

to the vacancies in TiOx, nitridation at 900 °C has yielded the formation of TiOxNy 

phases. The Raman analysis revealed weak intensity peaks for samples 

annealed under Ar when compared to those annealed under N2. The most 

intense Raman peak for anatase (142 cm-1) was drastically reduced upon 

nitridation. The detected lattice parameters of the FCC TiOxNy phase are a=4.225 

Å, a=4.236 Å and a=4.220 Å for Ti + TiO2, Ti + 30 h TiO2 and 30 h Ti + TiO2 

samples, respectively. 
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SSUUMMMMAARRYY  

 

Milling of anatase TiO2 NPs showed that when the size of the NPs 

decreases due to milling time; the magnetization improves with an increase of a 

defect-related band originating from VO. The enhanced humidity sensing 

performance was observed for the NPs milled for 120 hrs, attributed to higher VO 

concentration on the TiO2 surface and increased surface area and higher pore 

size distribution. There is a good correlation between the magnetism and 

humidity response characteristics of the milled TiO2 NPs. The concentration of VO 

controls the magnetization and humidity sensing characteristics of the milled TiO2 

NPs. 

TiO2 reduced with pure Ti (Ti + 30 h TiO2) powder by milling, and annealing 

yielded different types of particle morphology. The formation of metastable FCC 

and monoclinic TiOx (a=4.209 Å and  a=4.230 Å and a=4.177 Å) was confirmed 

by the XRD technique and EDS analysis, respectively. Due to VO in TiOx, 

nitridation at 900 °C has yielded the formation of TiOxNy phases. The Raman 

analysis revealed weak intensity peaks for samples annealed under Ar when 

compared to those annealed under N2. The detected lattice parameters of the 

FCC TiOxNy phase are a=4.225 Å, a=4.236 Å and a=4.220 Å for Ti + TiO2, Ti + 

30 h TiO2 and 30 h Ti + TiO2 samples, respectively. 
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SSEECCTTIIOONN  CC  

 

CCHHAAPPTTEERR  SSEEVVEENN  

 

Structural transformation and surface properties 

of magnesium annealed under nitrogen and 

nitrogen/oxygen gas mixture  

 

AABBSSTTRRAACCTT  

Cubic Mg3N2 and MgOxNy phases were synthesized via annealing under nitrogen 

and nitrogen-oxygen gas mixture. The nanosized stepped flower with triangular 

grains and thin layers powder morphology was obtained. Powders were 

characterized by XRD, SEM, TEM, Raman spectroscopy which confirmed the 

different phases synthesized during annealing. A complete synthesis of Mg3N2 

was obtained after nitridation at 550 ºC, while at 650 ºC, metastable FCC Mg-N 

phase was induced. 

  

 

 

 

 

 

The content of this chapter was published in:  Journal of Alloys and Compounds 646 
(2015) 1143-1150 
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77..11..  IINNTTRROODDUUCCTTIIOONN  

 

Magnesium (Mg) is a promising engineering material with low melting point 

(650 oC), modulus of elasticity (41 GPa) and density (1.74 kg/m-3). It has a 

potential to replace some conventional materials that are used in automotive, 

aircraft and other industry branches. However, its major disadvantage attributes 

poor corrosion resistance which can be enhanced by nitridation [7.1].  The known 

nitride phase is a cubic Mg3N2 which is synthesized by various techniques [7.1-

7.6]. Zong et al. [7.2] reported the formation of magnesium nitride at 

temperatures between 650 and 800 oC. Recently, research by Mei and Li (2009) 

proposed Mg3N2 as hydrogen storage material [7.7]. The Mg3N2 refines the grain 

in Mg alloys when added in small amounts [7.8]. In addition, it is used as a 

catalyst in preparing metal nitrides such as silicon nitrides and in preparation of 

cubic boron nitride [7.4, 7.8].  The prediction of high pressure Mg3N2 behavior 

resulted in a body-centered cubic (BCC) structure with a=3.3381Å [7.9]. Soto et 

al [7.10] reported on amorphous magnesium nitride films produced by reactive 

pulsed laser deposition. In this study, Mg matrix prefers a polar bonding from 

x>0.4 to be ionic saturated at nominal Mg3N2 stoichiometry [7.10]. It has been 

established that titanium oxynitride (TiOxNy) are potential bioactive material 

[7.11]. It implies magnesium oxynitride can be used as a catalyst for TiOxNy and 

as reinforcement for pure Ti. During synthesis of Mg3N2, the traces of FCC phase 

formed were attributable to MgO [7.7-7.12]. In addition, the conversion of Mg3N2 

to MgO is reported around 500 C in air [7.4]. Despite the increasing interest in 

the development of oxynitride, magnesium oxynitride catalysts are still lacking. 
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The current paper reports on the structural transformation and morphology of 

magnesium upon annealing under N2 and (N2+O2) gas mixture. Mg is also a 

reducing metal for TiO2 and can assist in the formation of (Mg,Ti) oxynitrides. 

 

77..22..  EEXXPPEERRIIMMEENNTTAALL  PPRROOCCEEDDUURREE  

 

In this work, only pure magnesium (Mg) powder (99.%) was subjected to 

high temperature annealing in flowing nitrogen (N2) and N2/O2 gas mixture, 

respectively. The powders charged in a tube furnace at 550 and 650 oC were 

collected for characterization after annealing. The surface morphology of the Mg 

samples was studied using field-emission scanning electron microscope (FE-

SEM, Zeiss-Auriga) coupled with energy dispersive x-ray spectroscopy detector. 

Phase evolution was traced with a PANalytical X’pert PRO PW 3040/60 X-ray 

diffraction (XRD) machine fitted with Cu Kα radiation. Electron micrographs and 

selected area diffraction patterns (SAED) were collected with an FEI Tecnai G220 

FE-TEM. Raman measurements were collected using a Horiba Jobin-Yvon 

HR800 Raman microscope equipped with an Olympus BX-41 microscope 

attachment. An Ar+ laser (514.5 nm) with energy setting 1.2 mW from a Coherent 

Innova Model 308 was used as an excitation source. 
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77..33..  RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

  
 
  

77..33..11  MMaaggnneessiiuumm--nniittrrooggeenn  rreeaaccttiioonn  

 

Fig. 7.1 shows the XRD patterns of pure Mg and its structural 

transformation under nitrogen at elevated temperatures. A pure magnesium XRD 

pattern is shown in Fig. 7.1a with its hexagonal crystal structure. The lattice 

parameters of pure Mg are a=3.21 Å; c=5.21 Å displayed in Table 8.1. Fig. 7.1b 

shows the XRD pattern of Mg subjected to annealing at 550 ºC under flowing 

nitrogen gas. Upon annealing, the number of intensity peaks increases in the 

XRD analysis. Pure Mg has completely transformed from HCP into cubic Mg3N2 

as shown by equation 8.1. The intensity heights were also reduced when 

compared to those of a pure Mg powder. As displayed in Table 1, formation of 

Mg3N2 is accompanied by the reduction in crystallite size from 92.10 nm (Mg) to 

57.69 nm. The obtained lattice parameter of Mg3N2 is a=9.849 Å. This lattice 

parameter seems to differ based on the processing methods as shown in 

literature (9.974 Å) [7.13].  

 

3Mg + N2→Mg3N2      (8.1) 

 

The sample that was annealed at 650 oC is presented in Fig. 7.1c. The  

intensity peaks becomes short and  broadened, attributable to the formation of a 

disordered FCC Mg-N phase with lattice parameter a=4.209 Å as well as minor 

peaks of cubic Mg3N2. The EDS analysis shows no identifiable oxygen 

contamination to suggest the MgO compound formation. The investigation by 

Vissokov and Pirgov shows the co-existance of the FCC and Mg3N2 phase but 
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attributed the FCC phase to MgO [7.12]. Mei et al. [7.7] reported the oxygen 

contamination prior to combustion of Mg in N2/Ar. However, since there is no 

significant amount oxygen that is detectable, we attribute this phase to the 

metastable supersaturated FCC Mg-N phase. It is reported that it has three 

allotropic modifications (α→β; β→γ) [7.13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.1: XRD patterns of (a) pure Mg (b) annealed (b) 550 oC (c) 650 oC in 

flowing N2 gas. 
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Fig. 7.2 shows the Raman spectra of pure Mg and corresponding samples 

annealed under N2. Pure Mg spectrum is shown in Fig. 7.2a. Five peaks were 

identified at 125, 255, 379, 556 and 939 cm-1, respectively. The most intense 

peak at 125 cm-1 is sharp while the remaining four peaks are broad. Fig. 7.2b 

represents the Raman peaks of Mg3N2 as identified by the XRD in Fig. 7.1b. The 

first peak at 125 cm-1, drastically decreases due to nitridation at 550 ºC. The 

intense Raman peaks for the synthesized Mg3N2 appears at 436 cm-1 followed by 

269 cm-1 together with several weak peaks. The Raman spectrum of Mg 

annealed under nitrogen at 650 ºC is shown Fig 7.2c. It appears the first three 

peaks that were obtained in Fig. 7.2b (Mg3N2), still exist, and are in agreement 

with the XRD results (Fig. 7.1c). Raman peaks at 619, 805, 906 and 1160 cm-1 

are attributable to the metastable FCC Mg-N phase. 
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Fig. 7.2: Raman spectra of (a) Mg, (b) 550 ºC, 650 ºC annealed in flowing 

nitrogen 
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Table 7.1: Structural properties of Mg annealed in N2 and N2 + O2 mixture 

Annealed 

Samples (ºC) 

Phases Lattice parameters (Å) 

a                     b               c 

Crystallite sizes 

(nm) 

Mg HCP 3.209               -           5.211 92.10 

 

Mg (N2) 550 

 

Cubic 

 

9.950 

 

57.69 

Mg (N2) 650 FCC 

Cubic 

4.209              -               - 

9.849              -               - 

59.84 

60.66 

Mg (ON) 550 FCC 

Orth 

4.209 

4.437          4.312         2.862 

60.84 

70.83 

Mg (ON) 650 FCC 

HCP 

4.190 

3.203                          5.194 

66.78 

60.75 

Mg (ON) 650- 

ºC aged 

CUBIC 

FCC 

9.950 

4.209 

91.96 

65.86 

 
  

  

77..33..22..  MMaaggnneessiiuumm--nniittrrooggeenn//ooxxyyggeenn  rreeaaccttiioonn  

 

Fig. 7.3 shows the XRD patterns of Mg treated under N2/O2 flowing gas at 

550 and 650 ºC. The XRD pattern of Mg subjected to annealing at 550 ºC under 

flowing N2/O2 gas represented by equation 7.2, is shown in Fig. 7.3b. Upon 

annealing, pure Mg powder transform to FCC phase with lattice parameter 

a=4.209 Å. In addition, a metastable orthorhombic phase with lattice parameters 

a=4.437Å; b=4.312Å; c=2.862Å was detectable. The calculated crystallite size 

was 60.84 nm. 
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Fig. 7.3:  XRD patterns of (a) pure Mg (b) annealed (b) 550 oC (c) 650 oC in a 

mixture of N2-rich (N2/O2) gas mixture. 

 
 

 

         2Mg + O2 + N2→2Mg(OxNy)                    (7.2) 

  

 

Upon annealing at 650 oC, the orthorhombic phase disappears and minor 

HCP peaks is detected (Fig. 7.3c) with lattice parameter a=3.203 Å; c=5.194 Å. 

This phase is attributed to metastable magnesium oxynitride with estimated 

crystallite size of 60.75 nm.  Moreover, the FCC peaks with a=4.209 Å was 
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detected. The EDS analysis confirms the presence of oxygen and nitrogen. There 

are two FCC phases detected that are attributed to MgO or MgOxNy coexisting 

and sharing similar XRD peaks. Samples obtained after annealing appeared as 

lumps but increased in surface area after being characterized by XRD, hence the 

second XRD measurement was performed on the sample. The results are 

presented in Fig. 7.4b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.4:  XRD patterns of Mg annealed at 650 oC (a) initial and (b) second 

oxidized sample.  
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Fig. 7.4 shows XRD patterns of annealed at 650 oC under N2/O2 gas 

mixture for lumps (initial) and fine samples (second). The XRD peaks in Fig. 7.4b 

indicate higher crystallinity when compared with Fig. 7.4a. This behavior implies 

the second samples shows stress relaxation compared to the initial sample. In 

addition, the FCC peaks remain stable with lattice parameter a=4.209 (MgO-

Type), while the HCP phase transform to cubic Mg3N2 with estimated crystallite 

size of 91.96 nm. 

 

Fig. 7.5 shows the Raman spectra of pure Mg and of the annealed sample 

under N2/O2.  The Raman spectra of Mg3N2 phase in Fig. 7.5b is included only 

for comparison sake. Raman measurements were performed on two different 

phases after annealing at 650 ºC, namely area (A1) and (A2), respectively. The 

four intense peaks at 279, 374, 460, 628 cm-1 and weak peaks 805, 1203 cm-1) 

were identified in A1. The peak at 374 cm-1 could be related to the MgOxNy 

phase since it was not visible in Raman spectra of the synthesized Mg3N2 phase. 

The peak at 805 cm-1 confirms the traces of the Mg3N2 phase. Fig. 7.5d shows 

the three intense Raman peaks at 279, 374 and 446 cm-1, respectively. Raman 

peaks in Fig. 7.5c are broader compared to those in Fig. 7.5d. The Raman peak 

at 374 cm-1 could belong to new metastable HCP oxynitride with estimated 

crystallite size of 60.75 nm. 
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Fig. 7.5: Raman spectra of (a) Mg, (b) 550 ºC, 650 ºC annealed in a flowing 

mixture of nitrogen and oxygen. 
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Fig. 7.6 shows SEM images of pure Mg and annealed at 650 oC for 5 hours 

in N2 and N2/O2, respectively. Large and elongated particles of pure Mg are 

displayed in Fig. 7.6a. The grey Mg powder becomes bright yellow after 

nitridation confirming the formation of Mg3N2 (Fig. 7.6b) in agreement with 

literature [7.3]. Fig 7.6c shows the Mg powder treated in a mixture of oxygen and 

nitrogen gases. The golden-yellow powder consisting of lumps was induced after 

annealing as shown in Fig. 7.6d. However, after XRD characterization, the 

powder surface area has increased as shown in Fig. 7.6e. It is known that Mg3N2 

powder react rapidly with atmospheric moisture to form MgO [7.5]. Chen et al. 

[7.14] started to observe MgO whiskers if the temperature is increased to 700 ºC. 

The microstructure or morphology of MgO is probably determined by the 

preparation method [7.15, 7.16]. In the current study, the oxynitride formation is 

more favourable than the Mg3N2 phase. Three types of morphologies with 

different features are observable in Fig. 7.6c (Insets), the nanosized stepped, 

flower with triangular grains and thin layers. It is also evident that thin Mg3N2 

layers are present (Fig. 7.6b) in agreement with the XRD and Raman analysis. 

The presence of cubic Mg3N2 is confirmed by both the XRD and Raman spectra 

while the morphology is attributed to the thin layers. 
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Figure 7.6: SEM images of Mg powders (a) pure, (b) annealed at 650 in N2, (c) 

annealed at 650 in (N2+O2) (d)-(e) optical images.  

 

 

                 Table 7.2: EDS compositional analysis in weight percentage (wt.%) 

Mg N O 

93.12 0.36 6.52 

86.53 3.18 10.29 

 

 

The TEM image in Fig. 7.7(a) depicts pure Mg powder showing large 

particles in correlation with the SEM image. Fig. 6b shows the corresponding 

 (a) 

(c) (d) 

(e) 
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Fine grains 
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SAED pattern for pure Mg. The high resolution TEM image for Mg nitrided 

powder at 650 º C is shown in Fig. 7.7(c). The mixture of small and large NPs 

was observed in Fig. 7.7 (e). It is also evident from the micrographs that particles 

exhibit cubic shapes after high temperature annealing under (N2+O2) gas 

mixture. The SAED patterns of annealed samples display the rings that are quite 

broad (Fig. 7.7d, 7.7f).  This behavior indicates the presence of ultrafine 

particles.  
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Fig. 7.7: HR-TEM images of Mg (a-b) pure, (c-d) annealed in N2 and (e-f) 

annealed in N2/O2 at 650 oC with corresponding SAED.   

 

77..44    CCOONNCCLLUUSSIIOONN  

 

A complete synthesis of Mg3N2was obtained after nitridation at 550 ºC, 

while at 650 ºC, a metastable FCC Mg-N phase was induced. Thin porous layers 

of Mg3N2 was observed and remained after 650 C. The annealing under the 

mixture of (N2+O2) gases altered the microstructure into three different phases; 

steps, triangular and thin slices NPs. EDS confirmed the presence of N2 in Mg3N2 

powder and (N2+O2) in MgOxNy. The direct correlation between XRD and 

Raman spectra analysis was realized. Raman spectra showed shifting of peaks 

with annealing under N2 and (N2+O2), respectively.  
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CCHHAAPPTTEERR  EEIIGGHHTT  

 

Structural and optical characterization of mechanically 

milled Mg-TiO2 and nitrided Mg-TiOx-Ny nanostructures: 

Possible candidates for gas sensing application 

 

AABBSSTTRRAACCTT  

For the first time gas sensing properties of novel ball milled and nitrided Mg-TiO2 

prepared powder is presented. BM was performed on an Mg-TiO2 powder mixture 

for 60 hours (h), yielding a reduction in crystallite sizes. The milled powder was 

annealed in nitrogen at 650 °C, and crystalized into two face centred cubic (FCC) 

phases with different lattice parameters. The nitrided powder sample exhibited 

various morphologies including nanorods, as well as nanoparticles showing 

porous behaviour. The AFM and BET analyses showed high roughness and 

surface area for 60 h milled Mg-TiO2 nanostructures. The Mg-TiO2 60h and Mg-

TiO2-60h-N2 materials were tested for their sensing performance towards H2, NH3 

and CH4 gases at various temperatures. The Mg-TiO2 60h sensing material 

showed high sensing response to NH3, disclosing fast response-recovery time 

and high selectivity to NH3. 

 
 
The content of this chapter was submitted to:  Applied Surface Science 360 (2016) 1047–

1058 
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88..11  IINNTTRROODDUUCCTTIIOONN 

 
Studies on the modification of titanium dioxide (TiO2) are of interest to 

researchers for its applications [8.1, 8.2], while the increasing demands for 

lightweight materials in aerospace and automotive applications encourage 

continuous development of magnesium (Mg) based materials. Attempts to 

enhance the properties of TiO2 by nitrogen doping yields titanium oxynitride 

(TiOxNy). The structure modifications of TiO2 are initiated by creating oxygen 

vacancies, decreasing the grain size and by annealing [8.3]. High-energy ball 

milling (BM) triggers phase transformation in TiO2 [8.4]. TiO2 can also be reduced 

by using Mg [8.5]. Among the resultant phases of reduction of TiO2 by Mg is a 

bioactive magnesium titanate oxide (MgTiO3) phase [8.6]. Thermal analysis by 

DSC revealed that the unmilled Mg-TiO2 powders showed no reaction when 

heated to about 500 °C, while in the mechanically milled powders an exothermic 

reaction appeared at about 390 °C, and complete disappearance of TiO2 after 

annealing at 400 °C [8.6]. The reduction of ileminite by Mg was confirmed during 

mechanical milling, while the XRD patterns of the products exhibited MgO, 

Mg2TiO4 and MgTiO3 phases present in the powders [8.7]. Mg2TiO4 is a 

metastable system, and the material is used as a heat resistor, dielectric for 

microwave technology, capacitor for temperature compensation and as refractory 

material [8.8]. It crystallizes in the cubic system, with inverse spinel structure 

complex oxides, with a regular structure that consists of a FCC close-packed 

oxygen sub-lattice, in which 1/3 of the metal ions are located in tetrahedral sites 

and the remaining ions are situated in octahedral sites [8.9].  
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With respect to gas sensing, it is compulsory to monitor the concentrations 

of hazardous/explosive gasses such as H2, NH3, CH4, etc., in the workplace and 

environment for health and safety due to their toxicity and explosive possibility. 

Among the metal oxides (MOX) for gas sensing applications, TiO2 is one of the 

most attractive MOX semiconductor materials because of its wide band gap (3.2 

eV), low cost, non-toxic nature, strong oxidizing power, and high resistance to 

chemical or photo-induced corrosion, etc. Previous studies showed that the 

physical, chemical characteristics and the performance of TiO2 nanostructures 

are strongly dependent on its crystalline structure, morphology and dimension 

[8.10-8.12]. Additionally, TiO2 has three different crystalline polymorph phases 

namely, anatase, rutile, and brookite. Each phase exhibits different 

characteristics appropriate for specific applications. Trinchi et al. [8.13] reported 

a good sensing performance of TiO2-CeO2 thin films towards 100-10,000 ppm O2 

in the temperature range 300-470 C. Moreover, studies reported several 

sensing results on pure TiO2 and that doped with other MOX, such as TiO2-WO3 

[8.14], TiO2-V2O5 [8.15], TiO2-SnO2 [8.16], and TiO2 [8.17]. An improved 

selectivity to trimethylamine and NH3 was reported by Hayakawa et al. [8.18] 

using Pt dispersed-TiO2 nanoparticles. Doping of metal elements or surface 

modification of oxides was reported to be one of the effective methods in 

improving the sensing behaviour of semiconductor MOX. Liu et al. [8.19] 

reported much higher H2 sensing performance for Mg-doped ZnO films than 

undoped ZnO films. By incorporating Mg in the TiO2 matrix, nanostructures with 

tuneable properties can be produced that are promising for gas sensing 
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applications. In general, incorporation of Mg ions in the TiO2 lattice may modify 

the value of the optical band of TiO2 and this will raise the probability of band gap 

engineered nanostructures for sensing applications [8.19]. To the best of our 

knowledge, there are no reports on the sensing properties of Mg-TiO2 and Mg-

TiO2-N2. Therefore, in the present work, a novel preparation process for 

developing a new nanostructured material by doping ball milled Mg-TiO2 powder 

with nitrogen during annealing is reported for the first time. The surface 

morphology, structural and optical properties are studied in detail using atomic 

force microscopy, X-ray diffraction, high resolution transmission electron 

microscopy, Raman and photoluminescence spectroscopy. The responses of 

Mg-TiO2 and Mg-TiO2-N sensing materials to hydrogen, ammonia and methane 

were examined, and the significant factors influencing the gas sensing 

performance were revealed by PL and XPS analyses. Moreover, the sensing 

response towards humidity is also investigated and discussed in detail. 

 

88..22..  EEXXPPEERRIIMMEENNTTAALL  DDEETTAAIILLSS  

 

Magnesium (purity 99.9%) and TiO2 (purity 99.9%) were mixed in a 1:1 

weight ratio; then ball milled for 60 hours (h) and annealed at 650 ºC in a tube 

furnace at ambient conditions and under nitrogen (N2) gas flowing for two hours. 

The surface morphology of the powders was characterized by Zeiss-Auriga field-

emission scanning electron microscope. The structural property was studied 

using a PANalytical X’pert-PRO PW 3040/60 X-ray diffraction (XRD) machine 

fitted with a CuKα radiation source. The crystallite sizes were estimated using the 
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Scherrer formula [8.20]. Optical properties were measured using a Jobin-Yvon 

NanoLog photoluminescence (PL) and Perkin-Elmer Lambda 750 UV-vis 

spectrometer. The topography of the films prepared on an alumina substrate was 

analyzed using atomic force microscopy (AFM, Veeco, Digital Instruments). The 

Raman spectra were carried out using a Horiba Jobin-Yvon HR800 Raman 

microscopy equipped with an Olympus BX-41 microscope attachment. Nitrogen 

(N2) adsorption–desorption isotherms were obtained using a Micrometiritics 

TRISTAR 3000 surface area analyzer (USA). X-ray photoelectron spectroscopy 

measurements were carried out using a PHI 5000 Versaprobe-Scanning ESCA 

Micro-probe. 

 

The 60 h milled Mg-TiO2  and the nitrided 60 h milled Mg-TiO2  at 650 C 

nanostructures were dispersed in ethanol and drop-coated on the alumina 

substrates (size:2 mm × 2 mm) with two Pt electrodes (on its top surface) and a 

micro-heater (on its bottom surface).  Prior to the measurements, the sensor was 

heated at 500 C for 24 hrs to remove any residual organic content. The sensors 

were then exposed to multiple analyte concentrations (hydrogen (H2), ammonia 

(NH3) and methane (CH4) gas – 5, 10, 20, 40, 60 80 and 100 ppm) diluted in 

synthetic air at various operating temperatures (300, 350 and 400 C). A 

computerized gas calibration system was used to vary the analyte concentrations 

balanced in synthetic air. The film resistance was measured by a Keithley 3706 

source meter using a gas sensing station KSGAS6S (KENOSISTEC, Italy).  
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88..33..    RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

 

 The phase transformation of a 60 h-milled Mg-TiO2 powder was investigated 

by TGA analysis. Fig. 8.1 shows the TGA graph of the 60 h-milled powder. The 

derivative of TGA analysis (inset) shows two decomposition temperatures for the 

Mg-TiO2 during absorption of nitrogen gas. The first stage of decomposition is 

mild and starts at 523 C and ends at 575 C with a minimum weight gain of 

about 3%. The second stage shows a significant weight gain, which occurs 

around 653 C, resulting to a maximum weight gain of about 40%. The resultant 

powders after TGA analysis changed in colour from light grey to golden/reddish.  
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Fig. 8.1: TGA curve of the 60 h milled Mg-TiO2 powder. Inset corresponds to 

derivative plot showing the decomposition stages in N2 atmosphere at 

heating rate 10 C min-1. 

 

It is known that an Mg-TiO2 powder mixture annealed in Ar yields spinel 

Mg2TiO4 with lattice parameter a=8.444 Å. The formation of Mg2TiO4 is an 

intermediate phase caused by the reaction between un-reacted TiO2 and MgO 

formed [8.21]. Possible reactions could yield phases according to the following 

reactions: 

 

 

Formation of  

Mg1-xTi1-x-Ox-Ny phase 
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TiO2+Mg→TiO+MgO                (8.1) 

Mg+2TiO2=Ti+Mg2TiO4                 (8.2) 

1.5TiO2 + Mg → MgTiO3 + 0.5Ti                 (8.3) 

 

On the other hand, the following free energy formations were reported [8.22]: 

 
ΔGf:  MgTiO3 = -1308.779 to -1158.464              (8.4) 

ΔGf:  Mg2TiO4= -1815.309 to -1610.318              (8.5) 

ΔGf:  MgO = -504.255 to -442.919              (8.6) 

 

Due to indications obtained from the TGA results, the 60 h Mg-TiO2 

powder was annealed in a tube furnace at 650 °C in nitrogen atmosphere for 2 

hours. Fig. 8.2 shows the XRD patterns of the 60 h milled sample and after 

nitridation at 650 °C. XRD peaks of HCP Mg and tetragonal TiO2 are denoted as 

1 and 2 respectively. Based on the results, for the milled 60 h Mg-TiO2, there is 

no obvious phase transformation after milling, although the TiO2 (101) and (200) 

peaks were reduced and almost completely eliminated. The crystallite sizes as a 

function of milling time and nitridation are shown in Table 8.1. Despite the 

difference in the starting crystallite sizes of both Mg and TiO2 powders, they 

reduced to approximately 30 nm after 60 h milling. The XRD pattern of nitrided 60 

h milled powder at 650 °C shows the two FCC phases with space group and 

number Fm-3m # 225 but with corresponding different lattice parameters of 4.19 

Å and 5.57 Å, respectively. Their corresponding crystallite sizes are 89 nm and 

11 nm, respectively. It implies that nitridation has induced phase transformation. 
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Moreover, nitridation has altered the transformation path, since none of the spinel 

Mg2TiO4-type was obtained, which normally forms under argon.  The induced two 

phases are attributed to both Ti-rich and Mg-rich oxynitrides, respectively. MgO is 

a highly stoichiometric oxide with lattice parameter a=4.21 Å. The lattice 

parameter obtained in the current work is smaller (4.190 Å), hence this phase is 

attributed to Mg-Ti-OxNy. Moreover, the calculated lattice parameters of the TiN 

and (Ti,Mg)N are  a = 4.248 Å and a = 4.253 Å, respectively [8.23], ruling out the 

existence of these phases. Due to the occupancy of N in oxygen interstitial 

positions, the formation of stoichiometric MgO was disturbed in order to follow the 

normal stoichiometric reaction that would have resulted in the formation of the 

Mg2TiO4 spinel phase.  
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Fig. 8.2: XRD patterns of Mg-TiO2 unmilled, 60 h milled and annealed powders. 

 

 

Table 8.1: Summary of crystallite sizes and phases of Mg-TiO2 after ball 

milling and nitridation at 650 °C. 

 
Elements 

 
Milling time (h) 

 
Crystallite sizes 

(nm) 

 
Phases 

 
Mg 

 
0 

 
93 

 
HCP 

 
TiO2 

 
0 

 
127 

 
Tetragonal 

 
Mg 

 
60 

 
72 

 
HCP 

 
TiO2 

 
60 

 
70 

 
Tetragonal 

 
 

Mg-Ti-O-N 

 
60 

Anneal 650 °C-N2 

 
89 

 
FCC 

 
11 

 
FCC 
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Fig. 8.3 shows the Raman vibration modes of the milled and nitrided Mg-

TiO2 powder, respectively. The characterized Raman vibration modes of the pure 

Mg and TiO2 anatase powders are presented in the inset (Fig. 8.3). Due to the 

presence of Mg, the original Raman vibration modes of anatase have shifted. 

The Raman peaks of the 60 h milled sample appear at 141, 195, 395, 515 and 

637 cm-1. In addition to these peaks, a small shoulder peak at 170 cm-1 appears 

induced by refinement of the crystallite size. The Mg-TiO2 milled powders exhibits 

six Raman active modes belonging to (1A1g at 515 cm-1, 2B1g at 395 and 515 cm-

1 and 3Eg at 141, 197 and 633 cm-1) [8.24]. The Raman modes of the nitrided 

sample confirm that phase transformation has occurred on the 60 h milled Mg-

TiO2. The most intense Raman peak appears at 375 cm-1, in addition to 208, 335, 

487, 643 cm-1 attributed to the cubic solid solutions. The Raman Eg modes of 

MgTiO3 are found at 282, 330, 356, and 487 cm−1 [8.25]. Therefore, Raman 

peaks appearing at 335 and 487 cm−1 are close to those obtained for Eg modes 

of the MgTiO3 phase. However, MgTiO3 has a rhombhohedral crystal structure 

with lattice parameters a=b= 5.0557 Å; c = 13.9003 Å [8.26].  
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Fig. 8.3: Raman spectra of Mg-TiO2 powder after milling and annealing in N2 

 

Fig. 8.4a-e depicts the milled and nitrided TiO2-Mg nanostructures. The 60 

h milled Mg-TiO2 powder mixture in Fig. 8.4a shows spherical nanoparticles with 

diameter in range of 10-50 nm. It is observed that the nanoparticles are clustered 

together and showing some porous behaviour. Fig. 8.4b-e shows the SEM 

images of the 60 h-nitrided powder treated at 650 °C, displaying different 

morphology such as nanorods, and nanoparticles revealing porous structures. 

The rods vary in thickness and lengths, while some rods appear interconnected. 

In Fig. 8.9d, the nanorods appear nested together and fibrous with porous ball-
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shaped ultrafine particles. The diameter of the rods ranges from 30 to 200 nm. 

Fig. 8.9e displays a pattern of shaped porous particle networks. 
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Fig. 8.4: SEM images of (a) 60 h-milled Mg-TiO2. (b-e) nitrided 60 h-milled Mg-

TiO2 powder illustrating various phases. 
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The internal structure of the milled and annealed Mg-TiO2 powders 

annealed in N2 was studied using transmission electron microscopy (TEM). The 

60 h milled Mg-TiO2 demonstrates spherical nanoparticles as shown in Fig. 8.5. 

Their diameter ranges from 10-40 nm, which corresponds to the crystallite size 

calculated from XRD patterns. Selected area electron diffraction (SAED) shown 

in the inset of Fig. 8.5b clearly indicates that the Mg-TiO2 nanoparticles are 

polycrystalline in nature. Fig. 8.5c depicts the TEM image of annealed Mg-TiO2 

in N2. It is clear from Fig. 8.5c that upon annealing the samples in N2, a “rod-like” 

structure forms. The diameter of these rods ranges from 100-150 nm, while their 

length is more than 1 m. Furthemore, it can clearly be seen in the image that 

there are dark areas across the rods, which might be related to N2 adsorbed on 

the surface of the rods. SAED patterns of the annealed milled Mg-TiO2 sample 

(Fig. 8.5d) reveal that the number of diffraction rings increases upon annealing in 

nitrogen revealing that there is a structural change induced by nitrogen. 
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Fig. 8.5: HR-TEM images of the (a) 60 h milled and (b) milled and annealed 

Mg-TiO2 powders in N2. 

 

It was previously reported by Egashira et al. [8.27] that the gas-sensing 

mechanism of metal oxides (MOX) is the surface-controlled type. This suggests 

that gas response generally depends on the amount of point defects on the MOX 

surface, crystallinity and particle size of the nanoparticles. Typically, the PL 

results are used to investigate the defects of semiconductor materials. Fig. 8.6 

depicts the PL spectra of the 60 h-milled sample, and that of the sample 

annealed in N2. The 60 h milled sample could be fitted into three Gaussian peaks 

(380, 400 and 433 nm), while that annealed in N2 only showed a small peak (or a 

hump) at 380 nm.  The PL emission band at 380-400 nm (3.0 eV) was suggested 
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to be due to self-trapped excitons localized on TiO6 octahedral [8.28, 8.29]. A PL 

emission band positioned around 433 nm is ascribed to the oxygen vacancy (VO) 

on the surface of TiO2. 

 

 

 

 

 

 

 

 

 

Fig. 8.6:  PL spectra of the 60 h-milled and nitrided powders. 

 

To confirm TEM speculation and complement the PL analyses, the 

chemical composition of the pure anatase TiO2 in comparison to 60 h milled was 

investigated by X-ray photoelectron spectroscopy (XPS) analysis, and the 

corresponding results are shown in Fig. 8.7. As observed in Fig. 8.7a, the fully 

scanned spectra demonstrated that only Ti, O, and C elements existed in the 

pure and milled TiO2 powder and that impurities are not evident. The detected 

carbon is ascribed to the carbon tape used during the measurements that 

adsorbed on the surface during the exposure of the sample to the ambient 

atmosphere. The binding energy for the C1s peak at 284.6 eV was used as the 

(a
) 

(b) 
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reference for calibration. According to the literature [8.30-8.34], the Ti 2p3/2 line is 

expected to be at the binding energies of 454.7-455.1 eV; 456.0-456.7 eV and 

458.1-458.3 eV for TiN, TiOxNy, and TiO2, respectively. From Fig. 8.7b, the 

Ti2p3/2 photoemission line of the 60 h milled Mg-TiO2 can be fitted into two 

components at 458.58 eV and 463.55 eV, assigned to Ti4+(2p3/2) and Ti4+(2p1/2). 

The XPS signal with nitrogen incorporation in TiO2-xNx (Fig. 8.7c) shifts toward 

the lowest binding energy. According to the previous results [8.35, 8.36], a shift 

toward lower binding energy upon nitrogen treatment reveals the successful 

incorporation of nitrogen into the TiO2 lattice. Thus, the nitrided Mg-TiO2 sample 

shows a deconvulated Ti2p3/2, photoemission line revealing components at 

455.83, 457.62 eV, 461, and 463 eV, denoting the presence of TiOxNy, 

Ti4+(2p3/2), TiOxNy and Ti4+(2p1/2) respectively. This assignment is consistent with 

the results observed in refs [8.31-8.34]. 
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Fig. 8.7: XPS survey scan of milled and nitrided Mg-TiO2 under nitrogen at 650 

C, (b-c) experimental and fitted curves for normalized Ti2p (a) Mg-

TiO2 60h, (b) Mg-TiO2 60h-nitrided at 650 C. 
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Fig. 8.8a-b presents the O 1s core level spectra of the 60 h milled Mg-TiO2 

and nitrided Mg-TiO2 under nitrogen at 650 C. The 60 h milled Mg-TiO2 shows 

two oxygen peaks, and oxygen on the sample surface exists at least in three 

forms at the binding energies of 529.20 and 532.78 eV, which corresponds to the 

oxygen vacancy-Ti4+ and surface –OH, respectively [8.37]. After nitridation, a 

broad surface peak exists at least in three forms at the binding energies of 

530.27, 531.3 and 532.23 eV, corresponding to oxygen vacancy-Ti2+, Ti–N–O 

and  oxygen vacancy-Ti4+, respectively [8.37-8.39]. Previous results [8.33] 

reported O1s photoelectrons composed of two components centered at 530.2 

and 531.8 eV, related to characteristics of Ti oxide and Ti oxynitride, respectively. 

 

The photoelectron peak of Mg2p on the 60 h milled Mg-TiO2 and nitrided Mg-

TiO2 under nitrogen at 650 C is observed at 49.54 and 49.57 eV respectively, 

and this is shown in Fig. 8c-d. This clearly shows substantial evidence that the 

Mg 2p3/2 [8.40] is indeed doped in the TiO2 matrix. In Fig. 8.8e, a major N 1s 

peak located at 396.5 eV is a characteristic for nitrogen shifts in metal nitrides 

and oxynitrides [8.33, 8.38] while the minority line located at 394.58 could be due 

to the adsorbed nitrogen released during nitridation of Ti-O sites, or surface 

oxynitride species. 
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Fig. 8.8: Experimental and fitted curves for O1s XPS spectra of (a) Mg-TiO2 60h, 

(b) Mg-TiO2 60h nitrided and (c-d) correspond to Mg2p of Mg-TiO2 60h 

and Mg-TiO2 60h nitrided nanostructures and (e) N1s core level. 
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Fig. 8.9 shows atomic force microscopy (AFM) height and 3D micrographs 

of Mg-TiO2-60 h and nitrided Mg-TiO2-60 h deposited on an alumina substrate. 

The 60 h milled Mg-TiO2 sample (Fig. 8.9a) is mainly composed of nanoparticles, 

which are clustered together revealing a surface roughness of 55.12 nm. 

Previous studies showed that larger surface roughness is beneficial for sensing 

properties [8.41]. The Mg-TiO2-60 h nanoparticles having more rough surfaces 

might result in a larger surface area. The high surface area provides more active 

sites for gas molecule adsorption. However, upon annealing the powder under 

nitrogen gas (N2) the size of the particles reduced resulting in a roughness of 

34.24 nm. The influence of milling and annealing on the surface roughness (Fig. 

8.9a and b) for the Mg-TiO2 and Mg-TiO2-N powders can be correlated to the 

changes in crystallite size and orientation in these alloys.  
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Fig. 8.9: AFM height and 3D micrographs of (a-b) 60 h milled and (c-d) milled 

and annealed Mg-TiO2 powder in N2. 

 

Fig. 8.10 shows typical N2 adsorption/desorption isotherm curves of the 60 

h milled and nitrided Mg-TiO2 powders annealed at 650 oC under the flow of 
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nitrogen gas. Fig. 8.10 shows that the isotherms shift upwards while the 

hysteresis loops at high relative pressure increases, denoting higher pore size 

distribution on the 60 h milled Mg-TiO2 powder as shown in Table 8.2. However, 

for the Mg-TiO2 nitrided sample, the isotherms shift downwards while the 

hysteresis loops at high relative pressure decreases, signifying lower pore size 

distribution as well as low BET surface area. This clearly indicates that annealing 

under nitrogen appears to have reduced the surface area by shrinking the 

ultrafine particles induced by BM, but improving the crystallinity of powder 

particles.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8.10: N2 adsorption/desorption isotherm curves of 60 h milled and nitrided 

Mg-TiO2 powders annealed at 650 C. 
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Table 8.2: Summary of surface area, pore volume and pore size of the milled 

and nitrided Mg-TiO2 powders 

 

Sample 

 

Surface area (m²/g) 

 

Pore Volume 

(cm³/g) 

 

Pore size (nm) 

 

60 h Mg-TiO2 

 

12.4792 

 

0.036043 

 

11.55282 

 

60 h Mg-TiO2-650 °C-N2 

 

6.8656 

 

0.013268 

 

7.73014 

 

 
Fig. 8.11 shows the UV-vis absorption spectra of milled TiO2, Mg and 60 h 

milled and nitrided Mg-TiO2 powders annealed at 650 C. It is evident from Fig. 

8.11 that by milling the Mg-TiO2 mixture improved absorption has resulted when 

compared to elemental TiO2 and Mg that were milled separately. It is noteworthy 

to point out that when the 60 h milled Mg-TiO2 powder was annealed, the 

absorption spectra improved. This observation is consistent with the results 

observed from PL analysis. The band gap of these samples was calculated using 

Tauc’s formula [8.42]:  

 
                  (8.7)   

  

where ˛ α is the absorption coefficient, A is a constant, h is the energy and 

n depends on whether the transition is indirect (n = 4) or direct (n = 1). The 

spectra of (αh)2 as a function of h are shown in Fig. 8. 11b and c. From the 

plots, the band gaps of the milled TiO2, 60 h milled and nitrided Mg-TiO2 powders 

were estimated to be 3.26, 3.24, 3.15 and 3.06 eV, respectively. It is clear that 

the band gap reduces upon nitridation of the 60 h milled Mg-TiO2 powder at 650 

2/)( n

gEhvAhv 
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oC. This behaviour confirms the structural transformation observed in XRD and 

HR-TEM analyses. 

 

 

 

 

 

 

 

 

 

Fig. 8.11: (a) UV-vis absorption spectra of the milled TiO2, Mg and 60 h milled 

and nitrided Mg-TiO2 powders annealed at 650 oC and (b) Tauc plots 

of (αh)2 as a function of energy. 

 

The gas sensing performance of the sensor was studied by measuring the 

conductance change of the sensing material in the presence and absence of of 

H2, CH4, and NH3. The response percentage in terms of change in resistance of 

the sensor on gas exposure such as reducing is defined as:  

 

                  (8.8) 

 

where Rg is the resistance measured with the presence of the gas, and Ra is the 

resistance measured in synthetic air (in the absence of reactive gas). The real-
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time response curve of the sensors to various concentrations (5–100 ppm) of H2, 

CH4, and NH3 operated at various temperatures are presented in Fig. 8.12. The 

response time (tres) is defined as the time required for reaching 90% of the 

equilibrium value of the resistance after gas exposure, and the recovery time (trec) 

is defined as the time required for the resistance to return to 10% below the 

original resistance in air after the test gas is released [8.43]. It clear from the Fig. 

8.12 that in all conditions, the response of all the sensing materials increases (or 

resistance is decreases) when they are exposed in reducing gasses and settles 

back to the original value when the test gas is vented. A very good reproducibility 

is thus clearly observed. This behavior is typical for n-type semiconductor gas 

sensing material [8.44]. Table 8.3 shows the tres  and trec of 60h milled Mg-TiO2 

and nitrided 60h milled Mg-TiO2 nanostructures tested for the 40 ppm of different 

gases. It is observed from the table that sensors tested in NH3 gas reveal 

improved tres compared to other gases suggesting that the sensor responds 

quickly to both the injction and removal of the target gas. 
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Fig. 8.12: Real-time response curves of the sensor device upon exposure to 

different concentrations of (a-b) CH4, (c-d) H2 and (e-f) NH3 at working 

temperatures of 300, 350 and 400 C. 
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Table 8.3: Summary of tres and trec of Mg-TiO2 60h and 60h-650 C N2 

nanostructures for different gases.  

 
 

Materials 

 
CH4 

(40 ppm) 

 
NH3 

(40 ppm) 

 
H2 

(40 ppm) 

 
tres (s) 

 
trec (s) 

 
tres (s) 

 
trec (s) 

 
tres (s) 

 
trec (s) 

 
Mg-TiO2 60h 

 
50 

 
56 

 
32 

 
48 

 
53 

 
82 

 

Mg-TiO2 60h+-650 C N2 

 
55 

 
59 

 
35 

 
82 

 
58 

 
70 

 

 

Fig. 8.13 shows the responses of Mg-TiO2 60 h milled and nitrided Mg-

TiO2 sensing films versus concentration (5-100 ppm) of H2, CH4, and NH3 at 

various working temperatures. Fig. 13 displays that the response of all the 

sensors increases rapidly with the growth of the concentration up to 40 ppm at 

300 C, then saturates thereafter [8.45]. The dependence of the sensor response 

on the gas concentration is noticeable. However, both 60 h milled Mg-TiO2 and 

nitrided sensors showed no response when tested for NH3 at 300 C. When 

increasing the testing temperature, the response of sensing materials increases 

with incresing the concentration of the tested gasses. The increase in response 

with increase in temperature is due to the increase of electron concentration on 

the surface of Mg-TiO2 nanostructures with increasing temperature [8.46]. In 

addition, the nitrided sensing material shows less response to almost all the 

gases compared to the unitrided sample, and in addition it is only responding at 

higher temperature (400 C) when tested for NH3. Chou et al. [8.47] indicated 

that nitrogen fills up holes and defects which were promoted for sensing by 
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milling and the presence of Mg due to nitridation at 650 °C. The higher response 

observed for Mg-TiO2 60 h sensing material is due to larger surface area and 

pore diameter (Table 2) provides more active sites for the target gas and allowing 

more gas adsorption. Furthermore, based on the PL and XPS results, we 

suggest that the higher relative concentration of VO defects are the most 

favorable adsorption sites for oxygen species, which can enhance the possibility 

of interaction with gas molecules. Previous reports indicated that the response of 

the metal-oxide gas sensors depends also mainly on the grain size (D) of the 

sensing materials [8.48]. If the grain size is close to the size of the Debye length 

(LD), then the sensing material can display excellent sensing response. However, 

if the grain size is larger than the Debye length (D>LD), then a moderate 

response will be observed, since the conduction channel with high conductivity 

will exists. If the grain size is much larger than the Debye length (D>> LD), then, 

the sensing mechanism is controlled by the grain boundaries, and thus low 

sensing response will be observed, since only a small portion of the 

semiconductor is affected by interaction of the target gas. Nonetheless, for our 

nanostructures, such small grains ( 6 nm) were not obtained [8.49]. Therefore, 

we confirm that our sensing properties are induced by larger surface area and 

pore diameter, which provide more active sites for the target gas and allowing 

more gas adsorption, as well as higher relative concentration of VO defects, 

which are the most favorable adsorption sites for oxygen species. The higher 

response of Mg-TiO2 60 h is due to high surface area (Table 8.2) and improved 

oxygen vacancies observed in PL and XPS analyses.  
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Fig. 8.13: Response curves of the sensor device upon exposure to different 

concentrations of (a-b) CH4, (c-d) H2 and (e-f) NH3 at working 

temperatures of 300, 350 and 400 C. 

 

Generally, in semiconducting metal oxides, when the sensing material is 

exposed in air oxygen molecules are chemisorbed and capture electrons from 

the conduction band of the Mg-TiO2 60 h milled and nitrided Mg-TiO2, resulting in 

the following reaction [8.48, 8.49]: 
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                       O2 (gas)       ↔  O2 (absorbed)                               (8.9) 

               O2 (absorbed) +  e−     ↔     O2− (absorbed)                           (8.10) 

    O− 
 (absorbed) +  e−     ↔     O2− (absorbed)          (8.11) 

 

When the sensing material is exposed to a reducing gas such as CH4, it will 

dissociate at the O2 sites on the Mg-TiO2 nanoparticles’ surface, which will 

facilitate interaction between the resulting CH4 and the chemisorbed O2 ions as 

shown in equation 8.11. Then the extracted electrons are released to the 

conduction band of the sensing film, causing an increase of electron 

concentration in the conduction band. As a result the resistance of the sensing 

film increases [8.50]: 

 

   CH4 + 4O− ↔ CO2 + 2H2O (gas) + e−                                                  (8.12) 

 

However, when H2 gas is introduced in the chamber, the gas will react with 

chemisorbed oxygen species on the surface of the sensing film, producing H2O 

molecules and releasing electrons back into the conduction band as shown in the 

following reaction [8.51-8.53]: 

 

            Oads
− + H2      H2O + 2e−

                                                          (8.13) 

 

When the Mg-TiO2 60 h or nitrided sensing material is exposed to NH3, the 

gas–solid interaction leads to the following reaction [8.54]:  

 

           4NH3 + 3O−2
ads  ↔  2N2  +  6H2O  +  6e−                   (8.14) 
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The selectivity of the sensors based on Mg-TiO2 60 h and nitrided Mg-TiO2 

60 h towards CH4, H2 and NH3 is also examined, as shown in Fig. 8.14. It is 

observed that the response of the sensor to 40 ppm NH3 is 55.05 % at 400 C for 

Mg-TiO2 60 h, which is much larger than other gases, which indicates that the 

NH3 sensor based on Mg-TiO2 60 h exhibits good selectivity and can be used for 

selective detection of NH3. Moreover, the nitrided Mg-TiO2 60 h also showed a 

response of about 50.1% towards NH3 at 400 C, confirming that these sensing 

materials are both selective to NH3. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

Fig. 8.14: The selectivity test for (a) 40 ppm of CH4, H2, and NH3 at various 

temperatures. 
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To evaluate the humidity sensing properties of the fabricated devices, we 

measured the change in conduction of the sample at room temperature (25 C) 

with various RHs. A chamber was employed to provide different humidity levels in 

incremental steps. Fig. 8.15a shows that the current of Mg-TiO2 NPs milled for 

60 h and nitrided 60 h Mg-TiO2 increases with an increase in humidity up to 100 

% RHs. The 60 h milled Mg-TiO2 sensing material shows improved response 

compared to the nitrided sensing material, probably due to higher surface area 

and increased concentration of oxygen vacancies (VO) on the surface of the 

milled material as evidenced by PL and XPS analyses [8.55].  
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Fig. 8.15: (a) current and (b) response versus time curves of Mg-TiO2 

nanostructures exposed to various RHs concentrations.  

(b) 

(a) 
 

 

 

 



 210 

88..44..    CCOONNCCLLUUSSIIOONN  

 

Ball milling of Mg-TiO2 has shown no phase transformation but reduced the 

crystallite sizes of the powders. Upon annealing of milled powder, two types of 

FCC phases yielded different lattice parameters. The induced FCC structures are 

attributed to the non-stoichiometric structure of the TiOxNy and (Mg1-xTi1-x-Ox-Ny) 

phases, respectively. Phase transformation was confirmed by the introduction of 

new Raman vibration modes on annealed samples. The Mg-TiO2 60h sensing 

materials revealed high sensing response to NH3 showing fast response (32 s) 

and recovery (48 s) to NH3 and high selectivity to NH3. The 60h-milled Mg-TiO2 

also showed improved response when tested to RHs suggesting that they be 

used as humidity sensors. 
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CCHHAAPPTTEERR  NNIINNEE  

 

Structure-property relationship of the ball-milled 

and nitrided Mg-Sn-TiO2 composite  

 

AABBSSTTRRAACCTT  

 

Nitridation of the milled Mg-Sn-TiO2 at 650 °C has crystallized into (Mg-Sn-Ti)ON 

powder. Raman peaks of the 30 h milled powder appears at 142, 196, 396, 514 

and 634 cm-1. Raman peaks for the 30 h-nitrided samples appear at 153, 229, 

324, 543, and 707 cm−1. This phase is attributed to (Mg,Ti)ON solid solution 

phase. Raman peaks of (Sn,Mg,Ti)ON are evident at 204, 253, 279, 325, 351, 

397, 446, 516, 605, 640 and 788 cm-1. The peak at 279 cm-1 belongs to MgON in 

addition to 446 and 640 cm-1.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The content of this chapter was published in: Materials Letters 161 (2015) 328-331 
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99..11  IINNTTRROODDUUCCTTIIOONN  

 

Ball milling (BM) triggers the phase transformation in powder mixtures such 

as carbides [9.1-9.3], solid solutions and new metastable phases after annealing 

[9.4].  However, the reduction of TiO2 by Mg and Al by BM was reported to be 

unfeasible but feasible when milled powders is annealed yielding MgAl2O4 with 

some traces of MgO and Al2O3 [9.5]. On the other hand, the unmilled Mg-Al-TiO2 

powders showed no phase transformation when heated to about 500 °C, but 

structural change has occurred on mechanically milled powders around 390 °C 

as proven by the complete disappearance of TiO2 due to the reduction process 

[9.5]. The Mg-based metastable cubic spinel Mg2TiO4 powder is used as a heat 

resistor, dielectric for microwave technology, capacitor for temperature 

compensation and refractory material [9.6]. Yang and Shen [9.7] reported the 

nanosized spinel particles precipitated on MgO after annealing at 900 °C for 

specific time period. It has been reported that Mg was incorporated into the solid 

solution Zn2(Ti,Sn)O4 which led to the formation of the spinel-type solid solution 

(Zn0.95,Mg0.05)2(Ti0.88,Sn0.12)O4 [9.8]. Additionally, tin (Sn)-based spinel 

composites such as Co2SnO4 powders are successfully produced by the sol–gel 

method followed by calcining at 900 and 1500 °C for 1 h. This spinel forms 

slightly above 900 °C when SnO2 and CoO reacts [10.9]. Characterization of Sn-

doped spinel ferrite using x-ray diffraction (XRD) revealed the co-existence of 

cubic (Fd-3m) spinel and trigonal–hexagonal (R-3c) structure [9.10]. Solid-state 

reaction is a capable process for synthesis of spinel ceramic powders. In the 

synthesis of Ni0.6Mn2.4-xSnxO4 the calcination temperature, and the lattice 
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parameter increases with increasing of Sn content [9.11]. The spinel materials 

have expanded to nitrides with smaller lattice parameter when compared to oxide 

materials. Oxynitride materials have attracted a lot of attention from researchers. 

The titanium oxynitride powder was formed by BM and annealing in air [9.12]. In 

addition, titanium-tin oxynitride was synthesized after BM followed by annealing 

in air [9.13]. A cubic spinel structure has recently been shown to exist in several 

chemical structural forms such as Si3N4 [9.14]. For spinel materials, cubic gallium 

oxide–nitride (Ga-O–N) thin film exists with spinel structure [9.15]. It can be 

synthesized using a solvothermal processing route and stabilize up to 

temperatures of 500 °C in both oxidative and reductive atmospheres due  to the 

high disorder in nitrogen and oxygen at anion sites [9.16]. The Aluminium 

oxynitride (AlON) ceramic with good high temperature properties, thermal shock 

and oxidative resistance and chemical inertness can be prepared by combustion 

synthesis using Al and Al2O3 under high nitrogen pressure [9.17]. Moreover, the 

sintered Mg-doped (AlMg)ON ceramic show good mechanical properties [9.18]. 

In the present work, an investigation of ball-milled Mg-Sn-TiO2 followed by 

nitridation is presented.  

 

99..22..  EEXXPPEERRIIMMEENNTTAALL  WWOORRKK  

 
Magnesium (Mg), tin (Sn) and Titanium dioxide (TiO2) were ball milled for 

30 h and annealed at 650 ºC in a tube under nitrogen (N2) flow for two hours. The 

powder morphology was studied using a LEO 1525 field-emission scanning 

electron microscope (FE-SEM) coupled with a Robinson Backscatter Electron 
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Detector (RBSD) and an Oxford Link Pentafet energy dispersive x-ray 

spectroscopy (EDS) detector. Electron micrographs and selected area diffraction 

patterns (SAED) were collected with an FEI Tecnai G220 FE-TEM.  Phase 

evolution was traced with a PANalytical X’pert PRO PW 3040/60 X-ray diffraction 

(XRD) machine fitted with a Cu Kα radiation source. Optical properties were 

measured using a Jobin-Yvon NanoLog photoluminescence (PL) spectrometer. 

Raman spectra were collected using a Horiba Jobin-Yvon HR800 Raman 

microscopy equipped with an Olympus BX-41 microscope attachment. An Ar+ 

laser (514.5 nm) with energy setting 1.2 mW from a Coherent Innova Model 308 

was used as an excitation source. The topography of Mg-TiO2 powders was 

analyzed using atomic force microscopy (AFM, Veeco, and Digital Instruments). 

 

99..33..  RREESSUULLTTSS  AANNDD  DDIISSCCUUSSSSIIOONN  

 
The TGA results of the 30 h milled Mg-TiO2 and Mg-Sn-TiO2 powders under 

N2 are shown in Fig. 9.1 for comparison. The analysis shows the mass loss value 

of 9.81 mg for Mg-Sn-TiO2 and 21.116 mg Mg-TiO2 in N2 after reaching 1000 °C. 

At 650 °C, it is clear that the samples are still gaining mass. It is logical to 

conclude that phases that will be induced at 650 °C might be intermediate and 

metastable in nature.  
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 Fig. 9.1: TGA curve of the 60 h milled Mg-Sn-TiO2 powder. 

 

Fig. 9.2a and shows the XRD pattern of the 30h-milled Mg-Sn-TiO2 and 

nitrided Mg-Sn-TiO2 powder at 650 °C, respectively. XRD patterns of the milled 

Mg-Sn-TiO2 powder shows that there is no phase transformation that has 

occurred since the XRD peaks of elemental Mg, Sn, and TiO2 were retained. Fig. 

9.2b shows the XRD pattern of the 30 h-milled and nitrided Mg-Sn-TiO2 powder. 

Elemental Mg and TiO2 phases are attributed to their corresponding solid 

solutions, since pure Mg could have formed Mg3N2 phase after nitridation [9.19]. 

Crystallization of FCC (Mg-Sn-Ti)ON yields lattice parameters a= 4.212 Å; Fm-

3m # 225 space group and number.  Rhombohedral MgTiO3-types has emerged 

with a=5.055 Å; c=13.899 Å lattice parameter. The space group and number of 

the rhombohedral are R-3 # 148, respectively. The formation of FCC and 

rhombohedral phases confirm the partial reduction of TiO2 by Mg during 

nitridation. Normal MgTiO3 has a rhombhohedral crystal structure with lattice 
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parameters a=b= 5.056 Å; c = 13.900 Å [9.20]. Silva et al. [9.21] reported the 

crystallization of spinel from 600 ºC and appearance of MgTiO3 above 800 ºC. 

Hence, due to BM effect, Sn doping and nitridation, rhombohedral and FCC 

structures were obtained after annealing at 650 °C in N2. The reported free 

energy formation ΔGf of MgO, MgTiO3 and Mg2TiO4 are -504.255 to -442.919, -

1308.779 to -1158.464 and -1815.309 to -1610.318, respectively [9.22]. 

Accordingly, spinel formation is more favourable than MgO and MgTiO3-type 

structures. It thus implies that the presence of N2 inhibits the spinel formation 

during annealing in the milled Mg-Sn-TiO2 powder. Traces of tetragonal tin solid 

solution peaks and minor SnO2 peaks were detected.  

 

 

 

 

 

 

 

 

 

 

Fig. 9.2: XRD pattern of the (a) 30 h-milled Mg-TiO2 (b) Mg-Sn-TiO2 powders. 
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Fig. 9.3 shows the Raman spectra of the 30 h milled and nitrided Mg-Sn-

TiO2 powders. The Raman vibration modes of the 30 h-milled Mg-Sn-TiO2 

powder appear at 143, 170, 196, 396, 516 and 642 cm-1. These Raman peaks 

exhibit Raman active modes (1A1g at 516 cm-1, 2B1g at 396 and 516 cm-1, 3Eg at 

143, 196 and 642 cm-1) [9.11,9.23]. The bends corresponding to MgTiO3-type 

phase in the Raman spectra of nitrided sample occur at: 280 cm-1 (Eg), 352 cm-1 

(Eg), 398 cm-1 (Ag), 638 cm-1 (Eg), 787 cm-1 (Ag) [9.25].  Moreover, it has been 

reported that the Raman modes that originate from spinel Mg2TiO4 have similar 

positions as the modes of MgTiO3 with a slight overlapping [9.25]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.3: Raman spectra of milled and milled-nitrided Mg-Sn-TiO2 powder  
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Fig. 9.4 shows the FTIR spectra of the 30 h-milled and nitrided Mg-Sn-

TiO2 powders recorded in the range of 1000-4000 cm−1. The absorption band 

appears at 1201, 1384, 1963, 2008, 2056, 2331 and 2981 cm−1.  The stretching 

vibrations of N–O in (Mg-Sn-Ti)ON occurred at 1646, 2161 and 2320 cm−1 on 

nitrided Mg-Sn-TiO2 powder [9.26]. 

 

 

 

 

 

 

 

 

 

 

Fig. 9.4: FT-IR spectra of the Mg-TiO2 30 h milled powder annealed in N2 

 

Figs.9.5 a-c show the SEM images of pure TiO2, Mg and Sn powders, 

respectively. TiO2 are spherical as shown in Fig. 9.5a, while Mg particles display 

the irregular shapes in Fig. 9.5b. The Sn particles appear as elongated tubes 

with sharp edges in Fig. 10.5c. 
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Fig. 9.5a-c: SEM images of (a) TiO2, (b) Mg and (c) Sn powders.  

 

Figs.9.6 a-b show the SEM images of the, 30 h-milled Mg-Sn-TiO2 and 

nitrided 30 h-milled Mg-Sn-TiO2 after nitridation at 650 °C. Fig. 9.6a displays the 

morphology with fine particle agglomerates induced by milling. In Fig. 9.9b the 30 

h-milled nitrided Mg-Sn-TiO2 powder is shown. The SEM image reveals the 

particles as interconnected and welded, thus forming large and small pores. 

These pores are irregular in shape and comprised of sizes range from 200 µm 

(small pores) to approximately 800 µm (large pores), respectively. The 

(b) (a) 
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(c) 
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compositional analysis in Fig. 9.7 displays the EDS of elements Sn, Ti, O, Mg, N 

with compositions 39.1, 30.8, 19.7, 9.1, and 1.3 weight percentages, respectively.  

 
 

 

 

 

 

 

 

 

 

Fig. 9.6: SEM images of (a) 30 h-milled Mg-Sn-TiO2 and (b) nitrided Mg-Sn-

TiO2 powders at 650 °C. 
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Fig. 9.7: EDS images and spectra of Mg-Sn-TiO2 sample annealed in air 

 

Fig. 9.8 shows AFM micrographs of the mixture and 30h-milled Mg-Sn-TiO2 

and nitrided Mg-Sn-TiO2, respectively, displaying surface topography of powders 

and their corresponding 3D AFM images. AFM images confirm the existence of 
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different particle shapes and orientations on milled and nitrided Mg-Sn-TiO2 

powders. Images clearly show the existence of ultrafine and large powder 

particles for both samples while 3D images illustrate the grains of nitrided Mg-Sn-

TiO2 powder to be more irregular when compared to those of milled samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.8: AFM micrographs of the nitrided 30 h milled (a) Mg-TiO2) and (b) 

Mg-Sn-TiO2 powders. 
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99..44..  CCOONNCCLLUUSSIIOONN  

 

Nitridation of the ball-milled Mg-Sn-TiO2 has crystallized into Mg-Sn-Ti)OxNy 

powder. After nitridation, Mg-Sn-TiO2 was crystallized into a rhombohedral 

MgTiO3-type phase with lattice parameters a=5.055 Å; c=13.899 Å; space group 

and number R-3 # 148. Raman peaks for the nitrided Mg-Sn-TiO2 sample appear 

at 143, 160, 204, 253, 279, 325, 351, 397, 446, 516, 605, 640 and 788 cm-1. The 

bends corresponding to MgTiO3-type phase in the Raman spectra of nitrided 

sample occurs at: 280 cm-1 (Eg), 352 cm-1 (Eg), 398 cm-1 (Ag), 638 cm-1 (Eg), 787 

cm-1 (Ag) [9.25]. The SEM image of the 30 h-milled nitrided Mg-Sn-TiO2 sample 

shows powder particles appear as interconnected, welded and grouped, resulting 

in small to large pores.  
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SSUUMMMMAARRYY  

 

The structural engineering industries, gas sensors and detectors of 

hazardous gases are crucial due to their enormous diversity of applications such 

as in environmental quality control, public safety, and automotive applications 

and for air conditioning systems in aircrafts, spacecrafts, vehicles, and houses. 

As a result, research in the field of biomaterial, engineering and gas sensing has 

been at the highlight over the years. Therefore, in this thesis, structural, optical, 

surface morphology, chemical composition and gas sensing properties of pure 

titanium, Ti-Sn and titanium mixed metals oxynitrides (Ti-TiO2, TiO2, Mg-TiO2 and 

Mg-Sn-TiO2) synthesized using ball milling (BM) and annealing process were 

studied using XRD, Raman, HR-TEM, SEM, PL, UV-vis, XPS and gas testing 

station.  

 

In this thesis, we showed that it is feasible to form titanium oxynitride by 

only annealing the milled pure Ti in air and under nitrogen gas and by mixing 

pure Ti with Sn and as well as mixing Ti with TiO2. Therefore, structural 

properties of ball–milled pure titanium did not show any phase transformation in 

its hexagonal closed-packed crystal structure, however, only a broadening on the 

intensity peak heights and slight shifts in XRD intensity peaks were observed, 

denoting that BM reduces the crystallinity of the nanostructures. Furthermore, 

when Ti was mixed with pure Sn, HCP and tetragonal (Ti,Sn) oxynitride powders 

with lattice parameters a=4.985 Å; c=2.962 Å, c/a=0.594 and a=4.582 Å; c=2.953 
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Å and c/a=0.644 were observed, respectively. When, the pure Ti was mixed with 

TiO2 in order to reduce the TiO2 to TiOx phase and to titanium oxynitride through 

milling and annealing in argon and in nitrogen gas, respectively. As a result, 

nitridation of TiOx resulted to TiOxNy phase as confirmed from the XPS analyses. 

Finally, when the pure TiO2 was mixed with Mg, and milled for 60 h and annealed 

in nitrogen at 650 C, no has shown no phase transformation was observed for 

Mg-TiO2, only a reduction on the crystallite sizes of the powders was noticeable. 

The milled and nitrided Mg-TiO2 showed two types of FCC phases revealing 

different lattice parameters. The induced FCC structures are attributed to the 

non-stoichiometric structure of the TiOxNy and (Mg1-xTi1-x-Ox-Ny) phases, 

respectively. Phase transformation was confirmed by the introduction of new 

Raman vibration modes on annealed samples.  

 

Furthemore, the sensing properties of these milled and oxynitrides 

structures were carried out at different operating temperatures and at various gas 

concentrations. The sensing analyses also demonstrated that the sensing 

response of the TiO2, Mg-TiO2 and Mg-Sn-TiO2 materials improved upon milling. 

However, the nitrided sensing materials demonstrated low sensing responses 

compared to the milled samples, due to nitrogen which fills up holes and reduces 

defects which were promoted for sensing by milling and the presence. More 

remarkably, the Mg-TiO2 showed improved response compared to other sensing 

materials. This is due to incorporation of Mg, which might have resulted in a 

decrease of charge carrier concentration. The Mg-TiO2 sensing materials showed 
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fast response-recovery time of 32 s and 48 s, respectively, as well as high 

selectivity to NH3 gas compared to other gases (H2, and CH4). In addition, the 

improved response observed for the milled samples is due to increased surface 

area and pore diameter, providing more active sites for the target gas and 

allowing more gas adsorption with an increase in point defects related to oxygen 

vacancies (VO), which are the most favorable adsorption sites for oxygen species 

and thus can enhance the possibility of interaction with gas molecules. A 

combination of photoluminescence, x-ray photoelectron spectroscopy, vibrating 

sample magnetometer and sensing analyses demonstrated that a direct relation 

exists between the magnetization, sensing and the relative occupancy of the VO 

present on the surface of TiO2 nanoparticles. Therefore, based on these finding 

we conclude that the milling process promotes particle refinement resulting in 

increased  BET surface and partial breaking of Ti–O bonds on the TiO2 surface 

layer, which results in the formation of oxygen vacancies in the TiO2 lattice, 

therefore anticipating improved sensing response.  
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