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ABSTRACT 

Since the rechargeable battery performance involving TiO2 anode strongly depends 

on its structural, transport and electrochemical properties, it is important to explore 

different TiO2 nanostructures in order to improve its operation through its ability of 

hosting mono and multivalent ions. Consequently, the current study involves 

synthesizing MxTiO2 (M = Li+, Na+, and Mg2+) (x= 0.11, 0.15, 0.19 and 0.23) 

nanospheres, nanoporous and nanosheets using the molecular dynamics based 

amorphization and recrystallization technique, employing a DL_POLY code. This is 

followed by predicting structural and mobile ion transport properties for future 

rechargeable batteries. Li+, Na+ and Mg2+ were inserted into the amorphous TiO2 

nanosphere, nanoporous and nanosheet architectures in order to produce LixTiO2, 

NaxTiO2 and MgxTiO2 (x= 0.11, 0.15 ,0.19 and 0.23) for each nano-architecture. The 

amorphous nano-architectures were recrystallized by simulations at 2000 K and 

resultant structures were cooled from 1500 K to 0 K at intervals of 500 K. Finally all 

cooled nano-architectures at 0 K were analysed and subsequently heated to 2000 K 

at 100 K intervals. The TiO2 nanospheres with 0.11, 0.15, 0.23 Li+ and Na+ 

concentrations had similar microstructural defects, present in pure TiO2 and before Li 

insertion, characterised by  dominant  zigzag (brookite) and straight (rutile) tunnels 

with empty vacancies and  Li+ and Na+ filled vacancies with few Li+ and Na+ located 

on the surface. On the other hand, the TiO2 nanospheres with 0,19 Li+ and Na+ 

concentrations remained amorphous after recrystallization, cooling and heating; 

hence their structural and microstructural features were not constructed. Surprisingly, 

the Mg0.19TiO2 nanosphere recrystallised successfully together with those of 0.11, 

0.15, and 0.23 Mg2+ concentrations and their microstructures had zigzag (brookite), 

straight (rutile), tunnels with empty vacancies, Mg2+ filled vacancies and few Mg2+ were 

situated on the surfaces. The microstructures of the TiO2 nanoporous structures, with 

0.11, 0.15, 0.19 and 0.23 Li+, Na+ and Mg2+ concentrations, showed crystalline 

patterns of zigzag tunnels (brookite), straight (rutile) tunnels with empty vacancies and 

Li+, Na+ and Mg2+ filled vacancies after being recrystallised and cooled, except for the 

0.23 Mg2+ concentration which showed highly disordered patterns. The 

microstructures of TiO2 nanosheets, with 0.11, 0.15, 0.19 and 0.23 Li+, Na+ and Mg2+ 

concentrations, had a mixture of disordered and crystalline (ordered) patterns of 

zigzag (brookite) and straight (rutile) tunnels with few empty vacancies, and some 

were filled with Li+, Na+ and Mg2+ where most Li+ and Na+ ions were situated around 

the surface of the microstructure except for TiO2 nanosheets with 0.23 Mg2+ 

concentration which was  amorphous, similar to that of Mg0.23TiO2 nanoporous 

architecture. All resulting TiO2 nanostructures and microstructures were further 

characterised and analyzed by their respective radial distribution functions (RDFs), 

simulated X-ray diffraction (XRD) patterns, diffusion coefficients and activation 

energies to study the effects of increased lithiation, sodiation, and magnesiation at 

various temperatures. The simulated Ti-O radial distribution functions were utilised to 

confirm the extent of crystallinity of nano-architectures after recrystallisation, cooling, 

and heating. In addition, simulated X-ray diffraction (XRD) patterns were employed to 

determine and compare crystallinity at low and elevated temperatures. Furthermore, 

they depicted rutile and brookite polymorphs in LixTiO2, NaxTiO2 and MgxTiO2, shown 

by our simulated microstructures, and observed in previous experimental and 
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simulated studies of LixTiO2; which suggests possibility of easy and fast Li+, Na+ and 

Mg2+ ion passage in the current study. In the case of Li transport, for different nano-

architectures, diffusion coefficients (DCs) for most Li concentrations were 

predominantly near zero at low temperatures and increased gradually above 500 K 

and significantly at higher temperatures beyond 1000 K. DCs of higher Li 

concentration nano-architectures tend to be highest. On the contrary, the diffusion 

coefficient of the amorphous Li0.19TiO2 nanosphere is elevated at low temperatures, 

however, it is exceeded by those of other concentrations at higher temperatures. On 

the whole the activation energies of Li in TiO2 nanosphere, nanoporous and nanosheet 

structures, in appropriate temperature range, were consistent with observed transport 

properties. In particular, the lowest activation energy for the amorphous Li0.19TiO2 

nanosphere concurs with non-zero DC at lower temperatures. On Na transport in 

various TiO2 nano-architectures, DCs for most Na concentrations were predominantly 

near zero at low temperatures, except for the Na0.23TiO2 (associated explanation for 

such deviant behaviour is not yet available). Diffusion coefficients subsequently 

increased gradually above 500 K to substantial at higher temperatures, with DCs of 

higher Na concentrations in different nano-architectures tending to be highest; in 

particular the DC of the amorphous Na0.19TiO2 which was slightly higher than other 

crystalline NaxTiO2. The activation energy of the nanosphere with the highest Na 

concentration (Na0.23TiO2) was low, consistent with the trend of non-zero diffusion 

coefficients at low temperatures. The AEs of nanoporous structures at different Na 

contents were equivalent and related DCs almost overlap in the 500 to 1000 K range. 

In the case of nanosheets AEs are also almost equal for all NaxTiO2 with that of the 

Na0.23TiO2 (highest Na concentration) being highest resulting in a slightly lower 

diffusivity, except at very high temperatures. These results provide insights and an 

understanding on how much such TiO2 nano-architectures can enable operations of 

sodium ion batteries. Non-zero diffusion coefficients of Mg2+ commenced at lower 

temperatures in nanospheres, especially those with lower Mg concentrations. Related 

activation energies were also relatively low and increased with Mg2+ concentrations. 

However, in the nanoporous and nanosheet architectures, the Mg2+ DCs were almost 

zero below 1000 K and increased significantly above 1200 K with DC being highest in 

the heavily intercalated nanostructures. The activation energies for the latter two nano-

architectures were in the range of 0.400 eV which is higher than in nanospheres, but 

comparable to those of the nanoporous Li-MnO2. Generally, on matching maximum 

diffusion coefficients of Li, Na and Mg mobile ions in TiO2 nano-architectures, it is 

apparent that they are all highest in nanospheres with DCLi  > DCNa > DCMg. On 

comparing magnitudes of DCs in different nano-architectures the following trend 

emerges; for the monovalent Li and Na mobile ions DCSphere ~ 5DCPorous ~ 3DCSheet  

and for the divalent Mg mobile ion DCSphere  ~ 2.5DCPorous  ~ 2.5DCSheet. Such 

comparisons provide insights and an understanding on how much such TiO2 nano-

architectures can enable performance of various mobile ion rechargeable batteries. 
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Chapter 1 

1. Introduction and Background 

The use of intermittent renewable energy sources such as solar, wind, tidal, and 

geothermal, as well as the electrification of transportation systems, requires the use 

of high-performance electrical energy storage (EES) systems; therefore, research into 

material systems that can be used for EES are in high demand. The EES system must 

meet the following characteristics: [1] portable power supply for electric vehicles (EVs); 

[2]  smart grid stations that provide affordable, secure, stationary storage of electrical 

energy generated from renewable but variable energy sources such as solar and wind 

[3] [4] [5]. Alkaline-ion batteries (AIBs), i.e., lithium-ion batteries (LIBs), sodium-ion 

batteries (SIBs), and magnesium-ion batteries, are considered the most promising 

approaches to address both challenges [6] [7] [8]. However, in order to be compatible 

with internal combustion engines and to be used in large-scale smart grid applications, 

the energy density and performance of metal ion batteries (MIBs) need to be improved 

to achieve the following goals 1. Acceptable range; 2. Shorter charging time for electric 

vehicles; 3. Rapid response to solar and wind energy fluctuations; and 4.Further 

reduction in cost [9].  

In this context, the energy density and performance of commercial LIBs, research-

based SIBs, and MIBs need to be improved to advance the search for alternative 

composite anode materials with high working voltage (potential difference between 

cathode and anode), high specific capacity, high performance, and, in particular, 

stability and capacity retention under extreme charging conditions, as has been 

suggested recently [10] [11] [12] to complement the current commercially available 

batteries. In this thesis, the research study focus is on simulation synthesis of LixTiO2, 

NaxTiO2, MgxTiO2 nanosphere, nanoporous and nanosheets architectured materials 

simulated using molecular dynamics technique at atomistic scale to be considered one 

of the excellent anode electrode materials utilised in LIBs, SIBs and MIBs for energy 

storage applications. In this chapter introduction and background discussion of TiO2 

ion-intercalated nano-architectured structures in lithium-ion batteries, sodium ion 

batteries and magnesium ion batteries applications along with the description of the 

operating principle of rechargeable batteries then followed by literature review of TiO2 

nano-architectured materials and the research problem of this study, lastly the outline 

of the entire thesis will be summarized. 

1.1. Overview 

Nanostructured TiO2 is a promising material for large-scale Li+ intercalated energy 

storage systems and has been investigated as an anode electrode material in lithium-

ion batteries using other experimental techniques but has not been fully explored using 

atomistic modelling techniques  [13]. The storage capacity and stability of these 

anodes strongly depend on the structural morphology (microstructure), crystalline 

phases, and rapid Li+ transport within TiO2 nanostructures [14]. The mechanism for 

the incorporation of Li into TiO2 has been investigated, and the crystalline phases of 

LixTiO2 have been identified but not fully explored [15]. Although further work to 

improve Li storage capacity and long-term thermal stability through charging and 

recharging processes is critical, the physiochemistry of lithium intercalation in TiO2 has 
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been fairly well explored and implemented [16] [24].The widely commercialized Li-ion 

batteries are slowly becoming costly due to their demanding requirements and 

economic fluctuations, hence countless safety challenges of Li-ion batteries have led 

the studies for other rechargeable batteries with similar chemistries.  Na-ion and Mg-

ion batteries are two of the promising alternatives in this regard, as they are generally 

safer and less expensive compared to Li-ion batteries [17] [18]. Many electrode 

materials used in Li-ion batteries are also promising for Na-ion and Mg-ion batteries 

[19], and TiO2 structures with nanostructure have great potential in this field [20] [21] 

[22]. There are several stable or metastable polymorphs of TiO2; two of particular 

interest are rutile and the brookite phase (TiO2 (B)). The rutile structure has straight 

channels, while brookite has zigzag channels, both of which should facilitate ion 

intercalation [13]; frameworks with open pores and channels generally confirms to be 

excellent host lattices for Na and Mg, as has been shown for Ti and other transition 

metal-based polyionic materials [23] [24]. TiO2 (B) has a lower density than rutile and 

therefore may have a greater capacity for Na+ and Mg2+. Furthermore, anatase is more 

stable thermodynamically [14], and therefore can withstand repeated cycling better. 

Crystal structure alone is not sufficient to determine battery performance; morphology, 

i.e., microstructures, and rapid ion transport, i.e., electrode diffusion coefficients and 

activation energies, also play important roles [24]. TiO2 nanostructures can undergo 

different phase transformations depending on the simulation temperature and 

pressure. 

1.2. Lithium-ion Batteries 

“Titanium dioxide (TiO2) has been studied in different research filed, mostly in energy 
related devices [25] [26]. Its unique physical-chemical properties are appropriate for 
utilisation in energy harvesting systems such as photo catalysts, water splitting 
devices, and dye-sensitized solar cells [27]. Outstanding research as anode material 
for lithium-ion batteries has also been focused on its application, due to its abundance, 
low cost and excellent structural ability when lithiated [28] [29]. Moreover, it has a high 
working voltage of more than 1.5 V vs. Li which allows stable operation without forming 
any solid electrolyte interface during decomposition of liquid electrolyte at low potential 
and extremely high-rate operation to prevent lithium plating on the electrode [30]. The 
TiO2 nanostructure is a typical Li+, Na+ and Mg2+ intercalation compound. The M=Li+, 
Na+ and Mg2+ ion intercalation–deintercalation reaction in TiO2 nanostructures can be 
described as follows:  

TiO2 + MLi+ + Xe -1 = MXTiO2, (0 ≤X ≤1)     1.1  

where X is the mole fraction of M = Li+, Na+ and Mg2+ in TiO2. The theoretical capacity 
of Li was found to be 335 mA h g-1 at X =1, but the maximum value of the mole fraction 
of Li insertion is limited to X = 0.5, which is equivalent to the theoretical capacity of 
167.5 mA h g-1 [31] [32].  Li+ has low specific capacity when compared to the 
commercially adopted graphite but is still a potential material for large scale storage 
systems due to its safe operation. However, its slow kinetics and intrinsically poor 
electronic conductivity restrain its practical use [33] [30]. Sustainable research has 
been devoted to improve the electrochemical properties of TiO2 nanostructures-based 
electrode materials by enhancing lithium-ion kinetics and its electronic conductivity. 
There three main properties dominating the rate capability of TiO2 anode materials are 
(1) the electrode electronic conductivity (film), (2) Li-ion kinetics (transportation) and 



  

 25 

(3) the electronic contact between the active material and metallic current collector. 
The electronic conductivity in the electrode (film) can be improved by engineering its 
microstructure via intrinsic defects. The improvement of intrinsic electronic 
conductivity of TiO2 and (or) the introduction of highly conducting materials [33] is of 
fundamental. 

Zero-dimensional (0D), One-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) TiO2 nanostructures are intensively explored to upgrade the rate 
performance [24] [26] [34] of rechargeable batteries. However, these dimensional 
structures allow smooth electron diffusion through dimensional networks, while the 
performance is mostly affected by electrical conductivity of TiO2 [35]. Therefore, 
improving electronic conductivity of TiO2 without introducing heavy metals or Li in 
active functional materials become highly critical for its practical use. TiO2 
nanostructures has the capability to improve the Li ion kinetics by reducing its diffusion 
length and increasing its flux at the interface connecting the active TiO2 material and 
the electrolyte.  

Since TiO2 nanostructures allows better Li-ion kinetics along other possibilities to 
function better TiO2 nanostructures electrode electrochemically, the tap density will 
sufficiently reduce [36]. Low tap density is important in the practical use of TiO2 based 
electrodes because of its low specific capacity and high operating voltage over 1 V 
[31]. The energy barrier at the interface between the active material and the electrolyte 
must be higher than that for the bulk diffusion, to enabling Li insertion on the surface 
which can then improve the battery rate performance [24][37].  The specific plane In 
TiO2 nanomaterials allow fast interfacial charge transfer. Hence, the Li ion kinetics 
could be improved by engineering the crystallinity patterns of the material through 
crystallisation, cooling, and heating synthesis on the systems. TiO2 nanostructures 
could significantly reduce the Li ion diffusion length and increase the Li ion flux at the 
interface [35][37].  Specifically, the nanosized TiO2 material enables the improvement 
in Li ion kinetics without significant loss in tap density”. The demand of improving 
LixTiO2 nanostructured anode electrode materials with highly crystalline polymorphs 
to direct very fast Li ion transportation at low and high exposed temperatures 
conditions without structural deformations are highly required hence nanospheres, 
nanoporous and nanosheets structures are proposed. 

1.3. Sodium-ion batteries 

“The sodium-ion battery (NIB) is a type of rechargeable battery analogous to 
the lithium-ion battery but using sodium ions (Na+) as the charge carriers. Its working 
principle and cell construction are almost identical with those of commercially 
widespread lithium-ion battery types, but sodium compounds are used instead of 
lithium compounds. Sodium-ion batteries have received much academic and 
commercial interest in the 2010s and 2020s as a possible complementary technology 
to lithium-ion batteries, largely due to the uneven geographic distribution, high 
environmental impact, and high cost of many of the elements required for lithium-ion 
batteries. Chief among these are lithium, cobalt, copper, and nickel, which are not 
strictly required for many types of sodium-ion batteries [36]. The largest advantage of 
sodium-ion batteries is the high natural abundance of sodium. This would make 
commercial production of sodium-ion batteries less costly than lithium-ion batteries 
[37]. NIBs have attracted increasing attention for large-scale energy storage 
applications because of the natural abundance and low cost of sodium resources [38] 

https://en.wikipedia.org/wiki/Rechargeable_battery
https://en.wikipedia.org/wiki/Lithium-ion_battery
https://en.wikipedia.org/wiki/Sodium
https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Electric_charge
https://en.wikipedia.org/wiki/Lithium-ion_battery#Electrochemistry
https://en.wikipedia.org/wiki/Lithium-ion_battery#Electrochemistry
https://en.wikipedia.org/wiki/Lithium-ion_battery#Design
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[39] [40]. Na has a larger ionic radius (0.97Å) and higher redox potential ( -2.71 V vs. 
SHE) than Li, and the interactions between Na ions and the host crystal structures can 
vary greatly from those of their Li analogues [41], which is why Na-intercalation in 
compounds is often very different from the behaviour of the Li-analogues [38] [39] [40]. 
The anode material most applied in Li-ion batteries is graphite, for which Na-ion 
intercalation is not thermodynamically favourable [39]. Currently, reports on applicable 
anode materials for Na-ion batteries are limited in the literature [38] [40] [41], as 
summarized in Fig. 1. Hard carbon exhibits a reversible capacity of 240 mA h g-1 with 
stable cycle performance in a NaClO4/ EC: DEC electrolyte [42]. However, its density 
is very low, and most of the usable capacity is located near the sodium plating voltage, 
leading to potential safety concerns. Alloys such as Sn and Sb have been shown to 
exhibit very high storage capacities (~600 mA h g-1); however, undesired large volume 
changes during sodium insertion and extraction make it challenging to attain 
satisfactory cyclability without the use of special binders and electrolyte additives, and 
to achieve effective energy density [43].  

 

Figure 1.1: Illustrates the average voltage versus the reversible capacity for 
different anode materials for Na-ion batteries. Specific energy densities of 
constant lines are also indicated, suggesting a cathode of 200 mA h g-1 at 3.5 V 
average voltage. The specific energy density calculated from full cells within 
balanced weight of anode and cathode” [44].  

“Furthermore, alloy anodes were found to suffer from large capacity losses (150–500 

mAhg-1) during initial sodiation while oxides have also been explored as potential 

electrode candidates for Na ion batteries [44]. The initial capacity of Na2Ti3O7 is more 

than 200 mAhg-1; however, its cycling performance is not that sufficient [45] [46]. 

Whereas the Li4Ti5O12 can deliver a reversible capacity of 155 mAhg-1 in a 

displacement reaction with Na and shows good cyclability using carboxymethyl-

cellulose as the binder [47]. On the other hand a new anode material of P2-Na0.66-

[Li0.22Ti0.78]O2, exhibits excellent cyclability partly due to its negligible volume change 

(0.77%) during sodium insertion and extraction; even though, the usable capacity is 

limited to 100 mAhg-1  which corresponds  to 1/3 Na per formula unit [48]. Research 
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on layered NaMO2-type oxides (M ¼ 3d transition metal, such as Ti, V, Cr, Mn, Fe, 

Co, Ni) as intercalation electrode materials was initially commenced in 1980s but has 

received renewed interest recently [49].  

The use of advanced electrolytes has demonstrated reinvestigation of NaMnO2 and 

NaNiO2 compounds indicating reversibly exchange approximately of 0.8 Na and 0.5 

Na [50] [51], respectively. Noticeably these are larger than the previous results 

reported in the 1980s [52] [53]. Consequently, Mazzaz et al examined electrochemical 

performance of NaTiO2 [52] as a potential anode intercalation material same year 

when the NaMnO2 and NaNiO2 was restudied. Even though limited cyclable capacity 

corresponding to z0.3 Na was reported. Recent DFT calculation hinted at an unusually 

high barrier of 0.75 eV for Na migration in NaTiO2, [48] which could prevent 

intercalation at any reasonable rate. In 2020, sodium ion batteries had a small share 

within the battery market hence this technology was not mentioned in report by South 

Africa and the United States Energy Information Administration on battery storage 

technologies [54]. Hence, no electric vehicles use sodium ion batteries. The 

challenges to adoption include low energy density and a limited number of charge-

discharge cycles [55]”. 

1.4. Magnesium-ion batteries 

“Magnesium batteries are an alternative to those using lithium ion and sodium 

chemistry, are attractive for portable applications, potentially offering comparative or 

improved specific capacities to current Li-ion technology, and significant advances in 

volumetric capacity [56] [57] [58]. Lithium metal anodes grow dendrites upon cycling, 

which ultimately lead to battery short circuiting [59]. To avoid this issue, graphite is 

used as an intercalation host at the anode for Li-ion batteries, but this limits the 

volumetric capacity to 800 mA h cm-3. Magnesium metal anodes plate more uniformly 

upon cycling [60] , and thus the intercalation host can be avoided at the anode end, 

enabling a volumetric capacity of 3833 mA h cm-3 for Mg metal. Mg is heavier and less 

electropositive than Li and Na, but these deficits are compensated by its divalency and 

the reduced weight of a battery design that avoids the anode intercalation host, 

indicating that a specific capacities of Mg battery systems can approach or exceed 

those of Li-ion batteries using a graphite anode [57]. 

Magnesium is also inherently safer than lithium-ion battery systems, and is far more 

abundant and cheaper than lithium, making it a more scalable technology for future 

energy storage solutions. Issues finding Mg battery electrolytes compatible with both 

electrodes remain [58], however a key bottleneck in the development of Mg batteries 

is the search for a suitable cathode material [56]. The intercalation of divalent ions 

presents several challenges compared to those of monovalent ions. Multivalent 

cathode materials are more prone to conversion reactions, and this is a particular issue 

for Mg due to the high thermodynamic stability of MgO [61]. Divalent Mg ions also 

experience a stronger electrostatic interaction with the anionic framework of the 

cathode host than Li ions, so despite their similar size, Mg ions typically experience 

significantly higher activation barriers for movement, leading to poor kinetics [62]. 

Therefore, the options available for suitable cathode materials are limited. The 

pioneering work of Aurbach first demonstrated that Mg battery chemistry was possible, 

https://en.wikipedia.org/wiki/United_States_Energy_Information_Administration
https://en.wikipedia.org/wiki/Energy_density#Batteries
https://en.wikipedia.org/wiki/Charge_cycle
https://en.wikipedia.org/wiki/Charge_cycle
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yet the Chevrel phase Mo6 S8 cathode used offered a limited voltage [63]. Since this 

work, extensive experimental and computational work has investigated materials that 

may be suitable for Mg intercalation cathodes, often motivated by their known 

performance as Li-ion intercalation hosts [57] . One of the materials that has been the 

subject of numerous studies as Li intercalation host is TiO2 [64] [65] [66]. Although they 

do not offer high operating voltages, the titania anatase [67] and TiO2 (B) [68]  

polymorphs show good rate performance for Li intercalation, making them attractive 

for high power applications. Anatase TiO2 has also been explored as a possible 

cathode material for Na-ion batteries [69]. As an Mg-battery cathode, intercalation to 

Mg0.5TiO2 provides a high theoretical capacity of 294.5 mA h g-1. Furthermore, the 

anatase TiO2 displays excellent stability, low toxicity, and high abundance hence an 

attractive sustainable battery material”. 

1.5. Applications 

The large oxidizing power of photogenerated holes in TiO2 together with the low cost 

and good physical and chemical stability of the material render it the semiconducting 

material of choice for many applications. Many promising technologies in the field of 

energy generation accumulation and saving as well as environmental 

decontaminations as illustrated in Figure 1.2, are based on TiO2 nanoarchitectured 

materials, hence the discussions in this thesis will be based on these fields. 

 

Figure 1.2: Field of applications of TiO2 nanomaterials directly and indirectly 
related to their electrochemical properties. 

1.5.1. Energy Accumulation 

The high specific energy and power available from commercialized Li-ion batteries to 

research-based Na-ion and Mg-ion batteries with the ability to charge/discharge them 

many times are of key importance in electronic portable devices, the current and future 

developments of hybrid electric vehicles [70] [100]. Metal ion batteries are composed 

of cells that employ cation intercalation compounds as positive and negative electrode 

(Figure 1.3) [71] . Most commercial batteries i.e., lithium-ion batteries use graphite as 
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the anode materials (negative electrode), despite its utilisation graphite electrodes 

have some disadvantages, such as the loss of its initial capacity due to it structural 

deformation. To avoid these imperfections, in the past decades there has been 

increasing interest in developing new anode electrode materials with enhanced 

kinetics [72]. All crystalline phases of TiO2 (anatase, rutile, brookite, and TiO2 (B)) can 

accommodate Li+, Na+, Mg2+ in their structures to some extent. The accommodation 

capacity depends on the size of the particles [73] [74]. Kinetic limitations are 

responsible for the differences between micro- and nanosized TiO2 [75] [76]. The latter 

materials are beneficial for these applications because they provide a large 

electrode/electrolyte interface, which favours fast insertion/extraction [77] [78] [79]. 

Another crucial characteristic of TiO2 for applications in Metal-ion batteries in addition 

to particle size is its interstitial defects through microstructural properties. In our 

previous study we have studied and explored lithiation into bulk, nanosphere, 

nanoporous, and nanosheets TiO2 systems to find more structural and microstructural 

stability insights influenced by Li-ion concentration and simulation temperature 

between 0 K and 500 K [24]. Their improved performance in comparisons with other 

nanoarchitectures can be ascribed to shorter diffusion lengths for the electrons and 

metal ions. 

 

Figure 1.3: Illustrate lithium-ion cell during discharge. 

1.5.2. Saving Energy 

The use of TiO2 nanomaterials in the development of electrochromic and 

photochromic layers with fast responses and high coloration efficiency has been 

explored in the literature [80] [110]. Electrochromic can be defined as the ability of a 

material to undergo a colour change upon oxidation or reduction. Almost all transition 

metal oxides are electrochromic [81]. These materials have been extensively 

investigated due to their potential application in practical devices [80] [82]. The 
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mechanism of electrochromic as in the case of the intercalation batteries, is the double 

injection of electrons and ions into the oxide matrix (Eq.1.2) [83]: 

                     TiO2 +x(M+ +e-)↔MxTiO2      1.2 

Where M+ can be either Li+ or Na+ (x is the insertion coefficient, whose effective value 

depends on the micro- and nanostructure of the electrode). During charge injection, 

electrons are localised at the titanium sites, thereby changing the valence of Ti ions 

from 4 to 3. The Ti3+ ions formed lead to additional electronic states in the TiO2 located 

at 0.75-1.18eV below the edge position of the conduction band edge position on the 

electrode potential scale, triggering light absorption in the visible range. Reaction 1.2 

is reversible, that is upon applying anodic potential to the TiO2 electrode in the inserted 

ions are expelled and Ti3+ ions are oxidized again to Ti4+.The insertion/extraction of 

M+ during reduction/oxidation the associated coloration/bleaching of the thin film is 

depicted in Figure 1.4. 

 

Figure 1.4: Illustrates the working principle scheme of electrochromic TiO2 

nanoporous thin films. M+ can either be Li+ or Na+ [82][84]. 

The electrochromic properties of different nanomaterials can be compared by 

performing spectroelectrochemical measurements. Electrochromic parameters such 

as the counter electrode, cyclic durability and the kinetics of the coloration and 

bleaching processes strongly depend on structural, morphological and composition 

characteristics and therefore on the technique employed for the preparation of the 

electrode [84]. As reversible ion intercalation is typically limited to a very thin metal 

oxide layer, to achieve a substantial contrast, a high surface area is required [85] [86]. 

1.6. Battery Operations 

The battery lifespan can be influenced by knowing what factors can be improved to 

mitigate the battery capacity loss through achieving optimal battery efficiency. During 

discharge, ions (Li+, Na+, Mg2+) carry the current within the battery from the negative 

to the positive electrode, through the non-aqueous electrolyte and separator 

diaphragm [87]. During charging, an external electrical power source (the charging 

circuit) applies an over-voltage (a higher voltage than the battery produces, of the 

https://en.wikipedia.org/wiki/Electrical_current
https://en.wikipedia.org/wiki/Aqueous_solution
https://en.wikipedia.org/wiki/Electrolyte
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same polarity), forcing a charging current to flow within the battery from the positive to 

the negative electrode, i.e., in the reverse direction of a discharge current under 

normal conditions. The ions then migrate from the positive to the negative electrode, 

where they become embedded in the porous electrode material in a process known 

as intercalation. Energy losses arising from electrical contact resistance at interfaces 

between electrode layers and in contacts with current collectors can be up to 20% of 

the entire energy flow of batteries under typical operating conditions [88].  

The charging procedures for single Metal-ion cells, and complete Metal-ion batteries, 

are slightly different:  

• A single metal-ion cells is charged in two stages [89] [90]: 

1. Constant current (CC). 

2. Constant voltage (CV). 

• A metal-ion battery (a set of metal-ion cells in series) is charged in three stages: 

1. Constant current. 

2. Balance (not required once a battery is balanced). 

3. Constant voltage. 

 

During the constant current phase, the charger applies a constant current to the 

battery at a steadily increasing voltage until the voltage limit per cell is reached. During 

the balance phase, the charger reduces the charging current (or cycles the charging 

on and off to reduce the average current), while the state of charge of individual cells 

is brought to the same level by a balancing circuit, until the battery is balanced. Some 

fast chargers skip this stage. Some chargers accomplish the balance by charging each 

cell independently. During the constant voltage phase, the charger applies a voltage 

equal to the maximum cell voltage times the number of cells in series to the battery, 

as the current gradually declines towards 0, until the current is below a set threshold 

of about 3% of initial constant charge current. Periodic topping charge about once per 

500 hours. Top charging is recommended to be initiated when voltage goes 

below 4.05 V/cell.  

Failure to follow current and voltage limitations can result in an explosion [91] [92]. 

Charging temperature limits for Li-ion are stricter than the operating limits. Lithium-ion 

chemistry performs well at elevated temperatures but prolonged exposure to heat 

reduces battery life. Metal-ion batteries mostly commercialised Li-ion batteries offer 

good charging performance at cooler temperatures and may even allow 'fast-charging' 

within a temperature range of 5 to 45 °C (278.15 K to 318.15 K) [124].  Charging should 

be performed within this temperature range. At temperatures from 0 to 5 °C charging 

is possible, but the charge current should be reduced. During a low-temperature 

charge, the slight temperature rise above ambient due to the internal cell resistance is 

beneficial. High temperatures during charging may lead to battery degradation and 

charging at temperatures above 45 °C will degrade battery performance, whereas at 

lower temperatures the internal resistance of the battery may increase, resulting in 

slower charging and thus longer charging times [93].Consumer-grade lithium-ion 

batteries should not be charged at temperatures below 0 °C (273.15 K). Although a 

https://en.wikipedia.org/wiki/Intercalation_(chemistry)
https://en.wikipedia.org/wiki/Contact_resistance
https://en.wikipedia.org/wiki/Electrode
https://en.wikipedia.org/wiki/Constant_current
https://en.wikipedia.org/wiki/Voltage_source
https://en.wikipedia.org/wiki/Constant_current
https://en.wikipedia.org/wiki/Voltage_source
https://en.wikipedia.org/wiki/State_of_charge
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battery pack [94]  may appear to be charging normally, electroplating of metallic lithium 

can occur at the negative electrode during a subfreezing charge, and may not be 

removable even by repeated cycling. Most devices equipped with Li-ion batteries do 

not allow charging outside of 0-45 °C for safety reasons, except for mobile phones that 

may allow some degree of charging when they detect an emergency call in progress 

[95].  

Batteries gradually self-discharge even if not connected and delivering current. Li-ion 

rechargeable batteries have a self-discharge rate typically stated by manufacturers to 

be 1.5–2% per month [96] [97]. The rate increases with temperature and state of 

charge. A 2004 study found that for most cycling conditions self-discharge was 

primarily time-dependent; however, after several months of stand on open circuit or 

float charge, state-of-charge dependent losses became significant. The self-discharge 

rate did not increase monotonically with state-of-charge but dropped somewhat at 

intermediate states of charge [98]. Self-discharge rates may increase as batteries age 

[99]. In 1999, self-discharge per month was measured at 8% at 21 °C, 15% at 40 °C, 

31% at 60 °C [100] . By 2007, the monthly self-discharge rate was estimated at 2% to 

3% [101], and 2-3% by 2016 [102].  

Different Conditions including battery age, temperature, state of charge (SOC), and 

Depth of discharge (DOD) all have different effects on a battery’s lifespan as the result 

of battery calendar-life loss and cycle-life loss through charging and discharging 

processes [103]. Different environmental factors which affect battery life during battery 

storage, as well as cycling conditions during usage, are discussed below. 

1.6.1. During storage  

1) Temperature  

Temperature is one of the major contributions of battery capacity loss during storage. 

High temperatures cause thermal decomposition of the electrodes and electrolyte. 

Decomposition of the electrolyte increases the solid electrolyte interface (SEI) film 

thickness on the anode consuming ions which then increases the cell internal 

resistance (IR) and reduces battery capacity. In addition, gases are formed during the 

decomposition, which increases the internal pressure in the cell and poses safety 

issues. Table 1 shows percentage of Li-ion batteries’ capacity lost in one year when 

stored at different temperatures [104]. The Li-ion batteries were stored under the same 

SOC (40%). The higher the temperature, the more the batteries degrade. In addition, 

Table 1 also shows that extreme temperature significantly accelerates the capacity 

loss. The 25 degrees increase from 273.15 K to 298.15 K only caused 2% more 

capacity loss, while the 20 K increase from 313.15 K to 333.15K caused 10% more 

capacity loss. 

 

 

https://en.wikipedia.org/wiki/Self-discharge
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Temperature (K) 40% charge 100% charge 

273.15 (0 oC) 98% (after 1 year) 94% (after 1 year) 

298.15 (25 oC) 96 (after 1 year) 80 % (after 1 year) 

313.15 (40 oC) 85% (after 1 year) 65% (after 1 year) 

333.15 (60 oC) 75% (after 1 year) 60% (after 3 months) 

Table 1: Estimated recoverable capacity when storing Li-ion batteries at various 
temperatures and SOC [135] 

For metal-ion batteries, temperatures above 303.15 K are considered stressful 

environments and can cause significant battery calendar-life loss [104]. It is 

recommended to store Li-ion batteries at temperatures between 278.15 K and 293.15 

K to prolong battery life [104]. 

2)  State of Charge (SOC 

 

Figure 1.5: illustrates discharge voltage as a function of SOC [135] 

For Li-ion batteries, open circuit voltage (OCV) increases with SOC, as shown in 

Figure 1.5. During storage, the higher battery SOC, the higher the battery OCV. 

However, high OCV can increase SEI growth and initiate electrolyte oxidation inside 

Li-ion batteries, which causes capacity loss and increase of IR. Figure 1.6 shows 

different Li-ion battery degradation rates at various SOCs during a ten-year period of 

storage. The remaining capacity of Li-ion batteries decreases faster as the SOC level 

increases [105]. 
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Figure 1.6: Calendar aging with varying SOC at 25 Celsius [105] 

Table 1 also includes SOC as a variable, which shows that the Li-ion batteries that 

were stored at 100% SOC retained significantly less capacity than the ones stored at 

40% SOC. However, a SOC lower than a certain level increases the battery IR and 

capacity fading [106]. Extremely low OCV (< 2V/cell) results in slow degradation of 

LiCoO2 and LiMn2O4 batteries, oxygen release and irreversible capacity loss [107]. 

Thus, maintaining Li-ion batteries at an intermediate SOC level can reduce battery 

degradation and prolong battery life. Li-ion batteries are recommended to charge or 

discharge them to approximately 50% SOC before storage [103]. 

1.6.2. During cycling 

1). Temperature 

Increased temperature during battery operation can improve battery performance. For 

example, warming a dying battery in a smartphone in one’s pocket might provide 

additional runtime due to improved electrochemical reaction. Manufacturers specify 

the nominal temperature at 300.15 K to prolong the battery runtime while prolonged 

cycling under high temperature shortens battery life. A battery operated at 303.15 K 

has a 36 reduced cycle life by 20%. At 318.15 K, the battery only has half of its optimal 

lifetime, which can be achieved when operating at 293.15 K [108]. Extremely low 

temperatures increase the battery IR and decrease significant amount of discharge 

capacity. A battery that provides 100 % capacity at 300.15 K will typically deliver only 

50% capacity at 255.15 K [108]. Figure 1.7 shows the variations of the discharge 

capacity of a lithium polymer cell when discharged from 4.2 V to 3.0 V at different 

temperatures [109].  
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Figure 1.7: Battery discharge capacity at various temperatures [140] 

The batteries’ capacity at low temperatures (0°C, - 10°C, -20°C) are lower than the 

ones at higher temperature (25°C, 40°C, 60°C). In addition, charging Li-ion batteries 

at low temperatures (below 15°C) leads to lithium plating due to the slow-down of the 

intercalation of lithium ions. This process accelerates the degradation of Li-ion 

batteries by increasing the internal resistance (IR) and decreasing battery discharge 

capacity of the battery [108]. Thus, moderate operating temperatures are 

recommended to improve Li-ion battery performance and useful life. A temperature of 

20° C or slightly below is recommended for Li-ion batteries to achieve optimum service 

life. However, manufacturers recommended a temperature of 27°C, for maximum 

battery runtime [108].  

2. Depth of discharge (DOD) 

DOD has a dominant effect on the cycle life of metal-ion batteries. Deep discharges 

cause pressure in battery cells and damage negative electrode cites, which 

accelerates capacity loss and possible cell damage. As shown in Figure 1.8, the higher 

the cycling DOD, the shorter the battery cycle life. 



  

 36 

 
   Figure 1.8: Li-ion battery cycle number vs. DOD [105]. 

DODs greater than 50% are considered deep discharge. When a Li-ion battery is 

discharged from 4.2V to 3.0 V, roughly 95% of its energy is spent, and continued 

cycling will result in the shortest battery life. Full discharge should be avoided during 

Lithium-ion battery cycling to reduce capacity loss. Partially discharging and charging 

Li-ion batteries is recommended to prolong battery life. Manufacturers often use the 

80% DOD formula to rate a battery, which means that only 80% of the input energy is 

delivered during battery use and another 20% is reserved to achieve a longer battery 

service life. However, even though decreasing DOD can prolong Li-ion battery cycle 

life, too low a DOD can lead to insufficient battery runtime and then ability to finish 

certain tasks. Around 50% DOD is recommended during usage of Li-ion batteries to 

achieve maximum lifespan, as well as to provide optimal battery service time; hence 

the same must apply on both sodium ion batteries and magnesium ion batteries. 

 

3) Charge voltage  

High charge voltage gives metal-ion batteries high capacity and enables prolonged 

battery runtime. However, it is not recommended to fully charge metal-ion batteries. 

Charging Li-ion batteries above 4.1V/cell leads to lithium plating, which increases the 

loss of lithium ions as they form metallic lithium on the anode. This process not only 

decreases battery capacity, but also might lead to internal short circuits and cause 

fires. Figure 1.9 shows metal-ion batteries capacity degradation under high charge 

voltages (> 4.2 V/cell). The higher the charge voltage, the faster the capacity degrades 

and the shorter the cycle life. 
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          Figure 1.9: Effects on cycle life at elevated charge voltages [109]. 

Table 2 shows that among charge levels from 3.70V- 4.30V, 4.20 V is the charge 

voltage level at which batteries gain the most capacity (100%) under Li-ion battery 

safety specifications. Every 70 mV reduction in charge voltage lowers the overall 

capacity by approximately 10% [104]. Table 2 also shows the shortened cycle life 

because of the high charge voltage. The cycle life at the charge voltage of 3.90 V is 

the longest (2400-4000) among charge levels from 3.90V- 4.30V and is reduced to 

half with every increase of 0.10V in charge voltage. 

 

Charge Level (V/cell) Discharge cycles Available Stored Energy 

[4.30] [150-250] [110-115%] 

4.25 200-350 105-110% 

4.20 300-500 100% 

4.15 400-700 90-95 

4.10 600-1000 85-90% 

4.05 850-1500 80-85% 

4.00 1200-2000 70-75% 

3.90 2400-4000 60-65% 

3.80 See note 34-40% 

 3.70 See note 30% and less 

Table 2: Discharge cycles and capacity as a function of charge voltage limit 
[104]. 

 

For most Li-ion batteries, a voltage above 4.10V is considered a high voltage and 

significantly accelerates battery degradation. Lower charge voltage prolongs battery 

life but provides less runtime for the user. Moreover, Li-ion batteries should avoid 
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discharge below 2.5V/cell. Optimal charge voltage is 3.92V, which allows the batteries 

to achieve longest cycle life [104]. Electronic products such as laptops and cell phones 

usually have a high voltage threshold to achieve maximum battery runtime. Large 

energy storage systems for more expensive applications such as EV or satellites, on 

the other hand, set the voltage threshold lower to prolong battery life. However in both 

cases, it is important not to overcharge Li-ion batteries, which will damage them, 

significantly shorten battery life, and potentially cause fires or explosions. 

1.7. Literature Review 

“Electric motors are now used as an alternative power source for combustion engines 

with a fuel tank; (plug-in hybrid) electric vehicles equipped with large-scale LIBs as 

power sources have been introduced to the automotive market, which could reduce 

the energy dependence on fossil fuels for a transportation system in the future. The 

energy of a battery module is increased to 5000−20 000 Wh for (plug-in hybrid) electric 

vehicles (EVs). To reduce the battery cost, high-energy cobalt-based materials as 

positive electrodes cannot be used for large-scale application. In addition, recently, 

the demand for advanced energy storage technology is rapidly emerging throughout 

the world. A large-scale energy storage system for the grid is necessary to utilize high 

efficiency electrical energy with and for peak shift operation [110].1 Indeed, some 

battery companies have already developed LIBs with megawatt hour (MWh) scale and 

plan to begin a demonstration test for electrical energy storage (EES). Such MWh-

class batteries are also probably used to store electricity generated from solar cells 

and wind turbines as green and renewable energy resources. Lithium is widely 

distributed in the Earth’s crust but is not considered as an abundant element [111]. 

The relative abundance of lithium in the Earth’s crust is limited to be only 20 ppm as 

shown in Figure 1.10 [112] 

 

Figure 1.10:  Elemental abundance in the Earth’s crust [112].        

Indeed, the materials cost (the price of Li2CO3) was steeply increased during the first 

decade of this century.4 Moreover, lithium resources are unevenly distributed in most 

countries; therefore, production of LIBs depends on the import of lithium from other 

countries. In contrast to lithium, sodium and magnesium resources are unlimited 
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everywhere, and they are one of the most abundant elements in the Earth’s crust. 

Table 3. Based on material abundance and standard electrode potential, rechargeable 

sodium batteries and magnesium ion batteries are the ideal alternative to LIBs [113] 

[114] [38]. NIBs are operable at ambient temperature and metallic sodium is not used 

as the negative electrode, which is different from commercialized high temperature 

sodium-based technology, for example, Na/S batteries and Na/NiCl2 batteries [115] 

[116]. 

 Li+ Na+ Mg2+ 

Relative atomic Mass 6.94 23.00 24.31 

Mass to electron ratio 6.94 23.00 12.16 

Shannon’s Ionic radii/Å 0.76 1.02 0.72 

Eo (vs SHE)/V -3.04 -2.71 -1.55 

Melting Point/oC 180.5 97.7 650.0 

Theoretical Capacity of 
metal electrodes/mAhg-1 

3861 1166 2205 

Theoretical Capacity of 
metal electrodes/mAh 
cm-1 

2062 1131 3837 

Theoretical Capacity of 
ACoOH/mAhg-1 

274 235 260 as Mg0.5CoO2 

Theoretical Capacity of 
ACoOH/mAhcm-1 

1378 1193  

Molar conductivity in 
AClO4/PC/S/cm2 mol-1 

6.54 7.16  

Disolvation energy in 
PC/kJ mol-1 

218.0 157.3 572.3 

Coordination preference Octahedral 
and 
tetrahedral 

Octahedral and 
prismatic 

Octahedral and 
tetrahedral 

Table 3: Illustrates physical properties of Li+, Na+, Mg2+ comparison as chargers 
for rechargeable batteries [117] [118] [119]. 

1.7.1. Structural Properties of TiO2 

“Titanium dioxide (TiO2) it is an important and widely used band gap (3.0-3.2 eV) oxide 

semiconductor, that presents unique physical and chemical properties that can satisfy 

the criteria of providing clean energy based on advanced nanomaterials [7] [28]. TiO2 is 

an excellent candidate for anode electrode materials for lithium-ion batteries, sodium 

ion batteries, and magnesium-ion batteries [120], due to its ability to host higher 

concentrations of single valent (Li+ and Na+) and divalent cations (Mg2+) and maintained 

its structural stability framework when exposed to lower (0 K) and higher (2000 K) 

temperature conditions.  At least 11 reported bulk or nanocrystalline phases of TiO2 

have been reported. In nature, TiO2 forms three main phases: rutile (tetragonal), 

anatase (tetragonal) and brookite (orthorhombic) [121]. All these TiO2 phases can be 

seen as constructed by Ti-O octahedral units and the basic building block of the 

structures of a titanium atom surrounded by six oxygen atoms in a distorted TiO6 

octahedral configuration. The crystal models of the three polymorphs are illustrated 

Figure 1.11 [122]. The main structural differences are the connecting ways of the basic 
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Ti-O octahedral repetitive units; for instance, octahedral shares two, three, and four 

edges in rutile, brookite, and anatase polymorphs respectively. Under the conditions of 

normal temperature and atmospheric pressure, the relative stability of bulk polymorphs 

is rutile>brookite>anatase>TiO2 (B) [123]. However, this stability order can be affected 

by ambient conditions and samples properties (particle size, morphology, surface state, 

etc). These TiO2 polymorphs are distinguished by running X-ray diffraction analysis, 

microstructural view snapshots or electrochemical techniques where each phases have 

their specific applications. Therefore, this study was conducted to find more insights into 

phase transformation in TiO2 nanosphere, nanoporous, and nanosheets architectures 

to improve phase stability throughout the atomistic simulation technique.” 

 

Figure 1.11:  Indicates TiO6 polyhedral of a (A) rutile, (B) anatase and (C) 
brookite. Right: a unit cell of the natural TiO2 crystal phases. Adapted from ref 
[122] and [123]. The light red and dark red spheres are Ti4+ and O2- ions, 
respectively. 

“Rutile is the most common mineral form of TiO2 in nature. Its unit cell is tetragonal 

with one axis 30% shorter than the other two (a= 4.593Å, c= 2.959Å). The structure is 

constituted by distorted octahedral TiO6 units with oxygen ions shared with other 

adjacent Ti ions. Every Ti ion is surrounded by six O ions and every O ion is 

surrounded by 3 Ti ions in a trigonal planar arrangement. Anatase presents a more 
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distorted structure, where every octahedral share 4 edges with the adjacent ones 

[121]. The size of the unit cell is given by a = 3.785 Å and c = 9.514 Å. The difference 

between anatase and rutile properties arises from structural differences between them 

that is the local structure of rutile is more regular with shorter metal-metal bond 

distances, thus being denser than anatase [124].  

In recent years the interest in brookite has increased. Its structure is also composed 

of distorted octahedra that’s share edges and corners among them. The size of this 

unit cell (orthorhombic) is given by a = 9.174Å, b = 5.449Å and c = 5.138Å.””Because 

of differences in their lattice structure, rutile and anatase are characterised by different 

electronic band structures. In both cases, the VB states are derived from O 2p atomic 

orbitals, while the covalent bond mostly derived from Ti 3d orbitals [125]. Moreover, 

TiO2 under normal conditions is thermodynamically stable as a non-stoichiometric 

compound, with anion (oxygen) deficiencies. Therefore, It can be denoted as TiO2-x. 

Generally, the vacancies can introduce localised ionised states. In the case of TiO2 

oxygen vacancies are formally compensated by the adoption of +3 oxidation states by 

an equivalent number of titanium atoms. These Ti3+ ions behave as electron donors, 

introducing localised levels next to the CB, providing an n-type character to TiO2.  

The electronic structure of anatase is shown in Figure 1.12, and that of rutile in Figure 

1.13. The relevant states of TiO2 results from the combination of Ti eg, Ti t2g, O Pσ and 

O 2p z. The VB can be decomposed into three-main regions that resulting from Ti 3d 

– O 2p σ (Pσ orbitals) bonding states (low energy region), that resulting from Ti 3d-O 

2p π bonding in the middle energy region and resulting of O Px orbitals in the higher 

energy region due to O Px nonbonding orbitals at the top of the valence band. For 

both anatase and rutile, the VB is around 6eV wide. The CB for both structures is 

composed of the Ti eg and t2g bands. The dxy states in the case of anatase are located 

at the bottom of the CB, while in the case of rutile, the bottom of the CB is composed 

of π antibonding MO.”  
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Figure 1.12: Molecular orbital for anatase TiO2: a) Atomic levels, b) crystal-filed 
split levels, c) final interaction states. The solid and dashed lines represent large 
and small contributions, respectively [125]. 

 

Figure 1.13: Molecular orbital for rutile TiO2: a) Atomic levels, b) crystal-filed 
split levels, c) final interaction states. The solid and dashed lines represent large 
and small contributions, respectively [124]. 

The bond distances of Ti-O and O-O in rutile, anatase, and brookite are shown in Table 

4. Generally, the orbital intersection within a bond decrease as the bond distance 

increases. The Ti-O and O-O bond distances are longer in the brookite and shorter in 

rutile phase. Therefore, a stronger orbital interaction is expected for rutile than for 

brookite, which in turn results in a lower band gap in the case of rutile [126]. The band 

gap of brookite (3.14 eV) is intermediate between those of anatase (3.2 eV) and rutile 

(3eV). 

 Ti-O (Å) O-O (Å) Eg/eV 

Rutile 1.91-1.94 2.43 3 

Anatase 1.92-1.95 2.43 3.2 

Brookite 1.87-2.04 2.49 3.14 

Table 4: Bond distances of Ti-O and O-O and energy band gap for rutile, anatase, 
and brookite. 

Thermodynamically, rutile is stable and anatase is metastable at ambient pressure 

and temperature. Thermodynamics indices that the phase stability is also dependent 

on particle size and was found that anatase is more stable than rutile when particle 

size is smaller than 14nm [127]. Anatase has been reported to be thermodynamically 
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stable for nanostructure sizes < 11nm [122] [127].  This may explain why anatase is 

11 and 35 nm and rutile are stable for nanostructures >35nm. This may explain why 

anatase is the main phase in the synthesis of nanocrystalline of TiO2. These 

observations have been attributed to two main effects: surface energy and precursor 

chemistry. For very small particle dimensions, the surface energy is an important part 

of the total energy, and surface anatase has been found to be lower than that of rutile 

and brookite [122] [128]. X-ray diffraction patterns characterisation is one of the best 

tools to instantly differentiate these three major polymorphs as seen from Figure 1.11 

for the three polymorphs was also explored by various researchers for their respective 

applications, where an almost similar characteristics of that of pure structure have 

always been observed through different experimental techniques.  

1.7.2. TiO2 Nanostructures 

The nanostructures of TiO2 have created a lot of interest in various applications due 

to their different forms and surface energy, applications such as biosafety, health 

[129], rechargeable ion batteries (RIB) and supercapacitor [130] [131].  Recently, TiO2 

nanostructures such as nanosphere [132], nanorods [133], nanowires [134], nano 

whiskers [135], nanoporous [136], nanosheets [137] and nanosizing [138] have been 

studied for different applications with different methods. Nanoparticle TiO2 is more 

effective as a photocatalyst compared to the bulk parent material [139]. When the 

diameter of the crystallites of a semiconductor particle falls below a critical radius of 

about 10 nm, each charge carrier behaves quantum mechanically [140]. Lithium 

insertion into nanoparticles of other TiO2 common polymorphs, such as rutile and 

brookite, was not well known until very recently, when a high Li electroactivity was 

reported in nanometre sized rutile and brookite TiO2 at room temperature [141] [142]. 

It was noticed that crystalline size of brookite TiO2 has effect on lithium intercalation 

[143]. The bulk rutile TiO2 and its (110) surface have been investigated with a 

computationally efficient semi-empirical tight binding method [130]. However, the 

study has not reported on the interatomic parameters of this system or its bulk. The 

anatase phase of bulk structure of TiO2 has been preferred for lithium intercalation 

than the brookite [142]. More structural features must be studied so that we can have 

a clear understanding of which polymorphs can accommodate more lithium atoms. 

Various authors for different applications have studied nanoporous structure [144] 

[145]. It has reported that nanoporous structure has a good electrochemical 

performance due to its large surface area [136]. Nanoporous structure has been 

studied with an ordered structure and it shows enhanced photocatalytic activity [146]. 

Large-scale preparation of nanoporous structure have shown the anatase TiO2 porous 

morphology with the diameter of 20 nm.  

Nanosheets in an anatase phase have improved photoelectric conversion efficiency 

[147]. They also reported nanosheets with facet and their applications for solar cells 

[146]. The energy storage, conversion, and catalytic activities of TiO2 nanosheets are 

a more recent area of study compared to nanoparticulate and nanoporous TiO2 

because the exposure of highly reactive surfaces renders the nanosheets unstable 

during crystal growth [148]. Nanosheets of TiO2 comprising mixed polymorphic phases 

(brookite with anatase and rutile) are easier to synthesise than pure brookite and were 
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found to be photoactive, particularly for photo-oxidation reactions in solid-liquid and 

gas-solid systems [148]. TiO2 nanoparticles have being studied for high-pressure 

crystallisation where they generated full atomistic model of a TiO2 nanocrystal [149]. 

Their simulation technique has been used to study various nanostructures of TiO2 

[150].  

1.7.3. Simulated TiO2 Nanostructures 

To study chemical and physical properties of TiO2 nanostructures through atomistic 

simulation synthesis, realistic models of TiO2 containing interstitial microstructural 

defects, X-ray diffraction patterns, and Ti-O bond distances observed in experiments 

are crucially required for fast Li+, Na+ and mg2+ diffusion during charging and 

discharging. Utilisation of the previously generated TiO2 nanosphere, nanoporous and 

nanosheets models through amorphisation and recrystallisation simulation synthesis 

allows natural evolution for most structural feature frameworks that exist in genuine 

systems. Structural evolution is dependent only on interatomic potentials and lattice 

misfit rather on the instinct of the simulator [151]. In summary the synthesis of 

generating TiO2 nanosphere, nanoporous, and nanosheets includes cutting a cube of 

about 15972 atoms (5324 titanium and 10648 oxygen atoms) from the crystalline bulk 

TiO2 composite followed by placing it at the basis position within the cell, then 

amorphising it by increasing the lattice parameter by a specific percentage to induce 

strain, and finally running a molecular dynamics simulations synthesis at exactly 2000 

K. The nanosheet was generated by reducing the three cell dimensions whereas the 

nanoporous was generated by reducing three cell dimensions. Finally, a constant 

volume molecular dynamics simulation calculation was performed for each TiO2 nano-

architectures until recrystallisation was complete [24]. The external view of the 

previously generated TiO2 a) nanospheres, b) nanoporous and c) nanosheets 

architectures to be undergone through lithiation, sodiation and magnesiation synthesis 

in this current study along with their corresponding SEM structures obtained through 

experimental research are shown in 1.14, Figure 1.15, Figure 1.16 below. 

 

Figure 1.14: Illustrates structural view of a) simulated TiO2 nanosphere and b) 
SEM image of pure TiO2 of Pradubkorn et al [152] 
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Figure 1.15: Illustrates structural view of a) simulated TiO2 nanoporous and b) 
SEM image of nanoporous TiO2 film Sajad et al [153] 

 

Figure 1.16: Illustrates structural view of a) simulated TiO2 nanosheets and b) 
SEM image of TiO2 nanosheets song et al [154]. 

1.8. Research Problem 

The safety problems associated with commercially available rechargeable metal-ion 

batteries can occur under abnormal abuse conditions, namely mechanical abuse (e.g., 

crushing, nail penetration, dropping, shock, etc.), electrochemical abuse (e.g., 

overcharging, over discharging, short-circuiting fully charged batteries, gas 

generation, etc.), and thermal abuse (e.g., external heating, scorching with flames, hot 

combustion gases from fire, etc.). Electrochemical abuse in most cases leads to the 

formation of dendrites at the anode, where dissolution of the current collector, 

exothermic decomposition of the electrolyte, gas evolution, and heat generation 

eventually lead to a thermal discharge reaction of the entire battery. In addition, 

batteries exposed to external heating are directly damaged by the heat effect and 

quickly suffer thermal discharge. These incidents have become a critical problem for 

most metal ion batteries, which cannot withstand very harsh conditions. 

1.8.1. Problem statement 

Lithium (Li) ion batteries have been widely used in portable electronic devices and 

regarded as promising devices in the application of electric vehicles [4]. The energy 

density and performance of Li-ion batteries are largely dependent on the physical and 

chemical properties of the cathode and anode materials [111]. Typically, both 

electrodes in a Li-ion battery are intercalation compounds which, as their name 
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implies, store Li+ by inserting them into their crystal structure in a top tactic manner [6]. 

Graphite is the state-of-the-art commercial anode material widely used for Li batteries 

because of its high Coulombic efficiency and better cycle performance [155]. However, 

this graphite suffers from one or more of these problems: limited Li storage capacity, 

large irreversible capacity loss, low charge/discharge rate capacity and poor capacity 

retention upon the charge/discharge cycling, etc [77].  

Therefore, the anode used in most Li-ion batteries is based on graphite carbon, which 

stores up to one Li+ for every six carbon atoms between its graphene layers [156]. As 

a results of the capacity limit of graphite, the energy density of the Li-ion battery cannot 

satisfy the requirements of portable electronic devices. Traditional intercalation-type 

graphite materials show low Li storage capacity (372 mAhg-1, LiC6) due to limited Li 

ion storage sites within a hexagonal carbon structure [110]. To meet the increasing 

demand for high-energy density, much effort has been made to explore new anode 

materials [8]. Therefore, Titanium dioxides (TiO2) nano-architecture materials are 

possible alternative anode materials with excellent capacity to host Li+, Na+ and Mg2+ 

and solve most graphite challenges.  

The recent findings of computationally generated bulk, nanosheets, nanoporous and 

nanosphere TiO2 can reversibly insert lithium ions [9]. These nano-architecture 

materials have attracted a lot of attention due to their ability to store/host higher Li 

contents (concentrations) that undergo through recrystallisation simulations synthesis, 

along with their high temperature resistant.  Thus, these have led us to quench more 

interest in scientific investigations on replacing Li+ ions with Na+ and Mg2+ ions in the 

specified TiO2 nanostructures to compare their structural, thermodynamic, and 

transport properties. The TiO2 precursor materials are environmentally friendly, 

exhibits excellent thermal/chemical stability and are commercially available in South 

Africa.    

1.8.2. Significance of the study 

TiO2 nano-architectured structures provide high surface area, chemical stability, 

semiconducting properties, and low cost [157]. TiO2 have been widely investigated as 

anode materials for Li+ ion batteries because they allow safer operating conditions 

compared to the graphite electrodes due to higher working potential that does not give 

rise to Li electroplating (Li+ reduction) [158]. The size effects of TiO2 polymorphs yield 

electrochemical performance by improving their ionic or electronic transportation, or 

both are of significance [159].  Polymorphic LixTiO2 shows good cycle characteristics 

with little capacity loss due to no noticeable lattice dimension change during lithium 

insertion and de-insertion processes [160] and is already in practical use in 

commercially available lithium-ion batteries [161].  

 

The intercalation technique using structured electrodes can be a suitable path to 

rapidly delivering high capacity required for Li+, Na+ and Mg+ ion driven electric 

vehicles [162]. The electrode materials of TiO2 nanoporous, nanosheet and 
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nanospheres architectures have been found to contribute to the superior electronic 

performance, their highly crystallized facets enhance lithium-ion transportation 

properties [151]. This is due to their fast diffusion kinetics and high-rate capability 

which contribute to the structural stability of electrode materials [24]. In the proposed 

study, LixTiO2, NaxTiO2, and MgxTiO2 systems will be investigated using the 

amorphisation and recrystallisation simulation synthesis technique. Such techniques 

have the capability for enabling spontaneous nucleation and crystal growth of 

nanomaterials as demonstrated in binary systems i.e., MnO2 [163], TiO2 [151] ternary 

systems i.e., LixTiO2   nanosheets [24] electrode materials for rechargeable batteries. 

1.8.3. Aim of the study 

The aim of this study is to synthesize MTiO2 (M = Li+, Na+ and Mg2+) nano-

architectures using amorphisation and recrystallisation technique to predict their 

electrochemical properties as anodes for rechargeable batteries. 

i. evaluate the effect of Li+, Na+ and Mg2+ intercalation in TiO2 nano-architectures 

with different ion contents/concentrations,  

ii. employ amorphisation and recrystallization technique to atomistically 

synthesize the LixTiO2, NaxTiO2, and MgxTiO2 nano-architectures (i.e., 

nanosheet, nanosphere, and nanoporous), 

iii. cool all LixTiO2, NaxTiO2 and MgxTiO2 nano-architectures from 1500 K to 0 K 

after recrystallisation,  

iv. heat all cooled (0 K) from 100 K to 2000 K,  

v. characterize structural properties using the radial distribution functions (RDFs), 

simulated X-ray diffraction (XRD) patterns and microstructural defects,  

vi. analyse the high temperatures effect on LixTiO2, NaxTiO2 and MgxTiO2 nano-

architectures after heating from 100 K to 2000 K, 

vii. by investigating the host capability and ion transport i.e. (M= Li+ Na+ and Mg2+) 

in TiO2 nano-architectures through diffusion coefficients and activation energies 

calculations, 

1.9. Outline of the study 

Chapter 1: Describes the fundamental differences and similarities involved with 

lithium-ion batteries, sodium-ion batteries and magnesium-ion batteries during 

technical and practical aspects influencing its performance and lifespans through 

different applications and battery operation when simulated TiO2 nanostructured is 

used as a host material for ion insertion reviewed in the literature. Finally, the current 

problems, significance, and intentions of this research study were discussed. 

Chapter 2: Molecular simulation methods and all the theoretical methodologies 

necessary to understand this research are presented in detail. A description of the 

program code that intercalates the ion into simulated TiO2 nanostructures along with 

characterisation techniques used on all simulated structures was discussed.  
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Chapter 3: Present all the results of LixTiO2 nanoporous, nanosphere, and 

nanosheets obtained after being recrystallised, cooled to 0 K and then heated to 2000 

K through structural and microstructural snapshots, RDFs and XRD patterns, diffusion 

coefficients and activated energies. 

Chapter 4: Present all results of NaxTiO2 nanoporous, nanosphere and nanosheets 

obtained after being recrystallised, cooled to 0 K and then heated to 2000 K through 

structural and microstructural snapshots, RDFs and XRD patterns, diffusion 

coefficients and activated energies. 

Chapter 5: Present all the results of MgxTiO2 nanoporous, nanosphere and 

nanosheets obtained after being recrystallised, cooled to 0 K and then heated to 2000 

K through structural and microstructural snapshots, RDFs and XRD patterns, diffusion 

coefficients and activated energies. 

Chapter 6: Describes the conclusions and discussions based on chapter 3, chapter 4 

and chapter 5 in summary. 
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Chapter 2  

Research Methodology 

2.1. Computational Modelling of Materials 

Computational modelling of materials is a tool designed to model new properties 

similar to those of real systems. Its functions are to investigate the effects of change 

on different systems as well as further predict of their properties. The first and most 

important factor is the validity of the model, and this may include simulating the model 

under known input conditions and comparing the model output with the actual output 

e.g., if melting temperature is reported at 150 ⁰C in experiments, the computational 

model should be comparable to that [85]. Computational techniques can undertake 

accurate and predictive simulations of the crystal structures and properties. As such, 

it should be acknowledged that computer models can contribute to the design and 

improvement of materials with different properties under extreme conditions such as 

high temperatures, high pressure, and high ion concentration [137]. Figure 2.1 below 

is a summary illustrating the steps involved in developing a simulation model, 

designing a simulation experiment, and performing simulation statistical analysis. 

Atomistic modelling techniques use modern advanced supercomputing power to carry 

out studies on how atoms interact at a nanoscale level to lay fundamental foundation 

of all 27 materials science. This technique provides endless possibilities for studies of 

current and future complex systems and geometries, such as full quantum simulations. 

It further enables studies based on effects of environmental conditions on 

crystallographic properties ranging from defects in semiconductors to 

transport/diffusion mechanisms in high power lithium, sodium, and magnesium-ion 

batteries [31]. 

 

Figure 2.1: Illustrates steps involved in developing a simulation model, 
designing a simulation experiment, and performing simulation analysis. 
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There are different scales in modelling, as shown in Figure 2.2 below. The current 

work will be based on molecular dynamic simulations of nanomaterials. These 

materials were mentioned in chapter 1, where it was highlighted that they possess 

beneficial properties which can be exploited for a variety of applications. The 

theoretical modelling will add significant understanding to the design and synthesis of 

nanomaterials, hence the use of atomistic simulations. 

 

Figure 2.2: Illustrate hierarchal modelling showing the multiscale modelling 
levels. 

2.2. Molecular Dynamics (MD) 

Molecular dynamics simulation is a computational technique used to study the motions 

of atoms in each system (e.g., a solid material or a solid solution could equally be 

liquids and gases) to understand and predict the structural, dynamic, kinetic, and /or 

equilibrium properties under a chosen condition (e.g., compositions, temperatures, 

and pressures) [164]. MD is a powerful method to explore the structure of solids, 

liquids, and gases. It is a modern method, which requires electronic computers and 

recently supercomputers. Molecular dynamics simulations are in many respects very 

similar to real experiments. When we perform a real experiment, we proceed as 

follows. We prepare a sample of the material that we wish to study. We connect this 

sample to a measuring instrument (e.g., a thermometer, manometer, or viscometer), 

and we measure the property of interest during a certain time interval. If our 

measurements are subject to statistical noise (as most measurements are), then the 

longer we average, the more accurate our measurement becomes. In molecular 

dynamics simulation, we follow the same approach. First, we prepare a sample: we 

select a model system consisting of N particles and solve Newton’s equations of 

motion for this system until the properties of the system no longer change over time 

(we equilibrate the system). After equilibration, we perform the actual measurement. 
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In fact, some of the most common mistakes that can be made when performing a 

computer experiment are very similar to the mistakes that can be made in real 

experiments (e.g., the sample is not prepared correctly, the measurement is too short, 

the system undergoes an irreversible change during the experiment, or we do not 

measure what we think) [165].  

2.2.1. Approach 

We call molecular dynamics (MD) a computer simulation technique in which the time 

evolution of a set of interacting atoms is followed by integrating their equations of 

motion. The molecular dynamics can be used to investigate the detailed atomistic 

mechanisms. With the MD technique, it is possible to simulate the dynamic thermal 

behavior of atoms in solids. By performing simulations at different temperatures and 

studying the displacements of the ions as a function of time we can predict diffusion 

coefficients. The molecular dynamics technique involves solving Newton’s laws of 

motion over a finite period for all the particles of a system. The main difference with 

the energy minimization method discussed in the previous section, is those molecular 

dynamics simulation gives the effect of temperature by assigning kinetic energy to the 

atoms in the simulation cell and thus allows us to follow the trajectory of the atoms and 

molecules with time. Hence, unlike in energy minimization calculations, atoms and 

molecules can potentially jump over energy barriers to reach a global minimum; 

however, due to the very short ‘real time’ accessible to molecular dynamics 

simulations, this only applies to small energy barriers, i.e., of the order of few TkB .  

All molecular dynamics simulations in this work were performed using the computer 

code DL_POLY [166].In molecular dynamics simulation, the particles are initially 

assigned random velocities, such that the system starts with the required temperature 

and that the simulation cell has no translational momentum, i.e., 


=

=
N

i

Bii TNkvm
1

2 3.                                            2.1 

and  
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i

ii vm
1

0.                                                                           2.2 

where N is the number of particles,  
Bk  is the Boltzmann constant, T is the temperature, 

im is the mass of ion ii , and  iv   its velocity. 

The second step of a molecular dynamics simulation is to calculate the force acting on 

each particle. Once the forces, iF  are obtained the accelerations, ia  can be calculated 

and the velocities, iv  and positions iF , are updated, for an infinitely small-time step, 

according to  
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These are the Newton’s equations of motion and can only be applied strictly for an 

infinitesimal time step. In practice, computer codes use integration algorithms such as 

the Verlet algorithm [167] to solve Newton’s laws of motion, as explained in the next 

section. The choice of the time step t , in these equations is very important. Indeed, it 

t is too large; molecular vibrations will occur within the time step, giving rise to large 

errors. However, if t is too small, the particles will take too long to move a significant 

distance. In addition, another factor needs to be considered to choose the time factor. 

After each step, run time properties such as the potential energy, the temperature, or 

the pressure of the system are calculated. Then the process is repeated several 

thousand or million times to reach the required simulation time. In the first few tens of 

thousands of steps, the particles’ velocities are scaled to meet the desired 

temperature. This period is the equilibrium period, and it allows the system to come to 

equilibrium at a given temperature and pressure before data are collected. The 

simulation runs, if possible, without scaling the velocities of the particles, to obtain 

converged averages of the properties of interest and reduce statistical noise.  

In molecular dynamics, we follow the laws of classical mechanics, and most notably 

Newton's law of motion:  

iii amF


=                     2.6 

for each atom i in a system constituted by N atoms. Here, mi is the atom mass, 

2

2

dt

rd
a i

i



= its acceleration, and iF


the force acting on it, because of interactions 

with other atoms.  

2.2.2. Ensemble 

“Integrating Newton’s equations of motion allows you to explore the constant energy 

surface of a system. However, most natural phenomena occur under conditions where 

the system is exposed to external pressure and/or exchanges heat with the 

environment. Under these conditions, the total energy of the system is no longer 

conserved and extended forms of MD are required. Several methods are available to 

control temperature. Depending on which state variables the energy, E, enthalpy, H 

(i.e., E + PV), number of particles, N, pressure, P, stress, S, temperature, T, and 
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volume, V – are kept fixed, different statistical ensembles can be generated. A variety 

of structural, energetic, and dynamic properties can be calculated from the averages 

or fluctuations of these quantities over the ensemble generated. There are three most 

common ensembles that are often used in MD simulations of NVT, NVE, and NPT 

ensembles.  

NVT ensemble is also known as canonical ensemble where temperature and volume 

are kept constant. NVT ensemble in statistical mechanics is a statistical ensemble that 

represents a probability distribution of microscopic states of the system. For a system 

taking only discrete values of energy, the probability distribution is characterized by the 

probability of finding the system in a particular microscopic state with energy level, 

conditioned on the prior knowledge that the total energy of the system and reservoir 

combined remains constant.  

The NVE ensemble is also known as micro-canonical ensemble where energy and 

volume are kept constant. NVE ensemble is obtained by solving the standard Newton 

equation without any temperature and pressure control. Energy is conserved when this 

(adiabatic) ensemble is generated. However, because of rounding and truncation 

errors during the integration process, there is always a slight fluctuation, or drift, in 

energy.  

NPT ensemble is also known as isothermal-isobaric ensemble. This ensemble plays 

an important role in chemistry as chemical reactions are usually carried out under 

constant pressure condition. In the NPT ensemble, pressure and temperature are kept 

constant. The NPT ensemble is used for comparison of MD simulations with 

experiments. The temperature in the NPT ensemble is controlled using Langevin 

method. The partition function can be written as the weighted sum of the partition 

function of canonical ensemble, Z (N, V and T). 

𝜌(𝑁, 𝑃, 𝑇) = ∫ 𝑍(𝑁, 𝑉, 𝑇)𝑒(−𝛽𝑃𝑉)𝐶𝑑𝑉    2.7 

Where     𝛽 =
1

𝑘𝐵𝑇
        2.8 

kB is the Boltzmann constant and V is the volume of the system. 

2.2.3. Amorphisation and Recrystallisation 

The amorphization and recrystallization simulation synthesis technique [168] is the 

strategy used in atomistic simulation when complex structures evolve during a pseudo-

recrystallization from an amorphous starting point. Amorphisation and recrystallisation 

is an evolutionary simulation technique which compression or tension is applied to the 

system to displace atoms from equilibrium positions. When pressure is released, 

atoms are accelerated to equilibrium positions having high ionic mobility as molten 

systems. To generate realistic models of supported oxide thin films one must consider 

various factors including the epitaxial relationships, defects and reduced interfacial ion 

densities. The defects, which evolve in responds to misfit accommodation, may 

include dislocations arrays, vacancies, substitutions, and interstitials including 

clustering of such defects. These structural features must be achieved to generate a 

realistic model, even though some are challenging. To overcome the problems 

associated with the starting structure, the supported thin film is forced to undergo an 
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amorphous transition before recrystallising to a final structure. Such a procedure 

eliminates any possibility of the final structure reflecting artificially the starting 

structure. Essentially, the system loses all memory of the preparatory configuration 

and dynamical simulation, as applied to an amorphous structure, allows a more 

comprehensive exploration of the configurationally space, which is likely to result in an 

energetically more favourable, and hence more realistic, final interface structure. This 

method allows interfacial structures to evolve while the simulation is solely influenced 

by substrate material and associated lattice misfit.  

 

Various mechanisms for inducing amorphisation have been explored for supported 

metal-oxide thin films associated with both positive and negative lattice misfits. These 

include performing dynamical simulation at very high temperatures to melt the thin film 

and constraining the thin film under conditions of compression or tension: under 

dynamical simulation, the considerable strain within the thin film results in an 

amorphous structure. The latter can be achieved either by modifying artificially the 

potential parameters during the amorphisation step or by constructing an interface 

system with a particular associated lattice misfit (positive or negative) based upon, for 

example, some particular near coincidence site lattice [169] [150].  

 

“The amorphisation is induced by the thin film bending of the support under high 

compression. The application of high-temperature dynamical simulation to this 

strained system results in the amorphisation of the thin film over the layer. Prolonged 

dynamical simulation is required to allow the system to recrystallise under the 

influence of the support. This methodology is purely a simulation technique to derive 

low energy structures, and the structural evolution of the system bears no physical 

significance. The main driving force to the amorphisation is the strain under which the 

thin film is constrained, whereas the temperature at which the dynamical simulation is 

run is secondary to inducing amorphisation. For example, the procedure can be 

performed equally well at 20 K as at 200 K. However, the recrystallisation process at 

20 K is much slower. In essence, the optimal temperature is one that allows the 

structure to evolve but that falls of melting the thin film.  

 

This would be detrimental, as it would prevent recrystallisation and require an 

additional quenching step [170]. An important feature of the methodology is that the 

amorphous transition enables all memory of the preparatory configuration to be lost 

(radial distribution functions for the amorphous thin film are broad, indicating no long-

range ordering) and therefore the final structures cannot artificially reflect on the 

starting structure [170].  The recrystallisation is deemed complete when the system is 

no longer evolving structurally or energetically, the duration of which is system 

dependent. Furthermore, dynamical simulation, as applied to an amorphous structure, 

allows a more comprehensive exploration of the configurational space, which is likely 

to result in an energetically more favourable, and hence more realistic final interface 

structure [171].This technique has been implemented on various materials such as 

thin films and nanoparticles [172], generate models for CeO2 nanocrystallites [173], 
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microstructure in MnO2 [174], shape of CeO2 nanoparticles [175], MgO cluster 

supported on BaO (100) [168] and lithium insertion into MnO2 [176]. In this work, we 

will employ this technique in the Lithiated, sodiated, and magnesiated nanostructures 

of TiO2. The lithium, sodium and magnesium were randomly inserted into an 

amorphous nanosphere, nanoporous and nanosheets TiO2 architectures with chosen 

coordinates to ensure that Metal ions are not positioned on top of other atoms in the 

simulation cell. To facilitate charge neutrality, an equivalent number of Ti4+ species 

were reduced to Ti3+. The method was previously used successfully in bulk MnO2 

[176].  We will also present the radial distribution functions of the systems to verify the 

process of amorphisation and recrystallisation.” 

2.3. Potential Model 

The potential model describes the variation in the energy of the molecule or solid as a 

function of atomic coordinates [108]. The reliability of the calculation depends on the 

quality and accuracy of the potential model. The potential model describes the 

interactions between two or more species. The different Coulombic summation 

schemes that have been employed are described. 

2.3.1. Born model of an Ionic Solid 

“All calculations are based on the Born model [177] of ionic solids, where ions interact 

through long-range Coulomb and short-range interactions. Rigid ion potentials with 

partial charges were used and Matsui developed these for isostructural rutile TiO2. In 

this section, we are going to describe the potential models. Usage of appropriate 

potential model to describe the interaction of atoms within the crystal is essential to 

ensure that the surface and interface calculations reflect the system under study. The 

types of potential model can be divided into two main categories. The first are molecular 

mechanical force fields in which the energy is given as a function of 53 bond lengths, 

angles, torsional planes, and other cross terms, which are described explicitly for the 

system with different potential forms existing for each system. The second approach 

focuses on atoms or ions rather than bonds and is particularly useful for extended solids 

where bonds are not defined specifically, although the potential contains two-body and 

if is necessary three-body terms. One such example of the latter category is the Born 

model potential for ionic solids [109]. In the Born model of solids, it is assumed that the 

energy and its derivatives can be defined as the simulation of all interactions between 

the atoms in the system, which give rise to the total interaction and total net force acting 

on each atom due to others [110]. In this model, the atoms of a system are represented 

as point charge particles that interact via long-range electrostatic forces and short-

range interactions. Hence the interaction energy between them is obtained by:  

𝑼𝒊𝒋 =
𝟏

𝟒𝝅𝜺𝟎

𝒒𝒊𝒒𝒋

𝒓𝒊𝒋
+ 𝚽(𝒓𝒊𝒋)        2.9  

where term one represents long-range Coulombic interactions, ϵ0 is the permittivity of 

vacuum, qi and qj are the ionic charges and rij is the interatomic distance. The second 
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term, Φ(rij) describes short-range interactions between ions, including the repulsion 

between the electron charge clouds and the van Der Waals attraction forces.” 

2.3.2. Rigid Ion Model 

The simplest form of potential is one in which the electronic polarizability is neglected, 

the rigid ion model. This model is good in reproducing structural parameters for static 

systems. However, lattice vibrations are poorly modelled because they are strongly 

coupled to polarisation. Also, once a defect is introduced, polarisation will be expected 

to occur around a defect to stabilise it. The problem of defect energies in static 

conditions can be handled by revamping short-range potential parameters to model 

the static dielectric constants overestimating the polarization due to lattice relaxation 

to compensate for the shortfall to the neglect of electronic polarizability and thus obtain 

correct defect energies.      

2.3.3. Long-Range Interaction 

“The long-range interaction energy is the sum of the interaction energies between the 

charges of a central unit cell and all the charges of the lattice. In an ionic system, if a 

pair of ions i and j are separated by a distance  rij, there is a Coulombic interaction 

energy between them. The long-range interaction energy of two ions (ion i and ion j) 

with charges qi and qj is given by: 

𝚽𝑳𝑹(𝐫𝐢𝐣) = ∑
𝐪𝐢𝐪𝐣

𝟒𝛑𝛆𝐨 (𝐫𝐢𝐣+𝐥)
        2.10 

Where rij is the displacement separating the two ions, 𝜀𝑜 is the permittivity of free cell 

and l is the set of lattice vectors representing the periodicity of the crystal lattice. Long-

range interactions describe the Coulombic summation. In non-ionic systems this 

interaction will not be present and only short-range interactions need to be 

considered.”  

Ewald Summation  

“The Ewald method calculates the electrostatic potential acting on an object ion in a 

lattice. The lattice is made up of ions acting as an array of positive and negative charge 

points. The total potential, φ, acting on the object ion by the array of point charges is 

separated into two components. One part in real space, φ1, and the other in reciprocal 

space, φ2, such that: 

 𝛗 = 𝛗𝟏 − 𝛗𝟐        2.11 

The real part, φ1, comprised of the array of point charges, is countered by an array of 

Gaussian charge distributions equivalent in magnitude but opposite in charges. Thus, 

each ion is effectively neutralised, and neighbouring ions no longer interact. The 

reciprocal part, φ2, comprises an array of Gaussian charge distributions, φ, with 

equivalent charge and magnitude as the original point charge array.” 

2.3.4. Short Range Interaction 

The short-range two body potentials are an interaction between two charge clouds and 
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is more complex than long-range interaction. At small distances, the electron cloud 

overlap leads to strong short-range repulsive forces due to electron density and 

therefore nuclear shielding is reduced. This in turn increases the columbic repulsion 

between the positively charged nuclei. It is this partly force, which prevents a crystal 

lattice from collapsing on itself. However, before the nuclear repulsion becomes 

significant there is also a quantum mechanical effect due to the electrons which are 

forced to occupy a smaller portion of space. Since the electrons must maintain 

orthogonal orbitals, [55] the energy states increase in energy. This is known as the 

orthogonalization or Pauli repulsion. There is a contrasting longer-range attractive 

interaction at larger interatomic distances arising from the formation of instantaneous 

dipoles between adjacent electron clouds. This effect (Van Der Waals interaction) is 

also quantum-mechanical in origin. By adjusting only the much smaller short-range 

contribution the whole spectrum of crystal structures can be reproduced. The most 

basic form would be a simple harmonic interaction given by:  

𝚽𝑺𝑹(𝒓𝒊𝒋) =
𝟏

𝟐
𝑲(𝒓𝒊𝒋 − 𝒓𝟎)𝟐      2.12  

Where rij is the distance between two atoms i and j, r0 is the distance equilibrium bond 

and K is the harmonic force constant. This model is quite sufficient for systems that 

only deviate slightly from r0 and for which interactions can realistically be confined to 

adjacent pairs of ions. That is, the short-range attractive and repulsive interactions of 

the ions. Attractive interaction contains van der Waals. The short-range interaction 

energies are described well by simple parameterised analytical functions. Below we 

give descriptions of short-range interactions potentials. 

2.3.4.1 Buckingham Potentials 

The Buckingham potential describes the exchange repulsion, which originates from the 

Pauli Exclusion Principle, by a more realistic exponential function of distance. However, 

since the Buckingham potential remains finite even at very small distances, it runs the 

risk of an un-physical "Buckingham catastrophe" at short range when used in 

simulations of charged systems. Buckingham potential is a formula that describes the 

van der Waals energy Φ (rij) for the interaction of two atoms that are indirectly bonded 

as a function of the interatomic distance (r). It is used to model two body non-bonded 

interactions in ionic solids. The general form of Buckingham potential is given by 

𝚽𝐢𝐣(𝐫) = 𝐀𝐢𝐣𝐞𝐱𝐩

−𝐫𝐢𝐣

𝛒𝐢𝐣 −
𝐂𝐢𝐣

𝐫𝐢𝐣
𝟔                                        2.13 

Where Aij is the size of the ions, ρij is the hardness, and Cij is the dispersion parameter. 

The repulsive interaction between the ions is represented by the first term while the 

second term is the van der Waals attractive interaction of the ions. For the cation-anion 

interactions, the attractive term is often ignored because of its small contribution to the 

short-range potential.  

2.3.4.2. Three-body potentials  

A further component of the interactions of covalent species is the bond-bending term, 
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which is added to consider the energy penalty for deviations from the equilibrium value. 

This potential describes the directionality of the bonds and has a simple harmonic form 

by: 

  𝐔(𝛉𝐢𝐣𝐤) =
𝟏

𝟐
𝐤𝐢𝐣𝐤(𝛉𝐢𝐣𝐤 − 𝛉𝐨)𝟐           2.14  

 

where 𝐤𝐢𝐣𝐤 is the three-body force constant and θ0 is the equilibrium angle 

2.4. Properties of Molecular Dynamics 

2.4.1. Temperature 

The temperature depends on a certain kind of ensemble for a particular simulation. In 

a canonical ensemble, the total temperature is constant whereas in the micro canonical 

ensemble the temperature is fluctuating. The temperature is directly related to the 

kinetic energy of the system as follows: 

𝐊 = ∑
|ṕ𝐢|

𝟐𝐦𝐢

𝐍
𝐢=𝟏 =

𝐤𝐁𝐓

𝟐
(𝟑𝐍 − 𝐍𝐜)            2.15 

Where pi is the total momentum of particle i, mi is its mass and Nc is the number of 

constraints on the system. Each degree of freedom contributes kBT/2 this is according 

to the equipartition of energy. If there are N particles, each with three degrees of 

freedom, then the kinetic energy should be equal to 3NkBT/2. The total linear 

momentum of the system is often constrained to a value of zero in a molecular 

dynamics simulation, which has the effect of removing three degrees of freedom from 

the system, and Nc would be equal to 3. 

2.4.1.1. Melting Temperature 

The melting temperature is defined as the temperature at which, under a specific 

pressure, the liquid and solid phases of a substance co-exist in equilibrium. At melting 

the systems appear disordered, molecular diffusion can occur, and it is a high-

pressure case. At low temperatures, systems are ordered with little molecular motion 

and that occurs at low pressures. The melting temperature of most substances is the 

same as their freezing temperature because the substance melts at a temperature 

similar to that at which it freezes. The example is that of the most interesting liquid, 

water, which melts very close to 0 °C (273.15 K). Co-existence is easily achievable in 

larger systems in two dimensions. Unlike the boiling point, the melting temperature is 

relatively insensitive to pressure. Meting points are often used to characterise organic 

compounds and ascertain the purity. The melting point of a pure substance is always 

higher and has a smaller range than the melting point of an impure substance. 

 

The higher the impurity, the lower the melting point and the broader the range. The 

chemical element with the highest melting point is tungsten which melts at 3695 K 

(3422 °C) making it excellent for use in light bulbs. Platinum, with the melting point of 

1772 °C (2045.15 K), has the highest melting point amongst the precious metals while 

metallic gold melts at 1064 °C (1337 K). Computationally, we can keep the pressure 
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and temperature constant while allowing the energy to fluctuate until a stable value is 

reached. Not only is heat required to raise the temperature of the solid to the melting 

point, but also the melting itself requires heat called the heat of fusion. From 

thermodynamics, at the melting point the change in Gibbs free energy (ΔG) of the 

material is zero, because the enthalpy (H) and the entropy (S) of the material are 

increasing (ΔH, ΔS > 0).  

 

Melting occurs when the Gibbs free energy of the liquid becomes lower than the solid 

energy for that material. Carnelley’s rule established in 1882 by Thomas Carnelley 

states that high molecular symmetry is associated with high melting point. A good 

example is that of three structural isomers with molecular formula C5H12 where the 

melting point increases in the series: isopentane 113 K, n-pentane 143 K and 

nenopentane 255 K. Pyridine has a lower symmetry than benzene, hence it’s lower 

melting point. A high melting point results from a high heat fusion, a low entropy of 

fusion, or a combination. In highly symmetrical molecules, the crystal phase is densely 

packed with many efficient intermolecular interactions, resulting in a higher enthalpy 

change on melting.  

2.4.1.2. Annealing process 

Annealing is a heat treatment in which a material is exposed to an elevated 

temperature for an extended period of time and then slowly cooled down. It is regarded 

as the toughening process and prevents the creation of defects on the atomic scale 

such as defects like vacancies; misplacement, etc. The strength of material can really 

hurt. In the glass factory, it is extremely important to anneal, the glass before it is ready 

or else it will be very fragile and even removing it from its mould will be impossible. 

Glasses, which are not properly annealed will contain stress, which may result in 

breakage before or at any time after their removal from the kiln. Annealing is critical to 

the longevity of glass. 

 

 Annealing is also used as an optimisation tool in finding the global minima. Another 

important application is to relieve internal stress, refine the structure, and improve the 

cold working properties. There are three stages in the annealing process, with the first 

being the recovery phase, which results in softening of the metal through removal of 

crystal defects and the internal stresses that they cause. The second phase is 

recrystallization, where new grains nucleate and grow to replace those deformed by 

internal stresses. If annealing can continue once recrystallization has been completed, 

grain growth will occur, in which the microstructure starts to coarsen and may cause 

the metal to have less than satisfactory mechanical properties. The high temperature 

of annealing may result in oxidation of the surface of the metal, resulting in scale. If 

scale is to be avoided, annealing is carried out in an oxygen, carbon, and nitrogen free 

atmosphere. In thermodynamics, annealing occurs by diffusion of atoms within a solid 

material, so that the material progresses towards its equilibrium state.  
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2.4.2. Radial Distribution Functions 

The RDF is defined as the probability of finding an atom at a distance r  from another 

atom compared to a homogeneous distribution [178] [179] and is given by 

( ) ( )


−=
i ij

ijrr
rrNN

V
rg 

 2

21 4

1
                            2.16 

where V  is the volume, 
1N  and 

2N  are the atom types of the RDF, the delta function 

must give rise to a value of one for a range of ( )rr  . The RDF tends to one at long 

distances with sharp peaks indicating a regular lattice structure. For amorphous or 

liquid systems, the RDF shows characteristically show a small number of broad peaks 

at short distances, indicating short-range order, superimposed on an oscillating trace 

to one, indicating loss of long-range order [180]. The structural properties of our 

system were investigated by analysing the partial radial distribution functions (RDFs),

( )rgCoS , ( )rg SS . The partial RDFs ( )rg  are defined in such a way that, considering 

an atom of the species α, the probability of finding an atom of the species β in a 

spherical shell ( )drrr +, is: 

( )drrgr   24                                         2.17 

where 
V

x
 = , is the number density of species β with mole fraction x , and V  is 

the volume per atom.  

 RDFs give the probability of finding the centre of a particle or atom at a given distance 

from the centre of another particle. We calculated the partial distribution functions 

obtaining the nearest-neighbour interatomic distances of Ti -O. The light atom at the 

centre is the reference atom in Figure 2.3, and the circles around it represent the other 

atoms. A ring centred on the reference is drawn with radius r and thickness dr .The 

radial distribution function can be an effective way to describe the structure of a system 

at different temperatures.  
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Figure 2.3:  Illustrates radial distribution function (RDFs) of an atom. 

The light atom at the centre is the reference atom, and the circles around it represent 

the other atoms. A ring centred on the reference is drawn with radius  𝐫  and 

thickness  𝐝𝐫. The radial distribution function can be an effective way to describe the 

structure of a system at different temperatures. 

 
Figure 2.4: Illustrates RDFs of TiO2 bulk for solid, liquid, and gas phases. 

The RDFs for TiO2 bulk, starting from a solid crystal on the left, the system reaches 

melting in the central Figure and on the right, the gaseous system is shown in Figure 

2.4. The number of peaks decreases, and the broadening of the peaks is quite 

noticeable. Differentiation between a solid and a liquid is detected using the RDFs by 

the number of peaks appearing in a particular RDF plot. In a crystal or solid, the radial 

distribution functions have a multiple number of sharp peaks, and heights are 

characteristic of the lattice structure. The radial distribution function of a liquid has a 

small number of peaks at short distances, and the height of the peaks decreases. For 

the crystalline solid, the peaks are sharp and thin and show long-range order. In case 

of a liquid phase, the peaks are broad, and the radial distribution function rapidly 

converges to one as observed in the gaseous phase. 
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2.4.3. X-Ray Diffraction Patterns 

X-ray diffraction (XRD) is a powerful tool for materials characterization as well as for 

detailed structural elucidation. As the physical properties of solid (e.g., electrical, 

optical, magnetic etc.) depend on atomic arrangements of materials, determination of 

the crystal structure is an indispensable part of the structural and chemical 

characterization of materials. X-ray patterns are used to establish the atomic 

arrangements of the materials because the lattice parameter, d (spacing between 

different planes) is of the order of x-ray wavelength. Furthermore, the XRD method 

can be used to distinguish crystalline materials from nanocrystalline (amorphous) 

materials.  From the X-ray diffraction pattern, we can obtain the following information: 

i. to judge formation of a particular material system. 

ii.  Unit cell structure, lattice parameters, miller indices.  

iii. Types of phases present in the material 

iv. Estimation of crystalline/amorphous content in the sample. 

v.  Evaluation of the average crystalline size from the width of the peak in a 

particular phase pattern. 

vi. The large crystal size gives rise to sharp peaks, whereas the peak width 

increases with decreasing crystal size. 

vii.   An analysis of structural distortion arising because of variation in d spacing 

caused by the strain, thermal distortion.  

2.4.3.1. Determination of Crystal Size:  

XRD analysis has been the most popular method for the estimation of crystallite size 

in nanomaterials and therefore has been extensively used in the present work. The 

evaluation of crystallite sizes in the nanometre range warrants careful analytical skills. 

The broadening of the Bragg peaks is ascribed to the development of crystallite 

refinement and internal stain. To size-broadening and stain-broadening, the full width 

at half-maximum (FWHM) of the Brag peaks as a function of the diffraction angle is 

analysed. The X-ray diffraction (XRD) peak broadening calculates the crystallite size 

of the deposits. Diffraction patterns are obtained using Cu Kα radiation at a scan rate 

of 10/min. The full-width half maxima (FWHM) of the diffraction peaks were estimated 

by fitting the pseudo-Voigt curve. After subtracting the instrumental line broadening, 

which was estimated using quartz and silicon standards, the grain size can be 

estimated the Scherer equation  
0.9λ

βcosθ
= D       2.18 

Where λ is the wavelength of X-ray, β is the FWHM in radian, θ is peak angle.  

As for single-crystal diffraction, an essential ingredient for the simulation of a powder 

diffraction experiment is the calculation of the structure factors Fhkl, which are related 

to the atomic positions and atomic scattering factors via equation below.   

                   𝑭𝒉𝒌𝒍 = ∑ 𝒇𝒏𝒆𝟐𝝅𝒊(𝒉𝒖𝒏+𝒌𝒗𝒏+𝒍𝒘𝒏)𝑵
𝟏      2.19 

The powder diffraction intensity observed at the diffraction angle 2θ is then given as: 
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  I(θ) = ∑ phkl(2θ − 2θhkl)Ihklhkl          2.20 

Where the Integrated Bragg Intensity Ihkl is related to the structure factors Fhkl   via: 

Ihkl = MhklPhklLhkl|Fhkl|
2              2.21 

Here 

Mhkl is the multiplicity of reflection hkl. 

Phkl is the preferred orientation correction for the reflection hkl. 

Lhkl is the Lorentz and polarization corrections for reflection hkl. 

Phkl (2θ – 2θhkl) is an appropriate profile function. 

The profile function may include an asymmetry correction and its width depend on 

instrument resolution and sample broadening effects. In the framework of these thesis, 

XRD was employed to perform structural characterisation of LixTiO2, NaxTiO2 and 

MgxTiO2 (where x = 0.11, 0.15, 0.19 and 0.23) nanosphere, nanoporous and 

nanosheets electrode at Low (0) and High (2000 K) temperatures 

2.4.4. Diffusion Coefficients 

Diffusion coefficients is another measure to estimate relative mobilities of individual 

Li+, Na+ and Mg2+ in TiO2 atoms at varied temperature conditions. It is known that 

diffusion coefficient can be estimated from the slope of MSD plots using the Einstein 

relation as follows: 

( ) ( ) −= |0|
6

1
ii rtr

dt

d
D                                        2.22 

The integral Equation 2.28 is the velocity autocorrelation function (VAF), which is 

related to the diffusion coefficient. The VAF decays to zero at long time; the function 

is integrated mathematically to calculate the diffusion coefficient as in Equation 2.29.                             

( ) ( ) dtvtvD ii = 


0.
3

1

0

                                               2.23 

The melting point of the simulated system can be located by increasing the 

temperature of a crystalline system until diffusion appears. Diffusion is also the 

phenomenon of random motion causing a system to decay towards uniform 

conditions. For example, diffusion of particles causes a net movement of particles from 

areas of high concentration to areas of lower concentration until equilibrium is reached. 
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Diffusion is a spontaneous process more familiarly known as a passive form of 

transport, rather than being active and affects a variety of different quantities. 

Spontaneous processes are not reversible. 

Examples of diffusion include diffusion of concentration, heat, or momentum. Diffusion 

increases entropy, decreasing Gibbs free energy, and therefore is thermodynamically 

favourable. In all cases of diffusion, the flux of the transported quantity (atoms, energy, 

or electrons) is equal to a physical property (diffusivity, thermal conductivity, electrical 

conductivity) multiplied by a gradient (a concentration, thermal, electrical field 

gradient). Diffusion in this type of molecular dynamics simulations is calculated as the 

slope of the graph of mean square displacement as a function of time. 

2.4.5. Activation Energies 

As temperature increases, gas molecule velocity also increases (according to the 

kinetic theory of gas). This is also true for liquid and solid substances. The 

(translational) kinetic energy of a molecule is proportional to the velocity of the 

molecules (KE = 1/2 mv2). Therefore, when temperature increases, KE also increases; 

as temperature increases, more molecules have higher KE, and thus the fraction of 

molecules that have high enough KE to overcome the energy barrier also increases. 

The fraction of molecules with an energy equal to or greater than Ea is given by the 

exponential term 𝑒
−𝐸𝑎
𝑅𝑇  in the Arrhenius equation: 

𝐸𝑎 = 𝐴𝑒
−𝐸𝑎

𝑅𝑇
        2.24 

• k is the rate constant 

• Ea is the activation energy 

• R is the gas constant 

• T is the temperature in kelvin 

• A is frequency factor constant or also known as pre-exponential factor or 
Arrhenius factor. It indicates the rate of collision and the fraction of collisions 
with the proper orientation for the reaction to occur. 

Taking the natural log of both sides of Equation 2.24 yields the following. 

𝑙𝑛𝐾 = 𝐿𝑛𝐴 −
𝐸𝑎

𝑅𝑇
       2.25 

The Gibbs energy of activation has the linear form y = mx + b. Graphing ln k vs  
1

𝑇
  

yields a straight line with a slope of  
−𝐸𝑎

𝑅
 and a y-intercept of ln A, as shown in graph 

A. 
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Figure 2.5: Example of inverse and transverse activation energies 

As indicated in graph B, the reaction with a higher Ea has a steeper slope; the reaction 

rate is thus very sensitive to temperature change. On the contrary, the reaction with a 

lower Ea is less sensitive to a temperature change. Because radicals are extremely 

reactive, Ea for a radical reaction is 0; an Arrhenius plot of a radical reaction has no 

slope and is independent of temperature. 

2.5. Average intercalation potentials 

The voltage of the cell the potential difference between the cathode, anode and 

specific capacity of the electrode are crucial properties that determines the energy 

density of a Lithium, sodium, and magnesium ion batteries. Energy density is the 

product of voltage and specific capacity. To design batteries with high energy 

densities, the voltage and specific capacity need to be increased. It is important for us 

to get a coarse measure of the intercalation potentials parameters which thus assess 

possible energy densities to TiO2 nano-architectured structures may be capable of 

integrating. In general, the cell voltage or open-circuit voltage (OCV) is the chemical 

potential difference between anode the and cathode electrode: 

   𝑉(𝑥) =
𝜇𝑎𝑛𝑜𝑑𝑒−𝜇𝐶𝑎𝑡ℎ𝑜𝑑𝑒

𝑒
    2.26 

Where e is the magnitude of the charge on the electron, within the anode that is 

encompassed purely of Lithium/sodium/magnesium metal, the chemical potential is 

constant and equals to Gibbs free energy of the lithium/sodium/magnesium metal. 

Electrical energy, E, is obtained by discharging between Ax1TiO2 and Ax2TiO2 where 

(A is Li/Na/mg) is calculated by integrating the voltage multiplied by the displaced 

charge [55]: 

  E = ∫ 𝑉(𝑥)𝑑𝑄
𝑄𝑡𝑜𝑡

0
      2.27   

                      E = - [G (Ax2TiO2 -G (Ax1TiO2) – (X2-X1) G (A)]   2.28 

E=-∆𝐺𝑟            2.29 

The average intercalation potential as a function of lithium intercalated between two 

intercalation limits x1 and x2 (x2>x1) is calculated as follows: 

  
−
V = − 

∆Gr

(X2−X1)F
        2.30 
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−
𝑉 = − 

𝐺(𝐴𝑥2−𝑇𝑖𝑂2)−𝐺(𝐴𝑥2−𝑇𝑖𝑂2)−(𝑥2−𝑥1)

(𝑋2−𝑋1)𝐹
        2.31 

Where G is the Gibbs free energy of the compound, F is the faraday constant, and A 

is Li/Na/Mg. The Gibbs free energy between the charged and discharged states is 

given by [56]  

  ∆𝑮𝒓 = ∆𝑯𝒓 − 𝑻∆𝑺𝒓      2.32 

where Hr =∆𝐻𝑟 − 𝑝∆𝑉𝑟 is the enthalpy of the system, ∆𝐸𝑟 in its internal energy, P is the 

pressure, ∆𝑉𝑟 is the charge in volume, T is the simulation temperature and Sr relate of 

the change in vibrational and configurational entropies of the insertion of the 

lithium/sodium/magnesium ion. For a quantum mechanical approach such as the 

density functional, the free energies can be approximated to the internal energies at 0 

K because P∆𝑉𝑟 and T∆𝑆𝑟 is much smaller than ∆𝐸𝑟. Thus equation 2.30 can be 

approximated to: 

  
−
𝑽 = − 

𝑬(𝑨𝒙𝟐−𝑻𝒊𝑶𝟐)−𝑬(𝑨𝒙𝟐−𝑻𝒊𝑶𝟐)−(𝒙𝟐−𝒙𝟏)𝑬(𝑨)

(𝑿𝟐−𝑿𝟏)𝑭
       2.33 

In this study, the simulation model of lithium, sodium, and magnesium intercalation 

into TiO2 using the DL_POLY molecular dynamics package is based on Newton’s laws 

where the Li, Ti3+, Ti4+, Na+, Mg2+ and O2- are treated as particulate ions with fixed 

charge. In this model the term P∆𝑉𝑟 is also much smaller than the internal energy and 

can be omitted with little error. DL_POLY simulation synthesis at 0 K is not permitted 

and we thus opted to run our simulations at 1 K instead. DL_POLY does not calculate 

entropy making it difficult for us to determine if T∆𝑆𝑟 at 1 K is substantial or negligible. 

2.6. Intercalation Programme 

2.6.1. Overview 

The amorphisation and recrystallisation simulation synthesis technique was previously 

used to generate TiO2 structures that are amorphous and crystalline with wide and 

long atom-atom bond length distributions. Thus, it causes an asymmetrical 

arrangement of TiO2 atoms resulting in an asymmetrical arrangement of Ti4+ and Ti3+ 

crucial for lithium/sodium/magnesium intercalations. An alternative and uncomplicated 

method presented in Figure 2.1 was utilised since it is strenuous to produce a 

mathematical formula which carefully recognize all the Ti4+ and Ti3+ sites. It was 

developed by Kgatwane K.M using Microsoft Visual C# 2008/2010 software design 

language where the Li+, Na+ and Mg2+ insertion programme of amorphisation and 

recrystallisation generated TiO2 nanostructures scans identify octahedral coordinate 

sites along with cations at varying Li+, Na+ and Mg2+ concentrations. The programme 

enables intercalations of Li+, Na+ and Mg2+ ions into TiO2 polymorphic bulk structures 

directly into their respective tunnels. The algorithm for detecting coordinative tunnel 

sites also has the capability of correctly detecting coordinate tunnels sites around the 

surface of the TiO2 nanostructures, which consequently allows ion insertion of any 

surface morphology virtually on all generated TiO2 nanostructures. The possibility of 

intercalating a section of the nanosheet, nanoporous and nanosheets is also 
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permissible. All simulated TiO2 nanosphere, nanoporous and nanosheet were 

randomly inserted with varying Li+, Na+ and Mg2+ ions concentrations where 

coordinates sites were calculated from the nearest titanium neighbouring atoms. 

 

Figure 2.6. Illustrates the main window used for  Li+, Na+ and Mg2+ intercalation 
program. 

 2.6.2. Finding Intercalation Sites 

The pristine TiO2 nanostructures are large and comprise 15972 atoms, 5324 titanium 

atoms and 10648 oxygen atoms. Additionally, they are heavily twinned and 

noncrystalline making it difficult to easily compute the coordinates of the 1x1 tunnel 

sites by using the knowledge of symmetry and lattice constants. However, each tunnel 

is enclosed by four walls of linked edge-sharing TiO6 octahedral chains with slightly 

varying distance between the chains. The program uses these twinning octahedral 

chains to estimate the tunnel sites where lithium ions will be intercalated. 

Slicing the TiO6 octahedral chain planes and rendering the min polyhedral view reveals 

different the 1x1 tunnel configurations (Figure 6). During intercalation, lithium ions are 

placed at specific locations in the tunnels, which we denote lithium insertion sites. The 

estimation of the coordinates of these lithium insertion sites is calculated with the 

midpoint formula for different tunnel configurations shown in the Figure below. 
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Figure 2.7: slices through the nanostructure showing different tunnel 
configurations. The yellow circle indicates lithium insertion site. 

 

Figure 2.8: Illustrates Interstitial and vacancy defects that exists in Mg0.19TiO2 
also on all lithiated, sodiated, and magnesiated TiO2 nanospheres, nanoporous 
and nanosheets crystalline patterns on microstructures shown in chapters 3, 4 
and 5. 

The coordinates of the lithium insertion site (𝑥, 𝑦, 𝑧) for a tunnel structure in Figure 2.7 

(a) is estimated by using the two or three titanium atoms on the same TiO6 octahedral 

planes, depicted by the ends of the arrow in the midpoint formula: 

 (𝐱, 𝐲, 𝐳) = (
𝐱𝟏+𝐱𝟐

𝟐
,

𝐲𝟏+𝐲𝟐

𝟐
,

𝐳𝟏+𝐳𝟐

𝟐
 )      2.34 

In Figure 2.7 (b) the estimation of the insertion sites is achieved by applying the 

midpoint formula twice. Applying the midpoint formula once result in a coordinate in 
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the middle of the two tunnel sites. Using the newly computed coordinate with the 

coordinate of one of the manganese atoms at the ends of the arrow in the formula 

gives the coordinate of the tunnel site (yellow circle): 

 (𝐱,  𝐲,  𝐳) =  (
𝐱𝟏

𝟐
+

𝐱𝟏+𝐱𝟐

𝟒
,

𝐲𝟏

𝟐
+

𝐲𝟏+𝐲𝟐

𝟒
,

𝐳𝟏

𝟐
+

𝐳𝟏+𝐳𝟐

𝟒
)    2.35 

In the last case, i.e., in Figure 2.7 (c) I the computation of the tunnel sites is 

accomplished by using the coordinates of three manganese atoms in the triangle 

midpoint formula: 

 (𝐱,  𝐲,  𝐳) =  (
𝐱𝟏+𝐱𝟐+𝐱𝟑

𝟑
,

𝐲𝟏+𝐲𝟐+𝐲𝟑

𝟑
,

𝐳𝟏+𝐳𝟐+𝐳𝟑

𝟑
 )       2.36 

The decision of whether two manganese atoms can be used to compute an insertion 

site depends on the separation distance between them. The Ti-Ti radial distribution 

function of the nanostructure provides us with a good estimate of these separation 

distances. 

The program computes the lithium insertion sites by checking the separation distance 

between each pair of titanium atoms in the range specified by the third, fifth, and ninth 

peaks in the radial distribution function of a rutile-type structure and using the 

appropriate form of the midpoint formula. The insertion site is then validated by 

checking its distance from all atoms within a small cube constructed around the 

insertion site with dimensions that are slightly larger than the minimum Ti-O (Ti-Ti in 

rutile-type structure) separation distance. If there is an atom (Ti, O, or Li+) which is 

closer to the insertion site by more than 1.6 Å (for pyrolusite) then the insertion site is 

not valid, and it is discarded. All valid insertion sites are saved in a file that will be used 

during lithium insertion into various nanostructures.  

2.6.3. Intercalation workflows 

The program uploads the coordinates of the intercalation sites from the file produced 

in the previous step, randomly selects a tunnels site, and inserts a cation at a chosen 

coordinate thus ignoring or by-passing surface intercalation dynamic like surface area, 

surface terminates, and surface energy barriers. Charge compensation in the structure 

is achieved by changing the Titanium atoms with 4+ oxidation states (Ti4+) closest to 

the lithium cation into Jahn-teller active Titanium with 3+ oxidation state (Ti3+). If Li+ or 

Mg2+ is intercalated then one or two titanium atoms closest to Li+ or Mg2+ ions are 

reduced to Ti3+. This process is repeated for all the cations inserted into the structure. 
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Figure 2.9: Chart showing how the program searches for insertion sites in the 
uploaded structure. 

 

Figure 2.10: A flow chart that indicates the steps taken by the program in the Li, 
Na and Mg ion intercalation process including charge compensation. 

2.6.4. Validation of Intercalations 

To validate the intercalation software program and evaluate distributions of 

intercalated ions, we initially intercalated 0.23Li/Ti into nanosphere, nanoporous and 

nanosheets architectured structures. A typical 1x1 tunnels found in TiO2 nano-

architectured structures are illustrated in Figure 2.10 where the positions of the 

octahedral and tetrahedral sites to be intercalated are identified relative to the 

microstructure’s orientation.    
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Figure 2.11: Illustrates positions of the octahedral and distorted tetrahedral 
interstitial sites within the 1x1 tunnel of a rutile structure. Yellow circles 
represent octahedral sites, whereas cyan circles represent distorted tetrahedral 
sites. 

Microstructure slices cut from nanosphere, nanoporous and nanosheets at 0.23Li/Ti 

intercalation are shown in Figure 2.7 below. The diagram shows a good placement of 

lithium ions inside the octahedral sites before molecular dynamics simulations 

synthesis. Note that the lithium ions can be inserted in two other ways; Li can also be 

inserted in tetrahedral sites only or in a mixture of tetrahedral and octahedral sites. 

The ladder is applicable to experimental rutile TiO2 where the energy difference 

between the tetrahedral and octahedral sites is small, and the tetrahedral sites are 

preferable due to their lower energy [59]. In this study, lithiation, sodiation, magnesium 

at low and high concentrations were achieved by randomly selecting a fraction of the 

intercalation sites from the total available sites discovered by the program.  

Doing this results in an even distribution of lithium cations within the structures. 

Validating of charge balancing in the nanosphere structure with 0.11 Li/Ti before 

molecular dynamics simulation synthesis is shown in Figure 2.8 below. It is readily 

visible that the program perfumed charge compensation, transfer of an electron from 

lithium ion to neighbouring titanium atom, and property for lithium ions within the red 

rectangles. Here, each lithium ion is located close to a Titanium 3+ cation lying either 

on the top octahedral plane represented by a light blue colour or bottom octahedral 

plane represented by dark green colour. Note that the 1x1 tunnels are closed by four 

TiO6 octahedral chains and that the octahedral chains containing Titanium 3+ cations 

located closer to  lithium ions in pink rectangles have been removed to aid clarity. After 

recrystallisation and cooling synthesis the microstructural visuals contained crystalline 

polymorphic properties that exist in pure TiO2 bulk structures illustrated in Figure 2.7 

e).  

2.7. Atomistic Simulation Details 

Computer simulation of matter with atomistic detail has become a very prominent tool 

in chemistry, physics, life sciences, and material sciences. In this field, simulation 

results yield the insights needed to interpret experimental measurements that can be 

used to predict material properties or to design new compounds. Molecular dynamics 

simulations were all performed using the computer code DL_POLY [166]. DL_POLY is 

a general-purpose molecular dynamics simulation package continually developed at 

Daresbury Laboratory by W. Smith and I. T. Todorov under the auspices of EPSRC 

and NERC in the support of CCP5 [181]. It simulates a wide variety of molecular 
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systems of ionic liquids and solids, simple liquids, small polar and nonpolar molecular 

systems, bio- and synthetic polymers, ionic polymers and glasses solutions, simple 

metals, and alloys. In this work, we used this code to simulate the nanostructures of 

titanium dioxide. The input files for DL_POLY are CONTROL, FIELD, and CONFIG, 

which helps us to carry our calculations together with the run script. These mandatory 

files must be present in the directory when DL_POLY is to run. CONTROL -this file 

specifies the control conditions for a run of the program. In this file, we specify time 

step, temperature, pressure, ensemble, Ewald precision, etc. FIELD– defines the force 

field for the simulation and details of the molecular structures.  

CONFIG – defines the positions of all the atoms in the system (in Angstroms) and 

specifies the simulation cell. It also specifies the atomic velocities and forces. 

2.7.1. Potential Model 

All atomistic simulation calculation performed in this study were based on the born 

model of ionic solids. The TiO2 potentials parameters were previously optimized [151] 

for the four polymorphs of TiO2 (rutile, anatase, brookite and TiO2 II [α-PbO2 structure]), 

which then guided us in fitting potential for lithiation, sodiation and Magnetisation to 

model systems of Ti4+, Ti3+, Li+, Na+, Mg2+ and O2- ions to interact via long range 

coulombic and short-range interaction. These potential parameters were previously 

used to successfully model the generation of TiO2 and LixTiO2 (x=0.03, 0.04 and 0.07) 

bulk, nanosphere, nanoporous and nanosheets sheets through amorphisation and 

recrystallisation simulation synthesis technique. The parameters for Na-O, Na-Na, Mg-

O, and Mg-Mg were fitted to reproduce the lattice parameter and elastic constants of 

NaxTiO2 and MgxTiO2. 

 

2.7.2. Lithium/Sodium/Magnesium Intercalation. 

The intercalation program detailed in the prior section was utilised to insert lithium, 

sodium, and magnesium ions concentration into the nanosphere, nanoporous and 

nanosheets TiO2 architectured structures each with 600, 800, 1000 and 1200 

corresponding to 0.11, 0.15, 0.19 and 0.23 Li, Na, Mg/Ti fractions respectively. The 

program uploads the lithium, sodium and magnesium insertion sites from the file 

produced in the previous step, randomly selects a tunnel site, and inserts a lithium, 

sodium, and magnesium ion at its coordinates. Charge compensation in the structure 

is achieved by changing the titanium (4+-oxidation state) closest to the lithium cation 

into the Jahn-Teller active titanium (3+-oxidation state). This process is repeated for 

all the lithium ions inserted in the structure. Note that the program randomly selects 

an insertion site and the corresponding closest trivalent titanium cation, and this can 

result in different lithium-titanium configurations with different energies. The lithiated, 

sodiated, and magnesiated structure is not of the lowest energy. To obtain the lowest 

energy structure, one could intercalate in a Monte Carlo way and then run molecular 

dynamics simulations on each configuration that would be very time consuming 

considering the massive size of the nanostructures. 
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Chapter 3 

3. Results and Discussions: Lithium Intercalated TiO2 Nanoarchitectures 

3.1 Recrystallised Structures and Microstructures of LixTiO2 (x=0.11, 0.15, 0.19 

and 0.23) nanostructures. 
 

3.1.1. LixTiO2 Nanosphere   

Figure 3.1 shows nanosphere structures of a) Li0.11TiO2 b), Li0.15TiO2 c) Li0.19TiO2 and 

d) Li0.23TiO2. After recrystallization and at higher Li ion concentrations TiO2 ordered 

patterns are noted in a), b) and d) but not in c). Moreover, some Li ions have 

moved/diffused away from the structure at all given concentrations, due to higher 

electrostatic and repulsive force existing within the Li-Li interactions. Hence, 

increasing Li ion content within the nanosphere shortens the Li-Li bonds producing 

intense Li repulsion during and after recrystallisation. 
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Figure 3.1: Represents nanosphere recrystalised architectures of a) Li0.11TiO2, 
b) Li0,15TiO2, c) Li0.19TiO2 and d) Li0.23TiO2, respectively. 

The recrystallisation on all the nanospheres in figure 3.1 was evident and supported 

by their microstructural snapshots in figure 3.2 constructed as explained in the 

methodology section. Figures 3.2 a) Li0.11TiO2,  b) Li0.15TiO2, and d) Li0.11TiO2  depict 

microstructures at different Li concentrations containing zigzag and straight tunnels 

along with empty and Li filled vacancies, with more Li ions on the edges/surfaces of 

the microstructures. However, in structure c) a deviant behaviour was noted; the 

structure did not recrystallise, and this was confirmed by their disordered patterns 

observed in figure 3.2 c) for Li0.19TiO2. After several trials and errors on the simulated 

synthesis of a crystalline nanosphere the same results were obtained. The cause of 

such results could be the size, shape, and imbalances of electron sharing and pairing 

at a quantum level in the nanosphere.   
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Figure 3.2: Shows recrystallized microstructural snapshots of nanospheres for 
a) Li0.11TiO2, b) Li0,15TiO2, c) Li0.19TiO2, and d) Li0.23TiO2, respectively. 

 

3.1.2. LixTiO2 nanoporous architecture 

Nanoporous structures with different Li concentrations of a) Li0.11TiO2, b) Li0.15TiO2, c) 

Li0.19TiO2 and d) Li0.23TiO2, given in figure 3.3, were successfully recrystalised. The 

crystallinity of such structures was evident from a visible ordered pattern with most Li 

residing around the porous space and inside their structures. The Li content on 

nanoporous structure c) and d) have closed the porous space more than what is seen 

on nanoporous a) and b) which is due to the higher Li content in the architecture. 

Moreover, figure 3.4 gives microstructures of structures a) Li0.11TiO2, b) Li0.15TiO2, c) 

Li0.19TiO2, and d) Li0.23 TiO2  which were constructed to give more evidence of the exact 

structural appearance after recrystallisation. Consequently, the microstructure on 

figure 3.4 a) and b) had contain small amount of Li+ inside the defects because majority 

of the Li+ were mostly located within the pore surfaces.  The microstructures on a), b), 

c) and d) have similar characteristics of mostly zigzag (brookite polymorph) and 

straight (rutile polymorph) tunnels with empty and Li-filled vacancies, which are all 
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strong characteristics of crystalline structures. Overall, the brookite polymorph is 

prevalent the rutile phase is apparent in structure b) and most Li content are on the 

porous surface/edges in all given microstructures.  

 

Figure 3.3: Represents recrystalised nanoporous architectures of a) Li0.11TiO2, 
b) Li0,15TiO2, c) Li0.19TiO2 and d) Li0.23TiO2, respectively. 
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Figure 3.4: Shows recrystallized nanoporous microstructural snapshot for a) 
Li0.11TiO2, b) Li0,15TiO2, c) Li0.19TiO2 and d) Li0.23TiO2 

 

3.1.3. LixTiO2 Nanosheets 

The nanosheet structures, given in figure 3.5 a), b), c) and d), were also synthesised 

by recrystallization. The observation on all structures given in figure 3.5 has provided 

the difference that were not evident before recrystallisation where the Li ions are 

showing to have spread out rather than clustering within the structure, with Li ions 

diffusing away from the structure in smaller quantities seen on Figure 3.6 a) and b) 

then higher quantities of Li ions are also seen on c) and d). This could be due to the 

unavailability and competition of pathways for Li to diffuse through the nanosheets, 

given the size, shape and atom strain that could be happening inside the structure. 

Moreover, the microstructure in figure 3.6 a) had lower Li ions when compared to 

microstructures in Figure 3.6 b),c) and d) this was mainly due to the lower Li content 

insertions and the equal composition of crystalline and amorphous patterns.  

Crystallisation of nanosheets in figure 3.5 was confirmed by viewing microstructural 

snapshots presented at various Li+ concentrations in figure 3.6 a), b), c) and d) 

Crystalline phases are noted at all given concentrations consisting of zigzag and 

straight tunnels that are associated with twinned rutile and brookite polymorphs; and 
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are dominant at lower concentrations. Highly disordered portions, or changes in 

orientations are also observed and become abundant at higher Li concentrations 

where they occupy half of the snapshot. Most Li+ ions are accommodated in the latter 

and on the surface and edges of the microstructures.  

 

Figure 3.5: Represents nanosheet recrystalised architectures of a) Li0.11TiO2, b) 
Li0,15TiO2, c) Li0.19TiO2, and d) Li0.23TiO2, respectively. 
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Figure 3.6: Shows recrystallised microstructural snapshots for nanosheets a) 
Li0.11TiO2, b) Li0,15TiO2, c) Li0.19TiO2 and d) Li0.23TiO2. 

3.2. Cooled Structures and Microstructures of LixTiO2 (x=0.11, 0.15, 0.19 and 

0.23) Nanostructures. 
 

3.2.1. LixTiO2 nanosphere 

Structural variation of recrystallized Li0.11TiO2 nanosphere was studied at different 

reduced temperatures, namely i) 1500 K, ii) 1000 K, iii) 500 K then iv) 0 K as in figure 

3.7. Similar structural patterns are observed in all nanospheres. Their microstructures, 

in figure 3.8, also confirm similar atomic arrangements. Overall, the microstructures 

are well defined and better in quality than those at the  recrystallization temperature of 

2000 K in Figure 3.2 a) through i) to iv) in Figure 3.8. Moreover, straight, and zigzag 

tunnels corresponding to rutile and brookite, respectively, are visibly showing in Figure 

3.8 at i) and ii), then only zigzag tunnels of brookite is only showing in Figure 3.8 at iii) 

and iv) indicating a rutile polymorph disappearing at lower temperatures. There are 

also emptier, and Li filled vacancies at iii) and iv) than at i) and ii) along with more Li 

ions on their edges. 
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Figure 3.7: Cooled structures of the Li0.11TiO2  nanosphere at i) 1500 K, ii) 1000 
K, iii) 500 K and iv) 0 K.               
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Figure 3.8: Cooled microstructures of Li0.11TiO2 nanosphere   at i) 1500 K, ii) 1000 
K, iii) 500 K, and iv) 0 K. 

Figure 3.9 shows snapshots of nanosphere structures for Li0.15TiO2 at different 

reduced temperatures, where all structures reflect crystalline patterns. In addition, 

most Li ions appear to be inside and on the surface of nanospheres at all given 

temperatures, but only a few seem to have moved away. Their corresponding 

microstructures in figure 3.10 at i), ii), iii) and iv) strongly support what is noted in figure 

3.9 at i), ii), iii) and iv), respectively, where highly crystalline patterns characterised by 

straight and zigzag tunnels corresponding to rutile and brookite polymorphs along with 

Li ions in tunnels and Li ions filled vacancies at i), ii) and iv) are present. The cooled 

structures and microstructures of Li0.19TiO2 nanosphere are hence, not shown owing 

to their unsuccessful recrystallisation as confirmed in figures 3.1 c) and 3.2 c). 
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Figure 3.9: Cooled structures of nanosphere Li0.15TiO2   at i) 1500 K, ii) 1000 K, iii) 
500 K and 0 K.   

                                           

 

Figure 3.10: Cooled microstructures of Li0.15TiO2  nanosphere at i) 1500 K, ii) 1000 
K, iii) 500 K and iv) 0 K. 
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Li0.23TiO2 nanosphere was also cooled to explore its structural behaviour at lower 

temperatures as illustrated in figure 3.11. Figure 3.11 i)  indicates an accumulation of 

Li+ ions on the surface but fewer diffusing away from the surface. However, the 

structure seems to shrink  at this cooled temperature because of  the high diffused Li 

content around and away of its surface.  Furthermore, lowering the temperature tends 

to retain Li+ on the surface and within the nanosphere, as seen in figure 3.11 ii), iii) 

and iv). The crystallinity of Li0.23TiO2 of all systems in Figure 3.11 was highly 

maintained and mainly at low (0 K) temperature synthesis as seen in Figure 3.11 iv), 

with most Li+ on the surface and inside the structure. These observations were 

confirmed by their microstructural slices displaying structural stability from 1500 K to 

0 K as noted in Figure 3.12 i), ii), iii) and iv). Also observed are dominant straight and 

zigzag tunnels associated with rutile and brookite polymorphs, along with empty Ti4+ 

vacancies, Li filled Ti4+ vacancies and some Li+ have occupied the lower Ti4+ tunnels. 

Structural integrity was maintained throughout cooling synthesis in Li0.23TiO2 as seen 

in its microstructure in Figure 3.12.  

 

Figure 3.11: Cooled structures of nanosphere Li0.23TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K. 
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Figure 3.12: Cooled microstructures of nanosphere Li0.23TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 

 

3.2.2. LixTiO2 Nanoporous 

To confirm structural integrity and crystallinity within the nanoporous LixTiO2 system 

after recrystallisation, the Li0.11TiO2  nanoporous structure in figure 3.3 a) was cooled 

to temperatures  i) 1500 K, ii) 1000 K, iii) 500 K and iv) 0 K as shown in figures 3.13. 

Such structures provide evidence of crystallinity through ordered TiO2 patterns from 

high to low temperatures. More Li+ settled within pores than in tunnels which will 

influence its diffusion. The extent of crystallinity in figure 3.13 seems to be increasing 

with a decrease in temperature and illustrated by their structures in i), ii), iii) and iv) 

along with their porous opening. Microstructural snapshots of Li0.11TiO2  are shown in 

figure 3.14. They depict similar crystalline characteristics throughout all reduced 

temperatures, having zigzag and straight tunnels of rutile and brookite phases along 

with empty vacancies and Li filled vacancies. However, not many Li+ ions are residing 

in the brookite and rutile tunnels. 
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Figure 3.13: Cooled structures of nanoporous Li0.11TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and 0 K. 

 

Figure 3.14: Cooled microstructures of nanoporous Li0.11TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and 0 K. 
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Figure 3.15 represents the Li0,15TiO2 nanoporous at cooled temperatures from 1500 K 

to 0 K respectively, at i) 1500 K and ii) 1000 K the nanoporous shows to have some 

partial aligned crystalline patterns whereas at iii) 500 K and 0 K the nanoporous shows 

to have well fully aligned crystalline patterns and their porosity is wide open where the 

Li+ are situated right at the edges. Therefore, the crystallinity increases with a 

decrease in the temperature; hence their porosity. The microstructural snapshots in 

figure 3.16 i), ii), iii), and iv) show two layers of Ti4+ tunnels sliced on each structure in 

figure 3.15 i) ii) iii) and iv) to expose internal atomic arrangements. All microstructures 

in figure 3.16 have straight and zigzag tunnels, corresponding to rutile and brookite 

phases, and contain many Ti4+ empty vacancies and Li filled vacancies. However, 

there are fewer Li+ ions in the tunnels of the microstructures.  

 

Figure 3.15: Cooled structures of nanoporous Li0.15TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K. 
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Figure 3.16: Cooled microstructures of nanoporous Li0.15TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 

Increasing the Li+ content has slight impact on the TiO2 nanoporous structure. What is 

noted for Li0.19TiO2, in figure 3.17, has almost similar crystalline patterns as that in 

figures 3.13 and 3.15. However, the Li+ arrangements for such structures are unlike 

the Li0.19TiO2  since the pores are being slightly closed by increased Li+ content. 

Similarly, to figures 3.13 and 3.15, the crystallinity observed in figure 3.17 i), ii), iii) and 

iv) increases with a decrease in temperature. Hence the higher crystalline patterns 

observed on their microstructural snapshots in figure 3.18 possess dominant zigzag 

tunnels depicting a strong brookite polymorphs with highly Li+ filled Ti4+ vacancies 

along with fewer empty Ti4+ vacancies. Lastly, more Li+ ions in Li0.19TiO2  appear in the 

tunnels of the microstructures at all temperatures, than in nanoporous structures with 

lower Li concentrations. 
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Figure 3.17: Cooled structures of nanoporous Li0.19TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K. 

 

Figure 3.18: Cooled microstructures of nanoporous Li0.19TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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The highly Li+ populated recrystalised nanoporous Li0.23TiO2 , in Figure 3.3 d), was 

cooled and resulted in structures shown in Figure 3.19 i) 1500 K, ii)1000K, iii) 500 K, 

and iv) 0 K . The cooled structures in Figure 3.19 contain highly crystalline patterns at 

all temperatures, with more Li+ ions in the pores closing the large opening of the 

nanoporous structure and maintaining structural stability. The microstructural 

snapshots reflect sliced Ti4+ layers in Figure 3.20 i), ii), iii) and iv). They are also 

consistent at all low temperatures, showing highly crystalline patterns of straight and 

zigzag tunnels of rutile and brookite polymorphs, where the latter is dominant. 

Consistent with Li0.19TiO2 nanoporous structure, we also note more Li+ ion filled tunnels 

and vacancies and empty vacancy than in Li0.11TiO2.and Li0.15TiO2. 

 

 

Figure 3.19: Cooled structures of nanoporous Li0.23TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K. 
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Figure 3.20: Cooled microstructures of nanoporous Li0.23TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 

 

3.2.3. LixTiO2 Nanosheets 

The recrystallized Li0.11TiO2  nanosheet, in figure 3.5, was cooled  from 1500 to 0 K 

The cooled structures at i) 1500 K, ii) 1000 K, iii) 500 K and iv) 0 K are shown in Figure 

3.21. Microstructural snapshots in figure 3.22 show 50 % portion that is highly 

crystalline, with brookite and rutile polymorphs, and the remaining part that is 

disordered with dislocations, grain boundaries, and intrinsic (point) defect. Li+ ions are 

very scarce in the crystalline tunnels and some are noted in the disordered portion of 

the microstructure; a substantial number resides on the edges and surface of the 

nanosheet. The variation in temperature does not appear to change the microstructure 

and its composition significantly.  
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Figure 3.21: Cooled structures of Li0.11TiO2  nanosheet at i) 1500 K, ii) 1000 K, iii) 
500 K and iv) 0 K. 

 

Figure 3.22: Cooled microstructures of nanosheets Li0.11TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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The recrystallized nanosheets of Li0.15TiO2, Li0.19TiO2 and Li23TiO2 in figure 3.4 ii), iii) 

and iv) respectively were cooled and resulted in structures that appear in figures 2.23, 

2.25 and 3.27 respectively all temperatures i) 1500 K, ii) 1000 K, iii) 1500K and iv) 0 

K. Such cooled structures demonstrate similar structural view of Li+ distribution and 

arrangement, which only differed by amounts of Li+ settled inside the systems. 

However, figure 3.27 i), for Li23TiO2 nanosheet, shows a different Li+  distribution where 

it freely diffuses away from the surface owing to its high content when compared to 

other nanosheets. Furthermore, Li+ is returns to the nanosheet when the temperature 

was reduced to 0 K as in figure 3.27 iv). The structural arrangements of the LixTiO2 

nanosheets with increase Li+ contents after cooling were further characterised by their 

slicing two layers of microstructural planes to observe and study their interstitial Ti4+ 

and Li+ distributions after cooling simulation synthesis. Microstructural snapshots of 

the three cooled nanosheets, i.e. Li0.15TiO2, Li0.19TiO2 and Li23TiO2 are shown in figures 

3.24, 3.26 and 3.28 respectively. Likewise, all such microstructures contain partial 

crystalline and partial disordered patterns which host Li+.  

 

Figure 3.23: Cooled structures of Li0.15TiO2  nanosheet at i)1500 K, ii) 1000 K, iii) 
500 K and iv) 0 K. 
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Tunnels on the microstructure snapshots have straight and zigzag patterns 

corresponding to rutile and brookite polymorphs, which are mainly seen on the 

crystalline regions of the microstructure. However, different Ti4+ non-crystalline 

patterns are observed in the disordered region. It is apparent that, at all temperatures, 

few Li+ ions are hosted in the crystalline portion of the microstructure, and many are 

located on the edge surfaces whilst some settled in the Ti4+ vacancies and in the upper 

and lower tunnels. 

 

Figure 3.24: Cooled microstructures of Li0.15TiO2  nanosheets at i) 1500 K, ii) 1000 
K, iii) 500 K and iv) 0 K. 
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Figure 3.25: Cooled structures of Li0.19TiO2  nanosheet at i)1500 K, ii) 1000 K, iii) 
500 K and iv) 0 K. 

 

Figure 3.26: Cooled microstructures of Li0.19TiO2 nanosheets at i) 1500 K, ii) 1000 
K, iii) 500 K and iv) 0 K. 



  

 95 

 

Figure 3.27: Cooled structures of Li0.23TiO2 nanosheet at i)1500 K, ii) 1000 K, iii) 
500 K and iv) 0 K. 

 

Figure 3.28: Cooled microstructures of nanosheets Li0.23TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and 0 K. 
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3.3. RDFs of LixTiO2 (x=0.11, 0.15, 0.19 and 0.23) Nanostructures 

The RDFs plots of LixTiO2 nanosphere, nanoporous, and nanosheets, with x=0.11 

,015, 0.19 and 0.23,  for Ti-O pairs at 0 K, 500 K,1000 K,1500 K and 2000 K are shown 

in figures 3.29 to 3.40. 

3.3.1. LixTiO2 Nanosphere 

The RDFs of Ti-O pairs in Li0.11TiO2, Li0.15TiO2, Li0.19TiO2 and Li23TiO2 nanospheres 

from low (0 K) to high (2000 K) temperatures are featured in figures 3.29 3.30, 3.31 

and 3.32 respectively, consisting of almost 2Å bond length. Total RDFs of the 

Li0.11TiO2 nanosphere are presented in figure 3.29 (Ti-O). They show similar trend of 

the peaks throughout the graph, especially near around peak of 2 Å.  At peak of 2 Å 

we observe a clear trend of peaks as the smallest peak corresponds to the 

temperature of 2000 K, followed by the peak of temperature of 1500 K, followed by the 

peak of temperature of 1000 K, then peak of 500 K and ultimately a peak of 0K. 

Throughout the graphs of RDFs we observe a peak of 0 K being the sharpest and 

highest implying that the system has properly crystallised. Consequently nanosphere 

peaks between 3Å and 5Å were magnified at all Li+ concentrations (Li0.11TiO2, 

Li0.15TiO2, Li0.19TiO2 and Li23TiO2 shown in figures 3.29 3.30, 3.31 and 3.32 

respectively) for better viewing also and to confirm the extent of crystallinity from the 

sharpness of peaks for all temperatures. The Li0.11TiO2, Li0.15TiO2 and Li0.23TiO2 

structures were highly crystalline at low temperatures while the order of crystallinity 

decreased with an increase in temperature i.e., 0 K > 500 K > 1000 K >1500 K >2000 

K. However, the Li0.19TiO2 nanosphere was noncrystalline after cooling, as shown in 

figure 3.31 and its non-crystallinity increased with an increase in temperature i.e., 0 K 

< 500 K < 1000 K <1500 K<2000 K. Consequently, structural crystallinity within TiO2 

nanosphere could be maintained at varied temperatures and Li+ concentrations, 

except for Li0.19TiO2, suggesting it to be good for anode electrodes in Li-ion batteries. 

 

Figure 3.29: Shows simulated RDFs plots for the Li0.11TiO2 nanosphere at low 
and high temperatures with a magnified RDFs portion between 3 and 5 Å for 
better visualisation. 
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Figure 3.30: Shows simulated RDFs plots for the Li0.15TiO2 nanosphere at low 
and high temperatures with a magnified RDFs portion between 3 and 5 Å for 
better visualisation. 

 

Figure 3.31: Shows simulated RDFs plots for the Li0.19TiO2 nanosphere at low 

and high temperatures with a magnified RDFs portion between 3 and 5 Å for 

better visualisation. 
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Figure 3.32: Shows simulated RDFs plots for the Li0.23TiO2 nanosphere at low 
and high temperatures with a magnified RDFs portion between 3 and 5 Å for 
better visualisation. 

 

3.1.2. LixTiO2 Nanoporous 

The simulated RDFs plots for Ti-O pairs in Li0.11TiO2, Li0.15TiO2, Li0.19TiO2, and 

Li0.23TiO2 nanoporous systems analysed between low (0 K) and high (2000 K) 

temperatures,  in a 500 K intervals, are displayed from Figure 3.39 to Figure 3.42 for 

the purpose of determining the coordination of numbers of Ti atoms and their bond 

lengths. The bonds lengths of LixTiO2 nanoporous systems are almost similar to those 

of LixTiO2 nanospheres demostrated in figures 3.33 to 3.36 when rounded to 2Å. A 

combination of tetrahedral, pentahedral, and octahedral coordinations is suggested 

which is confirmed by their microstructral snapshots viewed at high temperatures and 

low temperatures and illustrated in figures 3.14, 3.16, 3.18 and 3.20. As in 

nanospheres, such RDFs of nanoporous systems show similar peak feautures where 

the crystallinity increases with a decrease in temperature and therefore are all highly 

crystalline at low (0 K) temperatures with crystallinity trend of, i.e., 0 K > 500 K > 1000 

K >1500 K >2000 K and near amorphous at higher temperatures (2000 K) at all varied 

Li+ concentrations. The first peak intensities of the RDFs of nanoporous structures at 

different Li concentrations and temperatures are lower than those of nanospheres, 

although the peaks are sharp and well defined. The same applies to the magnified 

peaks between 3Å and 5Å. The analysis firmly confirms that high temperatures on a 

highly lithiated TiO2 nanoporous structure induces disorder on the Ti-O pairs while 

maintaining the structural frameworks for better Li+ diffusivity. 

 

Figure 3.33: Shows simulated RDFs plots for Li0.11TiO2 nanoporous at low and 
high temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 
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Figure 3.34: Shows simulated RDFs plots for Li0.15TiO2 nanoporous at low and 
high temperatures with a magnified RDF portion between 3 and 5 Å  for better 
visualisation. 

 

Figure 3.35: Shows simulated RDFs plots for Li0.19TiO2 nanoporous at low and 
high temperatures with a magnified RDF portion between 3 and 5 Å for better 
visualisation. 
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Figure 3.36: Shows simulated RDFs plots for Li0.23TiO2 nanoporous at low and 
high temperatures with a magnified RDF portion between 3 and 5 Å for better 
visualisation. 

 

3.1.3. LixTiO2 Nanosheets 

The calculated RDFs plots for Ti-O pairs in Li0.11TiO2, Li0.15TiO2, Li0.19TiO2 and 

Li0.23TiO2 nanosheets at 0 K, 500 K,1000 K,1500 K and 2000 K are perfectly portrait 

in figures 3.37, 3.38, 3.39 and 3.40 respectively. As in nanospheres and nanoporous 

structures, such RDFs of nanosheets show similar peak feautures where the 

crystallinity increases with a decrease in temperature and therefore are all highly 

crystalline at low (0 K) temperatures with crystallinity trend of, i.e., 0 K > 500 K > 1000 

K >1500 K >2000 K and near amorphous at higher temperatures (2000 K) at all varied 

Li+ concentrations. The first peak intensities of the RDFs of nanosheets at different Li 

concentrations and temperatures are lower than those of nanospheres but higher than 

those of nanoporous systems, although the peaks are sharp and well defined. The 

same applies to the magnified peaks between 3Å and 5Å. The analysis firmly confirms 

that high temperatures on a highly lithiated TiO2 nanosheet induces disorder on the 

Ti-O pairs while maintaining the structural frameworks for better Li+ diffusivity. 

 

Figure 3.37: Shows simulated RDFs plots for Li0.11TiO2 nanosheets at low and 
high temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 
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Figure 3.38: Shows simulated RDFs plots for Li0.15TiO2 nanosheets at low and 
high temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

 

Figure 3.39: Shows simulated RDFs plots for Li0.19TiO2 nanosheets at low and 
high temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

 

Figure 3.40: Shows simulated RDFs plots for Li0.23TiO2 nanosheets at low and 
high temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 
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3.4. XRDs of LixTiO2 (x=0.11, 0.15, 0.19 and 0.23) Nanostructure 

The simulated X-ray diffraction patterns (XRD) for nanosphere, nanoporous and 

nanosheets LixTiO2 with x= 0.11, 0.15, 0.19 and 0.23 Li ion concentrations 

characterised at high (2000 K) and low (0 K) temperature conditions were calculated 

using the reflex module within Biovia Material studio software over the 2ϴ range of 20o 

to 80o with a step size of 0.05 and the Cu Kα (λ=1.54Å). The calculated XRDs patterns 

of the computationally generated nanostructures were compared with XRD patterns 

of pure TiO2 synthesised using different experimental methods illustrated in [24,151] 

3.4.1. LixTiO2 Nanosphere 

The calculated XRDs patterns in figure 3.41 for Li0.11TiO2 nanosphere had high sharp 

peaks at 2ϴ values 25o, 30o, 35o and 55o corresponding to reflections by the (120), 

(111), (121), (012), (131) and (101), (105) planes of brookite and anatase polymorphs 

respectively, at both 2000 K and 0 K temperature. Moreover, low broad peaks were 

also observed at 2ϴ values of 38o, 41o, 42o, 62o and 65o corresponding to the reflection 

by (200), (111), (120), (610) and (211) of rutile, brookite, and anatase polymorphs 

seen at both 2000 K of the (200) plane of the anatase phase had emerged at 0 K, 

which suggested a peak shift and 0 K temperature conditions, however another low 

intense peak at 2ϴ value 46o positions from high to lower temperatures. So, the 

structure of Li0.11TiO2 nanosphere architecture contained the rutile, anatase, and 

brookite polymorphs, where the brookite phase was highly dominant with very intense 

peaks at both 2000 K and 0 K and more present at 0 K. 

 

Figure 3.41: Simulated XRDs patterns of Li0.11TiO2 nanosphere at high (2000 K) 
and low (0 K) temperatures conditions for structural characterisations. 

The calculated XRDs patterns for Li0.15TiO2 nanosphere in figure 3.42 show almost 

similar peak positions to that of Li011TiO2 nanosphere in figure 3.41. The difference is 

the multiplicity separations and the intensity of peaks where Li011TiO2 nanosphere had 

highest peaks of 34 % and 39% at 2000 K and 0 K respectively to that of Li0.15TiO2 

nanosphere which had maximum intense peak of 29% and 25% at 2000 K and 0 K 

respectively. Consequently, the brookite polymorphs was also a dominant phase 

inside the Li0.15TiO2 nanosphere under both temperature conditions illustrated in figure 

3.42. However, the present peaks multiplicity on the same 2ϴ positions also 

suggested the possibility of few rutile and anatase phases which were highly difficult 

to point due to their very close separation, hence only few reflections planes were 

indexed. The XRDs patterns for Li0.15TiO2 and Li011TiO2 nanospheres are consistent 
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with their microstructural snapshots shown in figure 3.10 iv), figure 3.2 b) and figure 

3.8 iv), figure 3.2 i). 

 

Figure 3.42: Simulated XRDs patterns of Li0.15TiO2 nanosphere at high (2000 K) 
and low (0 K) temperatures conditions for structural characterisations. 

Moreover, the XRDs patterns for Li0.19TiO2 nanosphere in figure 3.43 were also 

calculated and found to be inconsistent to the calculated XRD pattern of Li0.11TiO2, 

Li0.15TiO2 and Li0.23TiO2 nanosphere in figures 3.48, 3.49 and 3.51 respectively. The 

characterised XRD patterns of Li0.19TiO2 nanosphere in figure 3.43 had very broad 

peaks and had only two maximum indexed peaks at 2ϴ position of 30o and 55o 

corresponding to the reflections by the (121) and (211) (220) of brookite and rutile 

polymorphs. The wide broadness of the peaks confirms a highly amorphous system 

both at 2000 K and 0 K consistent with their RDF of Ti-O pairs in figure 3.37 hence the 

microstructure of the recrystalised system was not presented along with their 

structures at cooled due to the highly disordering of Li, Ti, and O atoms framework. 

Therefore, the Li0.19TiO2 systems was highly unfavourable to recrystallisation and 

cooled synthesis so we can conclude that these systems cannot withstand high 

temperature conditions. 

 

Figure 3.43: Simulated XRD patterns of Li0.19TiO2 nanosphere under high (2000 
K) and low (0 K) temperatures for structural characterisations. 

The simulation of the XRD patterns of Li0.23TiO2 nanosphere system shown in figure 

3.44 was also characterised to study and compare its structural crystallinity phases at 

2000 K and 0 K. The XRD patterns in Figure 3.44 had very highly intense peaks at 2ϴ 

values of 25o,30o,33o,42o,42o,55o,56o and 65o observed at both temperature conditions 

but that at 2000 K was more intense with maximum intensity of 39% than that at 0 K 
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with 27% intensity. These two values correspond to the reflection by the (111), (121), 

(200), (012), (004), (111), (210), (105), (131) and (211) planes for brookite, anatase 

and rutile phase in no chronological order. Moreover, the (111) plane for rutile only 

appeared at 2000 K, while the (200) (012) planes for brookite and (200) for rutile plane 

appeared at 0 K which suggested equal phase transformation dominance from high 

temperature to low temperatures. 

 

Figure 3.44: Simulated XRD patterns of Li0.23TiO2 nanosphere under high (2000 
K) and low (0 K) temperatures for structural characterisations. 

 

3.4.2. LixTiO2 Nanoporous 

Interestingly, the XRD patterns for the LixTiO2 nanoporous (x = 0.11, 0.15, 0.19 and 

0.23) under both temperature conditions showed intensities higher intense with 

distinguishable close multiple peaks on the same 2ϴ positions when compared to XRD 

patterns of the LixTiO2 nanospheres. The XRD patterns for Li0.11TiO2 nanoporous 

simulated at 2000 K and 0 K are shown in figure 3.45 where very high intense peaks 

dominance appeared at 2ϴ values of 25o,30o,35o,41o,43o,54o,55o and 65o correlating 

to the reflection by the (120), (111), (121), (004), (200), (210), (105), (131), (211) and 

(301) planes which are linked to mixtures brookite, anatase and rutile phases. 

However, the (101) and (301) planes for rutile polymorphs had only visibly appeared 

at 0 K and the (131) plane for brookite phase had only appeared at 2000 K suggesting 

a high brookite polymorphs dominance at high temperature and rutile dominance at 

lower temperatures. The higher multiplicity of intense peaks seen in figure 3.52 proves 

and confirm a very high crystalline phases influenced by both high and lower 

temperature. 



  

 105 

 

Figure 3.45: Simulated XRD patterns of Li0.11TiO2 nanoporous at high (2000 K) 
and low (0 K) temperatures conditions for structural characterisations. 

The crystalline phases were further observed in the Li0.15TiO2 nanoporous structures 

confirmed by their highly intense peaks illustrated in figure 3.46 with maximum 

intensity of 25% and 22% at 2000 K, and 0 K respectively. The simulated XRD patterns 

shown in Figure 3.46 have similar peak positions observed in XRD patterns shown in 

figure 3.52. However the XRD patterns in figure 3.46 contained more peaks noises 

and are highly intense. The simulated XRD patterns for Li0.15TiO2 nanoporous at 2000 

K had indexed peaks with brookite and rutile dominance while the Li0.15TiO2 

nanoporous at 0 K had a mixture of rutile, anatase and brookite phases.  The 

reflections by the planes (101), (111), (110), (121), (004), (210), (200), (211), (301), 

(116) and (112) were indexed between 2ϴ values of 23o to 70o both at 2000 K and 0 

K, moreover the (200) (116) and (112) planes for brookite, anatase and rutile phases 

had strongly appeared more on XRD patterns at 0 K than at 2000 K. Thus, the 

crystallinity increased with a decrease in temperature. 

 

Figure 3.46: Simulated XRD patterns of Li0.15TiO2 nanoporous at high (2000 K) 
and low (0 K) temperatures for structural characterisations. 

Since the peak intensity of LixTiO2 nanoporous shown from figure 3.45 to 3.48 was  

influenced by increased Li+ concentrations confirmed the high crystalline phase 

contained in the structures. The simulated XRDs patterns of Li0,19TiO2 nanoporous 



  

 106 

system at 2000 K and 0 K, given in figure 3.47, have more intense peaks with less 

noises than XRDs patterns in figure 3.45 and figure 3.46 at 2ϴ values of 25o, 30o, 35o, 

41o, 43o, 54o, 55o, 61o, 65o and 68o corresponding to the reflections by (120), (121), 

(101), (111), (210), (004), (211), (002), (112), (116) and (220) planes corresponding 

to rutile, brookite and anatase polymorphs by which proves a highly crystalline system 

. The XRD peaks were more intense at 2000 K than those at 0 K  

 

Figure 3.47: Simulated XRD patterns of Li0.19TiO2 nanoporous at high (2000 K) 
and low (0 K) temperatures for structural characterisations. 

More Li+ insertion into TiO2 nanoporous have influenced the structural framework into 

higher dimensions, figure 3.48 is the simulated XRD patterns for Li0.23TiO3 nanoporous 

ran at 2000 K and 0 K. The XRD peaks have the same 2ϴ positions at both 

temperatures with different peaks intensities. Both XRD patterns at both temperatures 

contain a mixture of the three dominant polymorphs of rutile, anatase and brookite 

indexed at 2ϴ values of 25o, 30o, 35o, 41o, 43o, 54o, 55o, 61o, 65o and 68o 

corresponding to reflections by (111), (121), (004), (111), (210), (211), (220), (002) 

and (310) planes. 

 

Figure 3.48: Simulated XRD patterns of Li0.23TiO2 nanoporous at high (2000 K) 
and low (0 K) temperatures for structural characterisations. 
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3.4.3. LixTiO2 Nanosheets 

The simulated XRD patterns for Li0.11TiO2 Li0.15TiO2 Li0.19TiO2 and Li0.23TiO2 

nanosheets illustrated in figures 3.49, 3.50, 3.51 and 3.52 consecutively show similar 

peaks positions but different peak intensity characteristics. They all contain an indexed 

peak position at 2ϴ values of 25o, 26o, 31o, 35o, 37o, 41o, 55o, 61o and 65o representing 

reflection of (101), (110), (121), (004), (111), (211) and (310) planes with mixture of 

brookite, anatase and rutile polymorphs at both simulated temperatures of 2000 K and 

0 K. The peak intensities were increasing with an increase in Li+ concentration, 

therefore, the XRD peaks in figure 3.52 were more intense than the peaks shown in 

figure 3.49, 3.50 and 3.51 following an intensity peaks trend of Li0.11TiO2 > Li0.15TiO2 

> Li0.19TiO2 and Li0.23TiO2. However, there is an emerging peak in the XRDs patterns 

of Li0.23TiO2 nanosheets at 0 K positions at 2ϴ value 56o indexed with (211) plane of 

rutile polymorphs. The peaks were well separated/split more than what was seen on 

other XRDs patterns at 0 K for the three Li+ concentrations. The simulated XRD 

patterns of LixTiO2 nanosphere, nanoporous and nanosphere confirms that the 

structural integrity was confirmed and improved at elevated temperature and Li+ 

concentrations on the nanostructures. 

 

Figure 3.49: Simulated XRD patterns of Li0.11TiO2 nanosheets at high (2000 K) 
and low (0 K) temperatures for structural characterisation. 
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Figure 3.50: Simulated XRD patterns of Li0.15TiO2 nanosheets at high (2000 K) 
and low (0 K) temperatures for structural characterisation. 

 

Figure 3.51: Simulated XRDs patterns of Li0.19TiO2 nanosheets at high (2000 K) 
and low (0 K) temperatures conditions for structural characterisation. 
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Figure 3.52: Simulated XRD patterns of Li0.23TiO2 nanosheets at high (2000 K) 
and low (0 K) temperatures for structural characterisation. 

 

3.5. Diffusion Coefficients of LixTiO2 (x=0.11, 0.15, 0.19 and 0.23) 

Nanoarchitectures  

Li transport in the nanostructure is important for its consideration as a good anode. In 

the current study, Li+ mobility was investigated from low (0 K) to high (2000 K) 

temperatures in the nanosphere (0-D), nanoporous (3-D) and nanosheets (2-D). The 

Li+ transport was captured by diffusion coefficients vs temperature calculations and 

the energy required for the Li+ to diffuse by their activation energies calculations. 

3.5.1. LixTiO2 Nanosphere 

The variation of diffusion coefficient of Li with temperature for Li0.11TiO2, Li0.15TiO2, 

Li.19TiO2, and Li0.23TiO2  nanospheres, is shown in figure 3.53. Between 100 and 1300 

K diffusion coefficients of Li+ in Li0.19TiO2 nanosphere was above zero and higher than 

the rest. Those of Li0.11TiO2, Li0.15TiO2, Li.23TiO2 nanospheres were near zero and 

superimposed up to 700 K. A marked increase and splitting of the Li.23TiO2  

nanosphere diffusion coefficient curve from that of Li0.11TiO2 and Li0.15TiO2 is noted 

beyond 1200 K, though the latter two, together with Li.19TiO2, increased moderately up 

to 2000 K. The anomalous behaviour of Li.19TiO2 nanosphere could be attributed to its 

amorphous phase since it could not crystallise as shown in figure 3.2. Diffusion Coefficients of nanosphere Li
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Figure 3.53: Represents graph of Li+ diffusion coefficients at varied temperature 
within TiO2 nanospheres with 0.11, 0.15, 0.19 and 0.23 Li+ concentrations on the 
same axis. 

 

3.5.2. LixTiO2 Nanoporous 

Plots of diffusion coefficients of Li with temperature in Li0.11TiO2, Li0.15TiO2, Li0.19TiO2 

and Li0.23TiO2 nanoporous structures are shown in figure 3.54. All plots completely 

overlap and show minimal diffusion of Li+ from 0 to 500K; noticeable diffusion 

commences above this temperature. Furthermore, the plots begin to separate beyond 

800 K where the diffusion coefficient of Li.23TiO2 nanoporous structure slightly prevails 

above others and Li0.15TiO2, Li0.19TiO2 continue to be intertwined whilst Li0.11TiO2 

lingers slightly below up to 2000 K . From 1300 K the trend of diffusion coefficients in 

different nanoporous structures emerges as Li0.23TiO2  > Li0.19TiO2 ~ Li0.15TiO2  > 

Li0.11TiO2. DC of Li
x
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Figure 3.54: Represents graph of Li+ diffusion coefficients at varied temperature 
in TiO2 nanoporous architecture with 0.11, 0.15, 0.19 and 0.23 Li+ concentrations. 

Plots of diffusion coefficients of Li against temperature in Li0.11TiO2, Li0.15TiO2, 

Li0.19TiO2, and Li0.23TiO2 nanosheets are shown in figure 3.55. All plots completely 

overlap and show minimal Li+ diffusion from 100 to 500K. Diffusion coefficients begin 

to increase above such temperature and plots continue to mostly overlap up to 1300 

K where the diffusion of Li0.23TiO2 nanosheet is predominant up to 2000 K. On the 
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whole, a comparison diffusion coefficient in the various nanosheets, above 1300 K 

shows that Li0.23TiO2  > Li0.19TiO2 > Li0.15TiO2 ~ Li0.11TiO2. 

3.5.3. LixTiO2 Nanosheets 

Temperature (K)

0 500 1000 1500 2000

D
if

fu
s

io
n

 C
o

e
ff

ic
ie

n
ts

 (
1

0
-9

 m
2
s

-1
)

0

20

40

60

80

L0.11TiO2

Li0.15TiO2

Li0.19TiO2

Li0.23TiO2

 

Figure 3.55: Represents graph of Li+ diffusion coefficients at varied 
temperatures for LixTiO2 nanosheets with x = 0.11, 0.15, 0.19 and 0.23. 

 

3.6. Activation Energies of LixTiO2 (x = 0.11, 0.15, 0.19 and 0.23) 

Nanoarchitectures. 

Figures 3.56, 3.57 and 3.58 show the logarithm of diffusion coefficients vs. the inverse 

temperatures between 1000 and 2000 K in Li0.11TiO2, Li0.15TiO2, Li0.19TiO2 and 

Li0.23TiO2 nanosphere, nanoporous and nanosheets architectures, respectively. 

3.6.1. LixTiO2 Nanosphere  

Calculated activation energies for Li0.11TiO2, Li0.15TiO2, Li01.9TiO2 and Li0.23TiO2 

nanospheres, from 1.0 K-1 to 2.0 K-1, are 0.25eV, 0.29eV, 0.18eV and 0.37eV  

respectively, as shown in figure 5.56. The highest calculated AE was for the Li0.23TiO2 

nanosphere, followed by Li0.15TiO2 and Li0.11TiO2. The lowest AE corresponds to 

Li0.19TiO2 nanosphere, implying that it requires least energy for Li to be activated in the 

range 1.0 K-1 to 2.0 K-1. This has led to achievement of higher diffusion coefficients at 

lower temperatures. The latter could be partly ascribed to the amorphous phase of 

Li0.19TiO2 nanosphere since it could not be recrystallized as shown in figure 3.2. 
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Figure 3.56: Represents graphs of lnD vs 1000/T for LixTiO2 nanospheres with x 
= 0.11, 0.15, 0.19 and 0.23. 

3.6.2. LixTiO2 Nanoporous 

Calculated activation energies for Li0.11TiO2, Li0.15TiO2, Li01.9TiO2 and Li0.23TiO2 

nanoporous structures, between 1.0 K-1 to 2.0 K-1, are 0.165eV, 0.194eV, 0.1775eV 

and 0.1778eV respectively, as shown in figure 3.57. Although there are slight 

variations, on the whole the activation energies are close to each other as supported 

by corresponding plots of diffusion coefficients in figure 3.53. 
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Figure 3.57: Represents graphs of lnD vs 1000/T for LixTiO2 nanoporous 
structures with x = 0.11, 0.15, 0.19 and 0.23. 

 

3.6.3. LixTiO2 Nanosheets 

Calculated activation energies for Li0.11TiO2, Li0.15TiO2, Li01.9TiO2 and Li0.23TiO2 

nanosheets, between 1.0 K-1 to 2.0 K-1, are 0.20 eV, 0.19 eV, 0.22 eV and 0.23 eV 

respectively, as shown in figure 3.58. Although there are slight variations, on the whole 

the activation energies are close to each other as supported by corresponding plots of 

diffusion coefficients in figure 3.54. 
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Figure 3.58: Represents graphs of lnD vs 1000/T for LixTiO2 nanosheets with x = 
0.11, 0.15, 0.19 and 0.23. 

 

3.7. Summary  

Different lithium concentrations were inserted in amorphous precursors of TiO2 

nanospheres (0D), nanoporous (3D) and nanosheets (2D) to produce Li0.11TiO2, 

Li0.15TiO2, Li0.19TiO2 and Li0.23TiO2 nano-architectures. These  were  recrystallised at 

2000 K followed by cooling from 1500 K to 0 K in 500 K intervals and were 

subsequently heated from 0 to 2000 K in 100 K intervals. With exception of Li0.19TiO2 

nanosphere all LixTiO2 crystallised well for all nano-architectures and microstructures, 

RDFs and XRDs depicted high crystallinity at low temperatures. Microstructures 

showed tunnels with zigzag and straight tunnels that provide pathways for Li transport 

which correspond to brookite and rutile polymorphs respectively.  The presence of the 

two polymorphs were confirmed by XRDs at various temperatures, which on the whole 

confirmed the degree of crystallinity.  

The Li ions were distributed in tunnels depicted on microstructures to a varying degree 

and some could be located in vacancies. In nanoporous structures some Li ions 

accumulated on the edges of the channels as lithium concentration is increased. 

Generally, LixTiO2 nanosheets consisted of two portions, one with rutile and brookite 

tunnels and another consisting of highly disordered portions, or changes in 

orientations are also observed and become abundant at higher Li concentrations 

where they occupy half of the snapshot. Since there was no crystallisation for Li0.19TiO2 

nanosphere microstructural patterns could not be observed. Instead, wide and broad 

peaks in the corresponding RDF and XRD patterns were observed.  
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On Li transportation, diffusion coefficients were mostly near zero at low temperatures 

and increase gradually above 500 K and significantly at higher temperatures beyond 

1000 K, for most Li concentrations and nano-architectures. The diffusion coefficient of 

the amorphous Li0.19TiO2 nanosphere is elevated at low temperatures, however, it is 

exceeded by those of other concentrations at higher temperatures. On the whole the 

activation energies of Li inside TiO2 nanosphere, nanoporous and nanosheet 

structures were consistent with observed transport properties. The results in this 

chapter confirm that lithium inserted TiO2 nanosphere, nanoporous, and nanosheet 

architectures can serve as good anode materials for Li-ion batteries during charging 

and discharging. 
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Chapter 4 

4. Results and Discussion: Sodium Intercalated TiO2 Nanoarchitectures  

4.1. Recrystallised Structures and Microstructures of NaxTiO2 (x=0.11, 0.15, 0.19 

and 0.23) Nanostructures 

4.1.1. NaxTiO2 Nanosphere   

The amorphous NaxTiO2 (x = 0.11,0.15,0.19 and 0.23) nanosphere structures were 

recrystallised through atomistic simulation synthesis, at 2000K, and resultant 

nanosphere are shown in Figure 4.1 a) Na0.11TiO2 b) Na0.15TiO2 c) Na0.19TiO2 and d) 

Na0.23TiO2 respectively. The structures in Figure 4.1 a) and b) have crystalline patterns 

confirmed by the ordered arrangements of Ti, O atoms influenced by the Na+ settling 

inside the architecture. Moreover, few Na+ ions were observed to have been repelled 

away from the nanosphere and most Na+ were seen right on the edges of the 

nanosphere framework, this is a similar phenomenon observed in Figure 4.1 b), c) and 

d).  

 

Figure 4.1: Represents recrystalised nanospheres for a) Na0.11TiO2, b) Na0,15TiO2, 

c) Na0.19TiO2, and d) Na0.23TiO2, respectively. 

However, the nanosphere structure in Figure 4.1 c) did not recrystallise at all but rather 

has melted, the melting was confirmed by the noncrystalline pattens of the disordered 

Ti, O atoms arrangements seen on the structures. Similar results were also observed 
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in Li0.19TiO2 nanosphere structure illustrated by Figure 3.1 c) which attests that TiO2 

nanosphere structure cannot handle the hosting of 0.19 Li+ and 0.19 Na+ ions 

concentrations. Surprisingly Figure 4.1 d) had shown some crystalline patterns verified 

by the Ti, O ordered systems seen on the structure different from what was observed 

in Figure 4.1 c). So, the NaxTiO2 nanosphere structure was successfully recrystallised 

with 0.11, 0.15 and 0.23 Na+ concentrations and was unsuccessful with 0.19 Na+ 

concentration. Two layers of Ti4+ (blue and white) on each recrystallised NaxTiO2 

nanosphere structure shown in Figure 4.1 a), b), c) and d) were sliced to obtain their 

microstructural defect morphologies inside the architectures. The sliced 

microstructural snapshots are shown in Figure 4.2 a), b), c) and d) respectively. Figure 

4.2 a) and b) have pure crystalline patterns of zigzag and straight tunnels associated 

with the brookite and rutile polymorphs respectively, along with empty and Na+ filled 

vacancies and majority of the Na+ were observed on the edges of the microstructures.  

 

Figure 4.2: Shows a recrystallised microstructural snapshots nanospheres at 
concentrations a) Na0.11TiO2, b) Na0,15TiO2, c) Na0.19TiO2 and d) Na0.23TiO2, 

respectively. 

So, since the Figure 4.1 c) could not recrystallise, there was no microstructural 

snapshots for it due to the impossibility and difficulty of obtaining two Ti4+ layers hence 

Figure 4.2 c) was obtained. Figure 4.2 c) simply shows the extents of how the Ti atoms 

were disordered surrounded by their inserted Na+. Furthermore, the microstructures 

shown by Figure 4.2 d) contained some crystallinity that was highly dominated by 

zigzag patterns corresponding to the brookite phase with most Na+ settling right on 
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their edges and within Ti4+ vacancies. The microstructural results obtained in Figure 

4.2 a), b), c) and d) were consistent with results in Figure 4.1 a), b), c) and d) 

respectively. 

4.1.2. NaxTiO2 Nanoporous 

The recrystallised NaxTiO2 nanoporous structures are illustrated in Figure 3.3 a), b), 

c) and d) had similar characteristics of highly crystalline Ti, O patterns with most Na+ 

segregation towards the open pores. Figure 3.3 a) had a very wide-open pore filled 

with most Na+ right on a pore edge, while the open pores in Figure 3.3 d) were highly 

filled up by Na+ where segregation of Na+ was influenced by the charge compensation 

within the structures.  

 

Figure 4.3: Represents recrystalised nanoporous architectures with 
concentrations of a) Na0.11TiO2, b) Na0,15TiO2, c) Na0.19TiO2 and d) Na0.23TiO2. 

The nucleation and growth that occurred on NaxTiO2 nanoporous was verified by 
defect morphology through microstructural snapshot characterization conveyed in 
Figure 3.4 a), b), c) and d) respectively. All microstructures in Figure 3.4 had similar 
crystalline characteristics of straight and zigzag tunnels corresponding to the rutile and 
brookite phase along with empty and Na+ filled vacancies, as well as some Na+ were 
on the edges of the pores. 
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Figure 4.4: Shows microstructural snapshots for recrystallised nanoporous 
architecture with concentrations of a) Na0.11TiO2, b) Na0,15TiO2, c) Na0.19TiO2 and 
d) Na0.23TiO2. 

4.1.3. NaxTiO2 Nanosheets 

Figure 4.5 a) Na0.11TiO2, b) Na0.15TiO2, c) Na0.19TiO2 and d) Na0.23TiO2 are 

recrystallised nanosheet structures showing similar partially amorphous and partly 

crystalline Ti, O patterns n all structures where some Na+ were actively diffusing away 

from the structure influenced by high thermal repulsion force and high Na+ 

concentrations illustrated in Figure 4.5 c) and d). NaxTiO2 nanosheet structures shown 

in Figure 4.5 a) Na0.11TiO2, b) Na0.15TiO2, c) Na0.19TiO2 and d) Na0.23TiO2 were very 

much consistent with their respective microstructural snapshots in Figure 4.6 a), b), c) 

and d) which had partly crystalline and amorphous phases which then proves that the 

structures have indeed gone recrystallisation synthesis.  
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Figure 4.5: : Represents recrystallised nanosheets of NaxTiO2 with varying Na 
concentrations a) Na0.11TiO2, b) Na0,15TiO2, c) Na0.19TiO2 and d) Na0.23TiO2. 

 

Figure 4.6: Shows recrystallised microstructural snapshots of NaxTiO2 
nanosheets with varying Na concentrations; a) Na0.11TiO2, b) Na0,15TiO2, c) 
Na0.19TiO2, and d) Na0.23TiO2. 



  

 121 

4.2. Cooled Structures and Microstructures of NaxTiO2 (x=0.11, 0.15, 0.19 and 

0.23) nanostructures. 

The recrystallised nanosphere, nanoporous and nanosheet architectures in Figure 

4.1, Figure 4.3,  and Figure 4.5 were then cooled from 1500 K, 1000 K, 500 and 0 K 

within 500 K intervals; the process was proceeded to influence further crystallinity and 

to verify the extent of structural Ti, O orderings at lower temperatures.  

4.2.1. NaxTiO2 Nanosphere 

Structural behaviour of Na0.11TiO2 nanosphere was studied at temperatures different 

from 2000 K, at which recrystallisation occurred, which are i) 1500 K ii) 1000 K iii) 500 

K and iv) 0 K as illustrated in Figure 4.7 having similar structural patterns of atoms 

arrangements of that of Li+ in Figure 3.7. These crystalline phases were confirmed by 

their microstructural snapshots illustrated in Figure 4.8 i), ii), iii) and iv) respectively, 

showing highly pure zigzag and straight tunnels associated with brookite and rutile 

polymorphs along with empty and Na+ filled vacancies.  

 

Figure 4.7: Cooled structures of nanosphere Na0.11TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and 0 K.               

Most Na+ have settled inside the Na0.11TiO2 nanosphere architecture; however, some 
Na+ were also noticed on the edges similarly to their respective microstructures in 
Figure 4.8. Increasing Na+ inside the TiO2 nanosphere with 0.15, 0.19 and 0.23 did 
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not affect any of the Ti, O framework patterns as seen in Figure 4.9, Figure 4.11 and 
Figure 4.13 respectively; consequently, their corresponding microstructures shown in 
Figure 4.10, Figure 4.12 and Figure 4.14 have similar characteristics as seen in Figure 
4.8 which had zigzag and straight tunnels corresponding to brookite and rutile 
polymorphs along with empty and Na+ filled vacancies. 

 

Figure 4.8: Cooled microstructures of nanosphere Na0.11TiO2   at i) 1500 K, ii) 1000 
K, iii) 500 K and iv) 0 K. 
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Figure 4.9: Cooled structures of nanosphere Na0.15TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and 0 K.               

 

Figure 4.10: Cooled microstructures of nanosphere Na0.15TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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Figure 4.11: Cooled structures of nanosphere Na0.23TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and 0 K.               

 

Figure 4.12: Cooled microstructures of nanosphere Na0.23TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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4.2.2. NaxTiO2 Nanoporous 

Recrystallised nanoporous architectures with concentrations Li0.11TiO2, Li0.15TiO2, 

Li0.19TiO2 and Li0.23TiO2  were cooled to i) 1500 K ,ii) 1000 K, iii) 500 K and iv) 0 K in 

order to enhance their crystallinity at low temperature. Such cooled nanoporous 

structures are featured in figures 4.13, 4.15, 4.17 and 4.19 along with their 

microstructural snapshots showing similar and familiar structural patterns of straight 

and zigzag tunnels related to rutile and brookite polymorphs also having some empty 

and Na+ filled vacancies better viewed in figures 4.14, 4.16, 4.18 and 4.20 respectively.  

 

Figure 4.13: Cooled structures of nanoporous Na0.11TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               
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Figure 4.14: Cooled microstructures of nanoporous Na0.11TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 

Cooling the nanoporous NaxTiO2 gradually increases the crystallinity and structural 

defects without affecting the Ti, O atom ordering. It also influences the wide opening 

of the pores by drawing the Na+ towards the pore edges and channels. Interestingly, 

all microstructural defects of nanoporous NaxTiO2 illustrated in figures 4.14, 4.16, 4.18 

and 4.20 have similar structural defects as those of LixTiO2 nanoporous shown in 

figures 3.14, 3.16, 3.18 and 3.20 respectively, the strong familiarity of structural 

defects is due to the Li+ and Na+ properties which have an almost similar ion exchange 

and equilibrium constant properties. It may be surmised that TiO2 nanoporous 

architecture is an excellent configuration for hosting high Na+ and Li+ concentrations 

and can withstand high temperature conditions without damaging the crystalline 

ordered patterns on the system; hence is appropriate for sodium ion batteries anodes. 
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Figure 4.15: Cooled structures of nanoporous Na0.15TiO2   at i) 1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 4.16: Cooled microstructures of nanoporous Na0.15TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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Figure 4.17: Cooled structures of nanoporous Na0.19TiO2   at i) 1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 4.18: Cooled microstructures of nanoporous Na0.19TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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Figure 4.19: Cooled structures of nanoporous Na0.23TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 4.20: Cooled microstructures of nanoporous Na0.23TiO2   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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4.2.3. NaxTiO2 Nanosheets 

Furthermore, the cooling synthesis was also performed on the Na0.11TiO2, Na0.15TiO2 

Na0.19TiO2 Na0.23TiO2 nanosheets architecture structures from i)1500 K, ii) 1000 K, iii) 

500 K then iv) 0 K to improve the ordering for better Na+ diffusivity and excellent 

pathways via their structural and microstructural snapshot’s view shown from Figure 

4. 21 to Figure 4.28. Cooled nanosheet structures shown in Figure 4.21, Figure 4.23, 

Figure 4.25 and Figure 4.27 have similar ordered patterns, however increasing the 

Na+ inside the TiO2 nanosheets has expanded the structures then made the systems 

to be more Na+ filled by allowing dispersed Na+ distribution without them aggregating.  

 

Figure 4.21: Cooled structures of Na0.11TiO2 nanosheets at i) 1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

The previous observation was confirmed by the microstructural snapshots to compare 

the defect properties at all given Na+ concentrations and cooled temperatures. All 

microstructures shown by Figure 4.22, Figure 4.24, Figure 4.26 and Figure 4.28 

agrees well with their respective structures where more Na+ are observed to be right 

inside the partial non-crystalline and partial crystalline tunnels with more straight and 

zigzag tunnels corresponding to the rutile and brookite polymorphs respectively along 

with emptier and Na+ filled vacancies on the highly crystalline part of the 

microstructures.  
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Figure 4.22: Cooled microstructures of Na0.11TiO2 nanosheets at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 

The partial amorphous and partial crystalline patterns inside the nanosheets structure 

allows structural stabilities inside during and after higher exposure temperature 

conditions and seeing that their microstructures do not change even at low 

temperatures it improves high Na+ diffusivity during charging and discharging. 

Therefore, NaxTiO2 (0.11, 0.15, 0.19 and 0.23) nanosheets showed very excellent 

structural stability after cooling synthesis which is very good for future anode electrode 

materials for sodium ion batteries. 
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Figure 4.23: Cooled structures of Na0.15TiO2 nanosheets   at i)1500 K, ii) 1000 K, 
iii) 500 K and 0 K.               

 

Figure 4.24: Cooled microstructures of Na0.15TiO2 nanosheets   at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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Figure 4.25: Cooled structures of Na0.19TiO2 nanosheets at i) 1500 K, ii) 1000 K, 
iii) 500 K and 0 K.               

 

Figure 4.26: Cooled microstructures of Na0.19TiO2 nanosheets at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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Figure 4.27: Cooled structures of Na0.23TiO2 nanosheets at i) 1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 4.28: Cooled microstructures of Na0.23TiO2 nanosheets at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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4.3. RDFs of NaxTiO2 Nanostructures (x= 0.11, 0.15, 0.19 and 0.23)  

In a crystal RDFs have finite number of sharp peaks whose separation and height are 

characteristics of the lattice structure. 

4.3.1. NaxTiO2 Nanosphere 

The RDFs plots of Na0.11TiO2, Na0.15TiO2, Na0.19TiO2 and Na0.23TiO2 nanospheres 

cooled from 1500 K to 0 K within 500 K intervals are illustrated in figures 4.29, 4.30, 

4.31 and 4.32 respectively. These RDFs plots consist of an almost 2Å bond length 

equivalent to calculated bond length and G(r) maxima values of first peaks of LixTiO2 

and MgxTiO2 nanosphere Ti-O pairs RDFs plots observed in chapters 3 and 5. This 

observation confirms that temperature did not distort the Ti-O positions but only 

improved the extent of crystallinity. Hence, no change was seen in RDFs peak 

positions but rather only the variation of the broadening of peaks was noted. The RDFs 

shown in figures 4.29, 4.30 and 4.32 show very distinct sharp peaks at low (0 K) 

temperatures indicating a highly crystalline structure, then their crystallinity reduced 

with an increase in temperature as indicated by their broader reflected in the trend 0 

K > 500 K >1000 K >1500 K > 2000 K. However, the RDF peaks in figure 4.31 have 

broad peaks at all reduced temperatures although the broadness was clearly 

decreased at the very low (0 K) temperature, which then proves the Na0.19TiO2 was 

not crystalline but rather amorphous at all temperatures below 2000. Similar peak 

characteristics were also reflected in Li0.19TiO2. 

 

Figure 4.29: Shows simulated RDFs plots for Na0.11TiO2 nanosphere at all 
temperatures with a magnified RDFs portion between 3 and 5 Å  for better 
visualisation. 
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Figure 4.30: Shows simulated RDFs plots for Na0.15TiO2 nanosphere at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

 

Figure 4.31: Shows simulated RDFs plots for Na0.19TiO2 nanosphere at at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 
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Figure 4.32: Shows simulated RDFs plots for Na0.23TiO2 nanosphere at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

 

4.3.2. NaxTiO2 Nanoporous 

The Ti-O RDF analysis in Na0.11TiO2, Na0.15TiO2, Na0.19TiO2 and Na0.23TiO2 

nanoporous systems are presented in figures 4.33, 4.35, 4.36 and 4.37 respectively. 

All the RDFs peaks show that the crystallinity decreases with increasing temperature, 

below 2000 K. These RDF data analysis of NaxTiO2 nanoporous confirms that cooling 

down the systems greatly improves the extent of crystallisation, which is important in 

electrochemical properties of the anodes. The bond length and the G (r) observed in 

figures 4.33 to 4.37 are the similar to those of LixTiO2 nanoporous the only difference 

being peak sharpness, peak splitting and peak intersections as seen on the magnified 

RDFs sections for each Ti-O pair. Furthermore, more Na+ intercalation into TiO2 

nanoporous systems reduces peak sharpness  

 

Figure 4.33: Shows simulated RDFs plots for Na0.11TiO2 nanoporous at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 
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Figure 4.34: Shows simulated RDFs plots for Na0.15TiO2 nanoporous at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

 

Figure 4.35: Shows simulated RDFs plots for Na0.19TiO2 nanoporous at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

 

Figure 4.36 Shows simulated RDFs plots for Na0.23TiO2 nanoporous at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

4.3.2. NaxTiO2 Nanosheets 

Ti-O RDFs for Na0.11TiO2, Na0.15TiO2, Na0.19TiO2 and Na0.23TiO2 nanosheets are 

presented in figures 4.37 to 3.40 respectively, all showing high and sharp peaks mostly 

at low (0K) temperatures influenced by partly crystalline portions observed in 

microstructures. As with other nanoarchitectures, Ti-O RDF peak sharpness reduced 

with increasing temperatures at all Na+ concentrations and the crystallinity trend is 

reflected as  0K>500K>1000K>1500K>2000K. 
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Figure 4.37: Shows simulated RDFs plots for Na0.11TiO2 nanosheets all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

 

Figure 4.38: Shows simulated RDFs plots for Na0.15TiO2 nanosheets at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

 

Figure 4.39: Shows simulated RDFs plots for Na0.19TiO2 nanosheets at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 
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Figure 4.40: Shows simulated RDFs plots for Na0.23TiO2 nanosheets at all 
temperatures with a magnified RDFs portion between 3 and 5 Å for better 
visualisation. 

 

4.4. XRDs of NaxTiO2 (x = 0.11, 0.15, 0.19 and 0.23) Nanoarchitectures 

4.4.1. NaxTiO2 Nanosphere 

Figures 4.41, 4.42, 4.43 and 4.44 depict XRD patterns for Na0.11TiO2, Na0.15TiO2, 

Na0.19TiO2 and Na0.23TiO2 systems respectively, which revealed well defined sharp 

peaks positioned at 2ϴ = 25o, 31o, 35o, 41o, 55o,61o and 65o corresponding to the 

reflections by the (111), (101), (120), (121), (200), (012), (210), (211), (131), (610), 

(002) and (200) representing crystalline nanospheres at both high (2000 K) and low 

(0 K) temperatures. However, the XRD patterns for Na0.19TiO2 have much wider 

broader peaks which are positioned at 30o, 55o and 60o 2ϴ angles at 2000 K and 0 K 

, which both suggested an extremely amorphous system.  

 

Figure 4.41: Illustrates simulated XRDs plots of Na0.11TiO2 nanosphere at 
recrystallised (2000 K) and cooled (0 K) temperatures for structural 
characterisations. 

The high intensities and sharp peaks have influenced an increase in crystallinity 
patterns on all NaxTiO2 nanosphere systems, hence the Na0.23TiO2 nanosphere 
system had the highest intensity peaks followed by Na0.15TiO2, then Na0.11TiO2 
nanosphere system and lastly the Na0.11TiO2 nanosphere systems, so higher Na+ 
intercalation in TiO2 greatly increased and improves crystals when heated to 2000 K 
and cooled to 0 K. These highly intense peaks observed in figures 4.41, 4.42 and 4.44 



  

 141 

are peaks belonging to brookite (B120 and B121) polymorph; which was followed by 
a rutile phase (B131). The two polymorphs were also noted in tunnels deduced from 
snapshots of microstructures and provide pathways for Na ions hence rendering 
NaxTiO2 nanospheres excellent anode electrode for large grid energy storage 
applications; except for the concentration Na0.19TiO2.    

 

Figure 4.42: Illustrates simulated XRDs plots of Na0.15TiO2 nanosphere at 
recrystallised (2000 K) and cooled (0 K) temperatures for structural 
characterisations. 

 

Figure 4.43: Illustrates simulated XRDs plots of Na0.19TiO2 nanosphere in 
recrystallised (2000 K) and cooled (0 K) temperatures for structural 
characterisations. 

 

Figure 4.44: Illustrates simulated XRDs plots of Na0.23TiO2 nanosphere in 
recrystallised (2000 K) and cooled (0 K) temperatures for structural 
characterisations. 
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4.4.2. NaxTiO2 Nanoporous 

The simulated XRD patterns were also analysed for the NaxTiO2 nanoporous 

structures heated to 2000 K and cooled to 0 K to study and compare their crystalline 

characteristics. Similar peak positions and intensities are observed in Na0.11TiO2, 

Na0.15TiO2, Na.19TiO2 and Na0.23TiO2 at high (2000 K) and low (0 K) temperatures, as 

illustrated in figures 4.45, 4.46, 4.47, and 4.48 respectively. Highly intense sharp peaks 

were observed on all simulated XRD patterns for NaxTiO2 nanoporous structures as 

seen from figure 4.45 to figure 4.48 which then confirms a highly crystalline system 

observed at 2ϴ values of 25o, 26o, 30o, 35o, 36o, 40o, 43o, 55o, 56o and 64o 

corresponding to the reflections by the (120), (111), (121), (101), (004), (200), (210), 

(105), (131), (211) and (301) planes belonging to brookite, rutile and anatase crystal 

structures which are consistent with the dominant zigzag and straight tunnels inside 

the structures confirmed by their microstructural snapshots. Furthermore, the 

maximum peak intensities were shown to increase with increasing Na+ intercalation in 

TiO2 nanoporous which followed a crystalline trend of Na0.23TiO2 (Figure 

4.48)>Na.19TiO2 (Figure 4,47)> Na0.15TiO2 (Figure 4.46)> Na0.11TiO2 (Figure 4,45) 

respectively; hence, the sodiation highly increases and creates more smooth tunnels 

and channels for fast Na+ diffusing during heating and after cooling.  

 

Figure 4.45: Illustrates simulated XRDs plots of Na0.11TiO2 nanoporous at 
recrystallised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 

 

Figure 4.46: Illustrates simulated XRDs plots of Na0.15TiO2 nanoporous at 
recrystallised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 
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Figure 4.47: Illustrates simulated XRDs plots of Na0.19TiO2 nanoporous at 
recrystallised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 

 

Figure 4.48: Illustrates simulated XRDs plots of Na0.23TiO2 nanoporous at 
recrystallised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 

 

4.4.3. NaxTiO2 Nanosheets 

The NaxTiO2 nanosheets had broader surface areas at lower intensities then sharp 

peaks with many noises at higher intensities confirmed by their simulated XRD 

patterns shown in figures 4.49, 4.50, 4.51 and 4.52 corresponding to Na0.11TiO2, 

Na0.15TiO2, Na.19TiO2 and Na0.23TiO2 nanosheets respectively. The broader and 

sharper peaks illustrate the presence of disordered and crystalline polymorph 

infusions on each nanosheets, this observation was also confirmed by their 

microstructural snapshots after heating (2000 K) and cooling (0 K) in figures 4.6 (a to 

d), 4.22 (iv), 4.24 (iv), 4.26 (iv), and 4.28 (iv) respectively. The sharp peaks at 2ϴ 

values of 23o,25o,30o,35o, 37o,40o, 55o and 65o congruent to the planes reflections e 

(101), (110), (121), (004), (111), (211) (200), (105) and (310) are associated with the 

rutile and brookite polymorphs in the NaxTiO2 nanosheet. The peak intensities were 

highly inconsistent to the increase in Na+ insertions also with the heating and cooling, 

but rather Na+ insertion from 0.11 to 0.19 Na+ increased peak intensities at 2000 K 

and not so much at 0 K. It can generally be concluded that the broad XRD peaks of 

the nanosheets are associated with the higher content of disorder as depicted by 

microstructures. 
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Figure 4.49: Illustrates simulated XRDs plots of Na0.11TiO2 nanosheets at 
recrystallised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 

 

Figure 4.50: Illustrates simulated XRDs plots of Na0.15TiO2 nanosheets at 
recrystallised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 

 

Figure 4.51: Illustrates simulated XRDs plots of Na0.19TiO2 nanosheets at 
recrystallised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 
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Figure 4.52: Illustrates simulated XRDs plots of Na0.23TiO2 nanosheets at 
recrystallised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 

 

3.5. Diffusion Coefficients of NaxTiO2 (x=0.11, 0.15, 0.19 and 0.23) 

Nanoarchitectures.  

The Na+ diffusion transport was calculated from 100 to 2000 K in 100 K intervals in 

TiO2 nanosphere, nanoporous and nanosheet structures at varied Na+ concentrations 

through diffusion coefficients presented by figure 4.63, 4.64 and 4.65 respectively. The 

blue, pink, red and green line graphs represent diffusion coefficients of Na+ inside 

Na0.11TiO2, Na0.15TiO2, Na.19TiO2 and Na0.23TiO2 nano-architectured structures. 

3.5.1. NaxTiO2 Nanosphere 

Sodium ion diffusion coefficients (DCNa) in Na0.11TiO2, Na0.15TiO2, Na.19TiO2, and 

Na0.23TiO2 nanospheres were simulated from 100K to 2000K to understand and track 

the Na+ ion diffusion in the TiO2 nanospheres. As seen in Figure 4.63 all Na+ diffusion 

coefficients were enhanced with an increase in temperature. Na+ ion in Na0.23TiO2 

nanosphere had the highest diffusion coefficient, in the range 100 to 2000 K, when 

compared to other nanospheres. It is generally followed by Na0.15TiO2 nanosphere and 

the plots for Na0.11TiO2 and Na0.19TiO2 nanospheres are lower and mostly overlap. The 

low diffusion in Na0.19TiO2 can be attributed to its non-crystalline phase and lack of 

open wide channels for convenient transport of Na+ ion as confirmed by their RDFs 

and XRDs patterns in figures 4.31 and 4.43.  It may also be surmised that high Na+ 

content in TiO2 enhances diffusion coefficients; except for the concentration that did 

not allow crystallisation.  
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Figure 4.53: Represents graph of Na+ diffusion coefficients at various 
temperatures in TiO2 nanospheres with 0.11, 0.15, 0.19 and 0.23 Na+ 
concentrations. 

 

4.5.2. NaxTiO2 Nanoporous Architecture 

Plots of diffusion coefficients of Na+ with temperature in Na0.11TiO2, Na0.15TiO2, 

Na.19TiO2 and Na0.23TiO2 nanoporous structures are shown in Figure 4.63. All plots 

completely overlap and show no diffusion of Na+ from 100 to 400K; diffusion 

commences above this temperature. Furthermore, the plots begin to separate above 

1000 K where the diffusion of Na.11TiO2 is initially prevalent. From 1500 K the trend of 

diffusion coefficients in different nanoporous structures emerges as Na0.23TiO2 

>Na0.19TiO2 > Na0.15TiO2   > Na.11TiO2. All snapshots of microstructures, with different 

Na+ content, have orderly patterns of tunnels corresponding to the brookite and rutile 

polymorphs. XRDs and RDFs also show reasonable level of crystallinity. However, 

there are also several Na ions located on the edges of the channels. The zero diffusion 

coefficients of Na+ at low temperature is due to the high static force involved within the 

NaxTiO2 structure, hence a lot of energy is required to allow the onset of  Na+ 

activation. 
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DC for Na nanoporous 
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Figure 4.54: Represents graph of Na+ diffusion coefficients at varied 
temperatures in TiO2 nanoporous architecture with 0.11, 0.15, 0.19 and 0.23 Na+ 
concentrations. 

 

3.5.3. NaxTiO2 Nanosheets 

Plots of diffusion coefficients of Na+ as a function of temperature in Na0.11TiO2, 

Na0.15TiO2, Na.19TiO2 and Na0.23TiO2 nanosheets are given in figure 4.64. As in 

nanoporous structures, all plots completely overlap and show no diffusion of Na+ from 

100 to 600 K; diffusion commences above this temperature. Furthermore, the plots 

begin to separate above 1000 K, and the diffusion of Na.11TiO2 is dominant from 1200 

to 1700 K whilst those of other nanosheets are lower with several intersections. From 

1750 K the trend of diffusion coefficients in different nanosheets aligns to Na0.23TiO2 > 

Na0.15TiO2 > Na0.19TiO2 > Na0.11TiO2; with that of Na0.23TiO2 increasing substantially. 

Generally the magnitudes of diffusion coefficients of Na in the nanosheets are twice 

as much as those of the nanoporous architectures. In nanosheets, half of the snapshot 

of the microstructure consists of well-defined brookite and rutile tunnels. The other half 

reflect disorder and possibly change in the orientation of channels. The combination 

of the two tend to contribute to the broadening of XRD peaks when compared to 

nanoporous structures. Hence, several Na ions, in nanosheets, could be settling in the 

grain boundaries and consequently adding to the diffusion as the temperature 

increases. At very high temperatures nanosheets with high Na+ concentrations begin 

to have high diffusions. 
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DC for Na in Nanosheets
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Figure 4.55: Represents graph of Na+ diffusion coefficients at varied 
temperature inside TiO2 nanosheets with 0.11, 0.15, 0.19 and 0.23 Na+ 
concentrations. 

 

4.6. Activation Energies of NaxTiO2 (x=0.11, 0.15, 0.19 and 0.23) Nanostructures 

Since Na atoms were randomly inserted into TiO2 nanosphere, nanoporous, and 

nanosheets architectures, it is expected that the Na+ to freely diffuse within the TiO2 

nanostructures without being limited by their site defects, no restriction was introduced 

before, during and after molecular dynamics simulation synthesis. The calculated 

activation energies presented in these theses were within between 1.0 K-1 and 2.0 K-

1. 

4.6.1. NaxTiO2 Nanosphere  

The activation energy in NaxTiO2 nanosphere illustrated in Figure 4.66 decreased with 

increasing Na+ content in TiO2 with a calculated activation energy value of 0.256 eV, 

0.248 eV, 0.209 eV and 0.190 eV which followed a trend of 

Na0.11TiO2>Na0.15TiO2>Na0.19TiO2>Na0.23TiO2 respectively. The Na0.23TiO2 and 

Na0.19TiO2 nanosphere had an almost equal Na+ activation energy value of 0.2eV while 

Na0.11TiO2 and Na0.15TiO2 had an almost of equal Na+ activation value of 0.25eV which 

indicates that the Na+ is diffusing at almost equal rate for all given temperatures. lnD 

was decreasing with an increase in K-1 in all nanosphere systems as observed in 

Figure 4.56 with maximum lnD value at around -16 belonging to Na0.23TiO2 

nanosphere structure. 
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Figure 4.56: Represents graph of activation energies of Na+ inside TiO2 
nanospheres with 0.11, 0.15, 0.19 and 0.23 Na+ concentrations.  
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Figure 4.57: Represents graph of activation energies of Na+ inside TiO2 
nanoporous structures with 0.11, 0.15, 0.19 and 0.23 Na+ concentrations. 

 

4.6.2. NaxTiO2 Nanoporous 

The activation energies of Na+ in the NaxTiO2 nanoporous shown in Figure 4.57 was 

quite different to AE observed in Figure 4.56 because in Figure 4.57 the AE for Na+ in 

Na0.11TiO2, Na0.15TiO2, Na0.19TiO2 and Na0.23TiO2 was diffusion at an equal rate with 

an AE value close to 0.2eV at all given temperatures, thus too much too much line 

overlapping and splitting. This observation indicates that the NaxTiO2 nanoporous had 

an almost equal diffusion barriers with open channels and pores which allowed fast 

Na+ diffusivity to this extends and had much higher maximum lnD value of about -17.4 

which belonged to Na0.23TiO2 nanoporous system.  

4.6.3. NaxTiO2 Nanosheets 

The calculated activation energies for Na+ within the NaxTiO2 nanosheets have almost 

equal AE values of close to 0.2eV, as shown in figure 4.67 of NaxTiO2. This suggests 

equivalent Na+ diffusion barriers in the NaxTiO2 nanosheets, even though Ea0.11Na< 

Ea0.15Na < Ea0.19Na < Ea0.23Na. Such equivalence is also mostly reflected in the plots of 

Na diffusion coefficients. 
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Figure 4.58: Represent graph of activation energies of Na+ inside TiO2 

nanosheets with 0.11, 0.15, 0.19 and 0.23 Na+ concentrations on the same axis. 
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4.7. Summary 

The sodium ion was inserted into amorphous TiO2 nanosphere, nanoporous and 

nanosheets architectures, with concentrations of Na0.11TiO2, Na0.15TiO2, Na0.19TiO2 

and Na0.23TiO2. This was followed by recrystallisation, cooling and heating at different 

temperatures. The resultant crystallised nano-architectures featured similar structural 

and microstructural characteristics consisting of straight and zigzag tunnels 

corresponding to rutile and brookite polymorphs respectively. Generally, NaxTiO2 

nanosheets consisted of two portions, one with rutile and brookite tunnels and another 

consisting of highly disordered portions, or changes in orientations; and at higher Na 

concentrations they occupy half of the microstructural snapshot. Consequently, some 

Na+ ions were located inside tunnels and vacancies causing high surfaces distortions 

mostly with higher Na+ contents. However, the Na0.19TiO2 nanosphere could not 

recrystallise and this anomaly was also observed for Li0.19TiO2 nanosphere, in figure 

3.2 of chapter 3.  

This confirms that the 0.19 Na ion concentration does not favour nucleation and growth 

of crystals but rather a more complex disordered (amorphous) system. Hence further 

exploration on such hindrance is required. Analysis of the RDFs and XRDs results 

substantiates observations on each structural and microstructural snapshots, where 

crystallinity was maintained in Na0.11TiO2, Na0.15TiO2 and Na0.23TiO2 nanospheres, 

Na0.11TiO2, Na0.15TiO2, Na0.19TiO2 and Na0.23TiO2 nanoporous and nanosheets except 

for the Na0.19TiO2 nanosphere. In all nano-architectures diffusion coefficients of Na+, 

below 500 K, remained almost near zero and constant except for crystallised 

nanospheres with higher Na concentrations.  

The DCs subsequently increase gradually above 500 K to substantial at higher 

temperatures, with DCs of higher Na concentration nano-architectures tending to be 

highest. The activation energy of the nanosphere with the higher Na concentration 

was low, consistent with the trend of non-zero diffusion coefficients at low 

temperatures. The AEs of nanoporous structures at different Na contents were 

equivalent and related DCs almost overlap in the 500 to 1000 K range. In the case of 

nanosheets AEs are also almost equal for all NaxTiO2 with that of the Nax0.23TiO2 

(highest Na concentration) being highest resulting in a slightly lower diffusivity, except 

at very high temperatures. These results provide insights and an understanding on 

how much such TiO2 nano-architectures can enable operations of sodium ion 

batteries. 
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Chapter 5 

5. Results and Discussions: Magnesium Intercalated TiO2 Nanoarchitectures 

5.1. Recrystallised Structures and Microstructures of MgxTiO2 (x=0.11, 0.15, 0.19 

and 0.23) nanostructures. 

Amorphisation and recrystallisation synthesis was run on MgxTiO2 (x=0.11, 0.15, 0.19 

and 0.23) nanosphere, nanoporous, and nanosheets to study their structural 

properties as influenced by low- and high temperature conditions. 

5.1.1. MgxTiO2 Nanosphere 

Mg2+ ions with concentrations of 0.11, 0.15, 0.19 and 0.23 were inserted into 

amorphous TiO2 nanosphere, at 2000K, which influenced disordered Ti-O patterns 

before recrystallisation. Figure 5.1 a) Mg0.11TiO2, b) Mg0.15TiO2, c) Mg0.19TiO2 and d) 

Mg0.23TiO2 show recrystallised nanospheres after Mg2+ insertions where all structures 

have highly crystalline patterns confirmed by ordered Ti-O patterns with zigzag and 

straight tunnels associated with brookite and rutile crystalline polymorphs, with sliced 

microstructural snapshots illustrated in Figure 5.2 a), b), c) and d) respectively. Both 

structures and microstructures of MgxTiO2 nanosphere in Figure 5.1 and Figure 5.2 

respectively contain crystal patterns with most Mg2+ ions situated on the surface/edges 

which surely validate open channels and frameworks to successfully accommodate 

more Mg2+ ions. 

 

Figure 5.1: Represents recrystalised nanospheres of a) Mg0.11TiO2, b) Mg0,15TiO2, 

c) Mg0.19TiO2 and d) Mg0.23TiO2 at 2000K. Green balls represent Mg. 
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Figure 5.2: Shows microstructures from slices of nanospheres for a) Mg0.11TiO2, 
b) Mg0,15TiO2, c) Mg0.19TiO2 and d) Mg0.23TiO2, respectively, at 2000K.  

5.1.2. MgxTiO2 Nanoporous 

Recrystallised structures and microstructures of a) Mg0.11TiO2, b) Mg0.15TiO2, c) 

Mg0.19TiO2, and d) Mg0.23TiO2 nanoporous architectures are illustrated in Figure 5.3 

and 5.4 respectively, at 2000K. Figure 5.3 a) have crystalline patterns with some Mg2+ 

ions on open pore edges and inside the TiO2 frameworks which agrees well with its 

respective microstructure in Figure 5.4 a) which contains most of straight and zigzag 

tunnels associated to rutile and brookite polymorphs of TiO2 crystal structures. A 

recrystallised TiO2 nanoporous structure with 0.15 Mg2+ is shown in Figure 5.3 b) 

where the pore seems to have been reduced in size when compared to Figure 5.3 a) 

these observation are influenced by the divalent electrons of Mg atoms that are inside 

the TiO2 nanoporous, which then expands the total volume of the system, hence the 

reduced pore size seen in Figure 5.3b), also the crystal patterns observed on the 

system in Figure 5.3 b)  confirms that the systems was fully recrystallised, which were 

confirmed by its microstructural snapshots provided in Figure 5.4 b) that contained 

straight and zigzag tunnels, which are related to rutile and brookite TiO2 polymorphs 

similar to the microstructure of Mg0.11TiO2 nanoporous systems in Figure 5.4 b). 

However, the pores in the nanoporous structures of Mg0.19TiO2 and Mg0.23TiO2 shown 

by Figure 5.3 c) and Figure 5.3 d) have doubled in size more than the pore in Figure 

5.3 a), this increase in size and shape in Figure 5.3 c)  and d) was altered by the high 

number of Mg2+  on the porous edges/surface more than those settled inside the TiO2 
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nanoporous framework, so the weight of the divalent Mg atom causes the wide 

opening of the pores in Figure 5.3 c) and d) respectively. Moreover, after 

recrystallisation, the synthesis of the Mg0.19TiO2 nanoporous structure seen in Figure 

5.4 c) have produced high ordered Ti-O patterns within the microstructures and 

disordered Ti-O patterns at the edges/surfaces where most of Mg2+ were situated 

hence the pore was enlarged. Furthermore Figure 5.3 d) also experienced similar 

structural atom arrangement seen in Figure 5.3 c) however the pore size had become 

narrower and bigger then shifted towards the simulation box on the right due to the 

atomic weight of Mg2+ which then influenced a Ti-O atom shift towards the left side of 

the simulations box as seen in Figure 5.3 d) hence no microstructural snapshots were 

viewed due to the amorphous state of the systems. Recrystallisation synthesis of 

Mg0.23TiO2 nanoporous structure had influenced amorphisation and phase 

transformation which implies that the TiO2 nanoporous structure could not handle 

being accommodated with 0.23 fraction of Mg2+ but rather caused structural instability. 

The sliced microstructures of Mg0.11TiO2, Mg0.15TiO2 and Mg0.19TiO2 in Figure 5.4 a), 

b) and c respectively all had zigzag and straight tunnels correlating to brookite and 

rutile polymorphs with most empty and Mg2+ filled vacancies, which are good 

properties for fast ion diffusivity and electrochemical properties. Furthermore Figure 

5.4c) has highly dispersed Mg2+ inside (crystalline) and on the edge (noncrystalline) 

of the microstructure consistent to what was observed on Figure 5.3 c). 

 

Figure 5.3: Represents nanoporous recrystalised architectures of a) Mg0.11TiO2, 
b) Mg0,15TiO2, c) Mg0.19TiO2 and d) Mg0.23TiO2. 
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Figure 5.4: Shows microstructures from a slice of nanoporous architecture for 
a) Mg0.11TiO2, b) Mg0,15TiO2, c) Mg0.19TiO2 and d) Mg0.23TiO2, respectively.  

5.1.3. MgxTiO2 Nanosheets 

Figure 5.5 displays snapshots of a) Mg0.11TiO2, b) Mg0.15TiO2, c) Mg0,19TiO2 and d) 

Mg0.23TiO2 nanosheet structures after being recrystallised at atomic scale. Each 

nanosheet structure illustrated in Figure 5.5 a), b) and c) possesses partial crystalline 

and amorphous patterns with most Mg2+ evenly dispersed inside each system. 

Recrystallisation synthesis has promoted structural volume expansion in Figure 5.5 b) 

Mg0.15TiO2 and d) Mg0.23TiO2 nanosheet systems, where their open space between 

the sheets have greatly reduced as seen in Figure 5.5 d), which even led to a complete 

closing of the open space between the sheets as seen in Figure 5.5 d) which then 

influenced a complete disordered Ti-O patterns. So, Figure 5.5 d) was completely 

amorphous which generated a structural morphology of nano-flat sheet structure. The 

structural observations of MgxTiO2 in Figure 5.5 a), b) and c) are consistent with their 

related microstructures in Figure 5.6 a), b) and c). The latter reflect partial crystalline 

patterns with zigzag and straight tunnels corresponding to brookite and rutile 

polymorphs, with most Mg2+ occupying vacancies on 1x1 tunnels. Also noted are 

empty vacancies and partial disordered portions which are good features for long life 

cycle of the battery system. However, the microstructure of the Mg0.23TiO2 nanosheet 

structure in Figure 5.5 d) is not depicted due to its amorphous phase and Ti-O 

disordered states; hence the new generated nano-flat sheet structure is shown in 

Figure 5.6 d). 
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Figure 5.5: Represents recrystalised nanosheets of a) Mg0.11TiO2, b) Mg0,15TiO2, 

c) Mg0.19TiO2 and d) Mg0.23TiO2 at 2000K. 

 

Figure 5.6: Shows microstructures from slices of nanosheets for a) Mg0.11TiO2, 
b) Mg0,15TiO2, c) Mg0.19TiO2 and d) Mg0.23TiO2, at 2000K. 
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5.2. Cooled Structures and Microstructures of MgxTiO2 (x=0.11, 0.15, 0.19 and 

0.23) nanostructures 

Molecular dynamics simulation was used to cool (from 2000 to 0K) all recrystallised 

MgxTiO2 nanosphere, nanoporous and nanosheets structures, presented in Figures 

5.1, 5.3 and  5.5, respectively to study its impact of all Mg2+ ion concentrations.  

5.2.1. MgxTiO2 Nanosphere 

The cooling of the Mg0.11TiO2 nanosphere from i) 1500 K, ii) 1000 K, iii) 500 K to iv) 0 

K was successfully simulated from a recrystallised structure. As depicted in Figure 5.7, 

the structural integrity is reflected in crystalline and ordered patterns for all nanosphere 

structures from Figure 5.7 i), ii), iii) and iv), respectively. Since Mg0.11TiO2 is the lowest 

concentration in this study, Mg2+ ions are located inside 1x1 tunnels and on the facets 

of the cooled nanosphere. The extent of crystallinity observed in Mg0.11TiO2 

nanosphere in Figure 5.7 i), ii), iii) and iv) correlated well with the microstructural 

snapshots shown in Figure 5.8, sliced from each nanosphere in Figure 5.7. The 

microstructures viewed in Figure 5.8 i), ii), iii) and iv) all have straight and zigzag 

tunnels related to rutile and brookite polymorphs with empty and Mg2+ filled vacancies. 

Most Mg2+ are located on the facets than in tunnels, as seen on the microstructures. 

Cooling has significantly enhanced crystallinity in the Mg0.11TiO2 nanosphere as 

illustrated in Figure 5.7 i) to iv), hence at 0 K the Ti-O bonds are much more distinct 

than those at 1500 K.   
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Figure 5.7: Cooled structures of nanosphere Mg0.11TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 5.8: Cooled microstructures of Mg0.11TiO2 nanosphere  at i) 1500 K, ii) 1000 
K, iii) 500 K and iv) 0 K. 

The effect of cooling was further analysed on Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 

nanospheres from 1500 K, 1000 K, 500 K then finally to 0 K where structural and 

microstructural snapshots were compared for further insights. All structures and 

microstructures illustrated in Figures 5.9, 5.11, 5.13 and Figures 5.10, 5.12, 5.14 

respectively obtained at i) 1500 K, ii) 1000K, iii) 500 K and i) 0 K for the Mg0.15TiO2, 

Mg0.19TiO2 and Mg0.23TiO2 nanosphere systems show similar characteristics of high 

crystallinity and ordered Ti-O patterns with straight and zigzag tunnels corresponding 

to rutile and brookite polymorphs. Furthermore, microstructures in Figures 5.10, 5.12 

and 5.14, at all simulated temperatures, were consistent with their respective structural 

snapshots in Figures 5.9, 5.11, 5.13, containing empty and Mg2+ filled vacancies with 

most Mg2+ occupying open tunnels inside and on surfaces of nanospheres. It appears 

that high Mg2+ concentrations at elevated and low temperatures have introduced 

disordered Ti-O patterns mainly on the surface/outer surroundings of the nanosphere 

as noted in Figure 5.12 and Figure 5.14 from i) to iv). Furthermore, the Ti-O disordered 

patterns, though not extensive, are confirmed by microstructural snapshots of the 

Mg0.23TiO2 nanosphere. However, on the whole, these structural and microstructural 

snapshots indicate that the structural integrity is maintained inside Mg0.11TiO2 

Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 nanospheres after recrystallisation and cooling 

hence enabling good and fast Mg2+ diffusivity. 
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Figure 5.9: Cooled structures of Mg0.15TiO2 nanosphere at i)1500 K, ii) 1000 K, iii) 
500 K and iv) 0 K.               

 

Figure 5.10: Cooled microstructures of Mg0.15TiO2 nanosphere at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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Figure 5.11: Cooled structures of Mg0.19TiO2 nanosphere at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 5.12: Cooled microstructures of Mg0.19TiO2 nanosphere at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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Figure 5.13: Cooled structures of Mg0.23TiO2 nanosphere   at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 5.14: Cooled microstructures of Mg0.23TiO2 nanosphere at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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5.2.2. MgxTiO2 Nanoporous 

All recrystallised MgxTiO2 nanoporous in Figure 5.3 a), b), c) and d) were cooled from 

1500 K followed by 1000 K, 500 K and finally 0 K, the cooled structures and 

microstructures of Mg0.11TiO2, M0.15TiO2 and Mg0.19TiO2 were viewed in Figures 5.15, 

5.17, 5.19 and 5.16, 5.18, 5.20 respectively. However, the structural and 

microstructural snapshots of Mg0.23TiO2 nanoporous architecture are not presented 

here due to its inability to crystallise. The cooled nanoporous structures from i) 1500 

K to iv) 0 K for Mg0.11TiO2, Mg0.15TiO2 and Mg0.19TiO2 systems are illustrated in Figures 

5.15, 5.17, 5.19 and they all have similar long-range order characteristics of crystalline 

patterns where most Mg2+ are well located and dispersed within the 1x1 tunnels, inside 

channels, and right on the open pores edges. The pores sizes have increased with an 

increased in Mg2+ concentrations inside the TiO2 nanoporous lattice but kept the same 

after being cooled from i) 1500 K to iv) 0 K, these prior observations was confirmed by 

their corresponding sliced microstructural snapshots demonstrated in Figures 5.16, 

5.18 and 5.20. urthermore, the snapshots of all microstructures for Mg0.11TiO2, 

Mg0.15TiO2 and Mg0.23TiO2 presented in Figure 5.16, Figure 5.18 and Figure 5.20 

contained interstitial defect of zigzag and straight tunnels coinciding with brookite and 

rutile phases essential for electrochemical properties for energy in magnesium ion 

batteries during charging and discharging times. Empty vacancies and Mg2+ filled 

vacancies with most Mg2+ located on the 1x1 tunnels were observed on all MgxTiO2 

nanoporous structures. However, in microstructures with higher Mg2+ content, 

especially in Mg0.19TiO2 (Figure 5.20), clear limited disordered portions are observed, 

at lower temperatures, which may also be partly ascribed to change in orientation of 

the microstructure.  

 

Figure 5.15: Cooled structures of Mg0.11TiO2 nanoporous architecture at i)1500 
K, ii) 1000 K, iii) 500 K and iv) 0 K.               
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Figure 5.16: Cooled microstructures of Mg0.11TiO2 nanoporous architecture at i) 
1500 K, ii) 1000 K, iii) 500 K and iv) 0 K. 

 

Figure 5.17: Cooled structures of Mg0.15TiO2  nanoporous architecture at i)1500 
K, ii) 1000 K, iii) 500 K and iv) 0 K.               
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Figure 5.18: Cooled microstructures of Mg0.15TiO2 nanoporous architecture at i) 
1500 K, ii) 1000 K, iii) 500 K and iv) 0 K. 

 

Figure 5.19: Cooled structures of Mg0.19TiO2   nanoporous architecture at i)1500 
K, ii) 1000 K, iii) 500 K and iv) 0 K.               
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Figure 5.20: Cooled microstructures of Mg0.19TiO2 nanoporous architecture  at i) 
1500 K, ii) 1000 K, iii) 500 K and iv) 0 K. 

5.2.3. MgxTiO2 Nanosheets 

The recrystallised nanosheets a) Mg0.11TiO2, b) Mg0.15TiO2 and c) Mg0.19TiO2 

discussed in section 5.1 (Figure 5.5) were successfully cooled through molecular 

dynamics simulations from 1500 K to 0 K in 500 K intervals. Their cooled structures 

are shown in Figures 5.21, 5.23 and 5.25 where similar characteristics of partial 

crystalline and disordered patterns (though not too apparent) with well dispersed Mg2+ 

ions on at all Mg2+ concentrations and cooled temperature except for Mg0.23TiO2 

nanosheets which was not presented due to its high amorphous state even after 

recrystallisation in Figure 5.5 d). The structural integrity was confirmed by their 

corresponding microstructural snapshots presented by Figures 5.22, 5.24 and 5.26 for 

Mg0.11TiO2, Mg0.15TiO2 and Mg0.19TiO2 nanosheets, all clearly depicted mixed phase 

of disordered and ordered patterns filled with Mg2+ inside the zigzag and straight 

tunnels coinciding to brookite and rutile polymorphs. The degree of disorder in the 

nanosheets is much greater than that mentioned in the Mg0.19TiO2 of nanoporous 

architecture. Cooling the nanosheets did not greatly affect the amount of crystalline 

and non-crystallinity which was also seen after recrystallisation synthesis but rather 

remained the same which indicates that structural integrity was maintained even when 

exposed to lower simulated temperatures, which are some of excellent properties for 

better battery performance. 
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Figure 5.21: Cooled structures of nanosheets Mg0.11TiO2   at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 5.22: Cooled microstructures of Mg0.11TiO2 nanosheets at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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Figure 5.23: Cooled structures of Mg0.15TiO2 nanosheets at i) 1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 5.24: Cooled microstructures of Mg0.15TiO2 nanosheets at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 
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Figure 5.25: Cooled structures of Mg0.19TiO2 nanosheets  at i)1500 K, ii) 1000 K, 
iii) 500 K and iv) 0 K.               

 

Figure 5.26: Cooled microstructures of Mg0.19TiO2 nanosheets at i) 1500 K, ii) 
1000 K, iii) 500 K and iv) 0 K. 

5.3. RDFs of MgxTiO2 (x= 0.11, 0.15, 0.18 and 0.23) Nanostructures 

The radial distribution function of the Ti-O pair of the MgxTiO2 nanosphere, 

nanoporous and nanosheets exhibited from 5.27 to Figure 5.38 was analysed to obtain 
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more insights on the level of crystallinity and amorphous phase present on varied 

magnesiated TiO2 systems from high and low temperatures.  

5.3.1. MgxTiO2 Nanosphere 

The calculated radial distribution functions Ti-O pair in Mg0.11TiO2 Mg0.15TiO2, 

Mg0.19TiO2 and Mg0.23TiO2 nanosphere were analysed at 1500 K,1000 K,500 K and 0 

K and homogeneous peak sharpness and broadness characteristics were observed. 

Figure 5.27 demonstrates Ti-O pair RDF data in Mg0.11TiO2 nanosphere with maximum 

g(r) value of 108 at distance 2 Å, the highest sharp peak followed a crystallinity trends 

of 0 K >500 K>1000 K>1500 K which implies that the Mg0.11TiO2 nanosphere cooled 

at 0 K was highly crystalline compared to that at 500 K, 1000 K and 1500 K confirmed 

by its sharp peak while the other three peaks were slightly broader. Therefore, cooling 

the Mg0.11TiO2 nanosphere has greatly enhanced its crystallinity. Such results were 

also observed on Ti-O pair RDF peaks in Mg0.15TiO2, Mg0.19TiO2, and Mg0.23TiO2 

nanospheres presented in Figures 5.27, 5.28 and 5.29 respectively. However, the only 

difference observed in the nanosphere RDF is that the crystallinity was increasing with 

a decrease in temperature and a decrease in Mg2+ concentrations since the peaks at 

0 K were slightly broader at higher Mg2+ concentrations. 

 

Figure 5.27: Shows simulated RDFs plots for Mg0.11TiO2 nanosphere at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 
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Figure 5.28: Shows simulated RDFs plots for Mg0.15TiO2 nanosphere at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 

 

Figure 5.29: Shows simulated RDFs plots for Mg0.19TiO2 nanosphere at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 

 

Figure 5.30: Shows simulated RDFs plots for Mg0.23TiO2 nanosphere at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation 
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5.3.2. MgxTiO2 Nanoporous 

Structural properties such as the position r(Å) and height g(r) of all the Ti-O bond of 

RDF peaks obtained at 0K ,500K, 1000K and 1500K in Mg0.11TiO2, Mg0.15TiO2, 

Mg0.19TiO2 and Mg0.23TiO2 nanoporous structures are presented by Figures 5.31, 5.32, 

5.33 and 5.34 respectively. An almost similar peak positions and height are observed 

in all the MgxTiO2 nanoporous systems illustrated from Figure 5.31 to Figure 5.34 

where the maximum peak height at 0 K decreases with an increase in Mg ion 

concentrations.  

 

Figure 5.31: Shows simulated RDFs plots for Mg0.11TiO2 nanoporous at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 

However, at 500 K, 1000 K and 1500 K the peak height, located at around 2Å, remains 
the same on all MgxTiO2 nanoporous systems, suggesting equal coordination’s 
numbers 5-fold of the Ti-O bond lengths. Moreover, the peak height g(r) was 
decreasing with an increase in temperature in all nanoporous systems of Mg0.11TiO2, 
Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 which caused many peak splits especially from 
3Å towards 10Å in r position. The only difference was the peak sharpness and peak 
broadness at all splits which then suggested the presence of crystalline and 
amorphous phases inside each nanoporous structures at different temperatures while 
the peaks at 2000 K was in amorphous states, hence the crystallinity phase followed 
the trend of 0 K>500 K>1000 K>1500 K and the amorphous phase followed the trend 
of 1500 K>1000 K>500 K>0 K.  
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Figure 5.32: Shows simulated RDFs plots for Mg0.15TiO2 nanoporous at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 

So, the peaks at 0 K suggested a highly crystalline systems due to its sharpness and 
shorter distances while the peaks at 2000 K were amorphous due to its broadness 
and longer distances and it was observed in all systems of Mg0.11TiO2, Mg01.5TiO2 and 
Mg0.19TiO2 presented in Figures 5.31, 5.32 and 5.33 respectively. Furthermore, the 
sharpness decreased with increasing Mg ion concentration hence the peak for 
Mg0.23TiO2 nanoporous systems was very broad, confirming an amorphous phase at 
0 K even at all cooled temperatures of 500 K,1000 K and 1500 K evidenced by their 
respective highly amorphous structures which were not shown due to its complex 
molten state. These results suggest that the previously generated TiO2 nanoporous 
have the capability of hosting more Mg2+ towards Mg0.19TiO2 concentration together 
with the ability to withstand higher and low temperatures without deforming its original 
structural frameworks hence structural stability is maintained. However, nanoporous 
crystallinity could not be maintained at a concentration of Mg0.23TiO2 for all 
temperatures. 

 

Figure 5.33: Shows simulated RDFs plots for Mg0.19TiO2 nanoporous at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
Å for better visualisation. 

 

Figure 5.34: Shows simulated RDFs plots for Mg0.23TiO2 nanoporous at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 
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5.3.3. MgxTiO2 Nanosheets 

The mixed phases in MgxTiO2 nanosheets, observed from their corresponding 

structures through microstructural snapshots shown in Figures 5.22, 5.24 and 5.26, 

were characterised by the radial distribution functions (RDF) of Ti-O pairs displayed 

by Figures 5.35, 5.36 and 5.37 and 5.38 for Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and 

Mg0.23TiO2 nanosheets respectively. All RDFs for MgxTiO2 nanosheets had higher and 

visible peaks splits with equal bond length positioned at 2 Å at all cooling temperatures, 

the longest and sharpest peaks were those seen at 0 K which determine the maximum 

g(r)’s of 42 Å , 40 Å, 49 Å and 48 Å in Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 

nanosheets systems respectively. Since MgxTiO2 nanosheets contain mixed 

polymorphic phases of amorphous and crystalline characteristics where the high 

dominance of crystalline phase was seen more in nanosheet structures with low Mg2+ 

concentration displayed by Figure 5.35 and low temperatures (0 K) in all systems. 

Hence, Mg0.11TiO2 nanosheets had higher crystalline ordered patterns while the 

Mg0.23TiO2 nanosheets structure had higher amorphous disordered patterns, which 

implies that low Mg2+ concentration imposed crystallinity upon cooling and more Mg2+ 

concentrations favour amorphisation even upon cooling resulting in a crystalline trend 

of 0 K>500 K>1000 K>1500 K>2000 K and the reverse is true for amorphous trend. 

Consequently, the MgxTiO2 nanosheets have the ability of accommodating the Mg2+ 

while maintaining both mixed polymorph’s structure up until Mg0.19TiO2 concentration 

and beyond this they are rendered amorphous.  

 

Figure 5.35: Shows simulated RDFs plots for Mg0.11TiO2 nanosheets at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 
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Figure 5.36: Shows simulated RDFs plots for Mg0.15TiO2 nanosheets at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 

 

Figure 5.37: Shows simulated RDFs plots for Mg0.18TiO2 nanosheets at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 

 

Figure 5.38: Shows simulated RDFs plots for Mg0.23TiO2 nanosheets at cooled 
and increased temperatures with a magnified RDFs portion between 3 and 5 Å 
for better visualisation. 
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5.4. XRDs of MgxTiO2 (x=0.11, 0.15, 0.18 and 0.23) Nanostructure 

The X-ray diffraction patterns (XRD) of the MgxTiO2 nanosphere, nanoporous and 

nanosheets illustrated from Figure 5.39 to Figure 5.50 were analysed to determine the 

various TiO2 polymorphic phases under high and low exposed simulated temperatures 

with various concentrations of Mg2+. 

5.4.1. MgxTiO2 Nanosphere 

The XRD patterns for the Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 

nanospheres analysed at 2000 K and 0 K, depicted in Figures 5.39, 5.40, 5.41 and 

5.42 sequentially, were compared to constitute similar peaks positions at 2ϴ = 25o, 

31o, 35o, 41o, 55o and 56o corresponding to reflections by the planes (111), (101), 

(120), (121), (012), (210),(211), (131), (610), (002) and (200) in all MgxTiO2 

nanosphere structures but different peaks intensities per Mg2+ concentration at both 

temperatures. The intensity of the peaks suggests magnitude and quantity of the 

presence of anatase, rutile and brookite TiO2 polymorphs within all the nanospheres. 

Hence the highly intense peak seen between 20o and 36.2o always appeared in all 

MgxTiO2 nanospheres systems predicting the dominance of the brookite and rutile 

phase. The brookite (Zigzag tunnels) and rutile (straight tunnels) phase dominance 

had appeared more in Mg0.11TiO2 nanospheres at 2000 K and more in Mg0.19TiO2 than 

Mg0.23TiO2 lastly in Mg0.15TiO2 nanospheres in that sequence at 0 K. The highly intense 

and sharp peaks clearly confirmed that the MgxTiO2 systems contained highly 

nanocrystalline mixture of rutile, anatase and brookite polymorphs at both high (2000 

K) and low (0 K) simulated temperatures thus also in agreement with their 

corresponding characterised by viewed structures, microstructures, and Ti-O RDFs 

plots. Considering the absence of amorphous phase in all MgxTiO2 nanospheres only 

evince no structural transformation but only influenced structural integrity at all 

simulated temperature after recrystallisation and cooling synthesis. 

 

Figure 5.39: Illustrates simulated XRDs plots of Mg0.11TiO2 nanosphere at 
recrystalised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 
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Figure 5.40: Illustrates simulated XRDs plots of Mg0.15TiO2 nanosphere at 
recrystallized (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 

 

Figure 5.41: Illustrates simulated XRDs plots of Mg0.19TiO2 nanosphere at 
recrystalised (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 

 

Figure 5.42: Illustrates simulated XRDs plots of Mg0.23TiO2 nanosphere at 
recrystallized (2000 K) and cooled (0 K) temperatures conditions for structural 
characterisations. 

5.4.2. MgxTiO2 Nanoporous 

The quality and quantity of ordered (crystalline) and disordered (non-crystalline) 

patterns present inside the Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 

nanoporous systems depicted by Figures 5.43, 5.44, 5.45 and 5.46 respectively were 

characterised through by their respective X-ray Diffraction study patterns after heated 
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to 2000 K and cooled at 0 K. The XRD data for MgxTiO2 nanoporous contained highly 

intense noisy peaks at both simulated temperatures indicating a very crystalline 

systems comprising a mixture of brookite, rutile, and anatase polymorphs, these 

mixture of  these three polymorphs were exceedingly observed on Figure 5.43 inside 

Mg0.11TiO2 nanoporous systems, then the peaks intensities on Figure 5.44 for 

Mg0.15TiO2 nanoporous systems were reduced with only a mixture of rutile and brookite 

polymorphs with slight of ramsdellite phase mostly on the edges of the structures 

confirmed by their respective microstructural snapshots in Figure 5.18 were the highly 

dominant. 

 However, the peak intensities mostly at 2ϴ value of 30o got increased while the peaks 

intensity at other 2ϴ values got reduced then disappeared, suggesting an increased 

in presence of brookite and rutile polymorphs with some nearing disordered systems 

of the ramsdellite phase at both heated (2000 K) and cooled (0 K) temperatures as 

shown in Figure 5.45 for the Mg0.19TiO2 nanoporous system hence the complete 

transformed amorphous molten phase in Mg0.23TiO2 nanoporous systems was 

obtained confirmed by stretched broader peaks at 2ϴ value of 30o and up until towards 

80o on its XRD patterns in Figure 5.46 whose recrystallised microstructures and cooled 

structures along with their respective microstructures were not shown due to their 

molten phase of a highly disordered nanoporous system where two crystalline layers 

could not be sliced. Consequently, this analysis proves and confirms that crystalline 

patterns decrease with an increase in Mg2+ intercalation in TiO2 highly influenced by 

recrystallisation and cooling simulation temperatures. The highly intense peaks at 2ϴ 

values of 25o,32o,35o,42o,55o and 65o corresponding to reflections by (111), (101), 

(120), (121), (012), (210),(211),(131),(610),(002) and (200) planes for crystalline 

MgxTiO2 polymorphs had only appeared in Mg0.11TiO2,Mg0.15TiO2 and Mg0.19TiO2 

nanoporous structures illustrated as seen in Figures 5.43, 5.44 and 5.45 respectively, 

and therefore not in Mg0.23TiO2 nanoporous systems.  

 

Figure 5.43: Illustrates simulated XRDs plots of Mg0.11TiO2 nanoporous at 
recrystalised (2000 K) and cooled (0 K) temperatures. 
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Figure 5.44: Illustrates simulated XRDs plots of Mg0.15TiO2 nanoporous at 
recrystalised (2000 K) and cooled (0 K) temperatures. 

 

Figure 5.45: Illustrates simulated XRDs plots of Mg0.19TiO2 nanoporous at 
recrystalised (2000 K) and cooled (0 K) temperatures. 

 

Figure 5.46: Illustrates simulated XRDs plots of Mg0.23TiO2 nanoporous at 
recrystalised (2000 K) and cooled (0 K) temperatures. 

5.4.3. MgxTiO2 Nanosheets 

X-ray diffraction patterns in Figures 5.47, 5.48, 5.49 and 5.50 are for Mg0.11TiO2, 

Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 nanosheets recrystallised at 2000 K (high) and 

cooled at 0 K (Low), all MgxTiO2 nanosheets have similar broad peak positions which 

then depreciate at increased Mg2+ insertions/concentrations but contained different 

peak intensities at all Mg2+ concentrations. All XRD patterns for MgxTiO2 had the rutile 

and brookite polymorphs dominance confirmed by the more intense peaks indexed at 
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2ϴ values of about 31o and 55o respectively while other peaks were more broader. 

The Mg0.15TiO2 nanosheets system represented in Figure 5.48 had the highest peaks 

intensities at both high (2000 K) and low (0 K) temperatures which suggest that these 

systems contained more crystalline patterns than the amorphous patterns when 

compared to the remaining three MgxTiO2 nanosheets, which then concluded this 

crystallinity trend i.e., Mg0.15TiO2>Mg0.11TiO2>Mg0.19TiO2>Mg0.23TiO2 where its reverse 

coincided for highest amorphous patterns in the system. It appears that higher Mg2+ 

intercalation had influenced more disordered patterns than crystalline patterns within 

nanosheets systems proven by their respective XRD patterns peaks in Figure 5.50 

and Figure 5.49 which corresponded to the Mg0.23TiO2 and Mg0.19TiO2 nanosheet 

structures. Since the MgxTiO2 nanosheet structure is quite a unique system which 

contains both crystalline and amorphous patterns concurrently show to be more 

reliable and dependable anode electrode due to its ability to accommodate more 

magnesium ions while preserving structural framework when exposed to higher (2000 

K) and to lower (0 K) temperature conditions, hence being concluded as an excellent 

nano-architectured materials for future magnesium ion rechargeable battery materials. 

 

Figure 5.47: Illustrates simulated XRDs plots of Mg0.11TiO2 nanosheets at 
recrystalised (2000 K) and cooled (0 K) temperatures. 

 

Figure 5.48: Illustrates simulated XRDs plots of Mg0.15TiO2 nanosheets at 
recrystalised (2000 K) and cooled (0 K) temperatures. 
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Figure 5.49: Illustrates simulated XRDs plots of Mg0.19TiO2 nanosheets at 
recrystalised (2000 K) and cooled (0 K) temperatures. 

 

Figure 5.50: Illustrates simulated XRDs plots of Mg0.23TiO2 nanosheets at 
recrystalised (2000 K) and cooled (0 K) temperatures. 

5.5. Diffusion Coefficients of MgxTiO2 (x=0.11, 0.15, 0.18 and 0.23) 

nanostructures. 

5.5.1. MgxTiO2 Nanosphere 

Diffusion Coefficient (DC) of Mg2+ inside Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and 

Mg0.23TiO2 nanospheres had shown to be increasing with an increase in temperature 

from 100 K up until to 2000 K. Also DC decreased when more Mg2+ was intercalated 

into MgxTiO2 nanospheres as illustrated in Figure 5.51. However, there appears to be 

significant overlap in Mg2+ diffusivity between the Mg0.19TiO2 and Mg0.23TiO2 

nanospheres starting at 100 K until 1200 K and the Mg2+ diffusivity splitting occurred 

from 1200 to 2000 K where that of the Mg0.23TiO2 nanosphere exceeded that of 

Mg0.19TiO2. The highest DC in all MgxTiO2 nanospheres followed the trend, Mg0.11TiO2 

> Mg0.15TiO2 > Mg0.23TiO2 > Mg0.19TiO2 with maximum DC values of 7.9 x 10-9 m2s-1 > 

6.2 x 10-9 m2s-1 > 3.9 x 10-9 m2s-1 > 2.2 x 10-9 m2s-1 respectively. The jump in DC at 

1200 K as clearly noted for Mg0.11TiO2 nanospheres suggests an onset of structural 

transformation it is also a temperature where DC splitting appeared in Mg0.23TiO2 and 

Mg0.19TiO2 nanospheres. Such observations support our microstructural snapshots, 

RDFs, and XRD patterns that TiO2 nanosphere had wide open tunnels and vacancies 

which influenced fast Mg2+ transportations at high temperatures. 
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Figure 5.51: Represents graph of Mg2+ diffusion coefficients at varied 
temperatures inside MgxTiO2 nanosphere with x = 0.11, 0.15, 0.19 and 0.23.  

5.5.2. MgxTiO2 Nanoporous 

Figure 5.52 shows the diffusion coefficients of Mg2+ in nanoporous structures of 

Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 when heated from 100 to 2000 K. 

Mg2+ appears almost immobile between 100 K and 1200 K owing to zero Mg2+ DC at 

all concentrations. However, an abrupt onset of diffusion is observed above this 

temperature where the splitting of Mg2+ DC is also observed in Mg0.11TiO2, Mg0.15TiO2, 

Mg0.19TiO2 and Mg0.23TiO2 nanoporous systems. Mg0.23TiO2 depicted the highest DC 

right up to 2000 K and this concentration could not crystallise and remained 

amorphous. The variations in DC with temperature for MgxTiO2 nanoporous 

architectures with x<0.23 were relatively lower and closer to each other, with that of 

Mg0.19TiO2 slightly enhanced. The microstructure of the latter included limited disorder 

that could improve DC compared to that of Mg0.11TiO2 and Mg0.15TiO2 concentrations.   
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Figure 5.52: Represents Mg2+ diffusion coefficients at various temperatures in 
MgxTiO2 nanoporous architecture with x = 0.11, 0.15, 0.19 and 0.23. 

5.5.3. MgxTiO2 Nanosheets 

The mobility of Mg2+ in Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 nanosheets 

were also determined from the variation of its diffusion coefficient as function of 

temperature (Figure 5.53). As noted, Mg2+ in Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and 

Mg0.23TiO2 nanosheets appears immobile at temperatures between 100 K and 1200 

K. Above 1200 K the DC plots for all MgxTiO2 nanosheets began splitting; for 

Mg0.23TiO2 and Mg0.19TiO2 nanosheets from 1200 K to 1300 K and  the visibility of the 

Mg0.11TiO2 and Mg0.15TiO2 structures above 1400 K then towards 2000 K. The DC of 

Mg2+ in the nanosheets Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 started 

increasing with increasing temperatures starting from 1200 K towards 2000 K. The 

trend of DC of Mg2+ in various nanosheets were as follows; Mg0.23TiO2 > Mg0.19TiO2 > 

Mg0.15TiO2 > Mg0.11TiO2. Similarly, to nanoporous systems, the Mg0.23TiO2 nanosheets 

could not crystallise and remains amorphous. Those of lower Mg2+ content 

recrystallized, however, their microstructures depicted extended disorder or multigrain 

than the nanoporous systems, in addition to brookite and rutile tunnels. It can be 

surmised that  MgxTiO2 nanosheets have the capability of transporting more Mg2+ 

faster while maintaining structural integrity at high temperatures during charging and 

discharging. 
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Figure 5.53: Represents Mg2+ diffusion coefficients at various temperatures in 
MgxTiO2 nanosheets, with x = 0.11, 0.15, 0.19 and 0.23. 

5.6. Activation Energies of MgxTiO2 (x = 0.11, 0.15, 0.18 and 0.23) 

Nanoarchitectures. 

Figures 5.54, 5.55 and 5.56 show the logarithm of diffusion coefficients vs. the inverse 

temperatures between 1000 and 2000 K in Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and 

Mg0.23TiO2 nanosphere, nanoporous and nanosheets architectures, respectively. 

5.6.1. MgxTiO2 Nanosphere  

The calculated activation energy in Mg0.11TiO2, Mg0.15TiO2, Mg01.9TiO2 and Mg0.23TiO2 

nanospheres structures between 1000 K and 2000 K were determined to be 0.111eV, 

0.08eV, 0.166 eV and 0.214eV respectively as shown in Figure 5.54. Hence, lnD was 

decreasing with an increase in inverse temperatures inside all four MgxTiO2 

nanosphere structures. The trend of activation energies in all MgxTiO2 nanospheres is 

as follows; Mg0.23TiO2 > Mg0.19TiO2 > Mg0.11TiO2 > Mg0.15TiO2 so higher magnesiated 

TiO2 nanospheres required more energy for Mg2+ to be activated and the Mg0.15TiO2 

nanosphere required the least activation energy in the range 1.0 K-1 to 2.0 K-1. 
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Figure 5.54: Yields activation energies of Mg2+ in MgxTiO2 nanosphere with 0.11, 

0.15, 0.19 and 0.23 Mg2+ concentrations on the same axis. 

5.6.2. MgxTiO2 Nanoporous 

Figure 5.55 shows the calculated activation energies for Mg2+ in nanoporous 

structures of Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 reported as 0.468 eV, 

0.531 eV, 0.468 eV and 0.509 eV respectively. Most lnD values in Mg0.11TiO2, 

Mg0.15TiO2, Mg0.19TiO2 nanoporous systems were equal and some almost close hence 

much overlapping of plots was observed between 1.0 and 1.4 K-1 this is where the lnD 

values of Mg0.15TiO2 got detached from the lnD values of Mg0.11TiO2 nanoporous 

graphs hence resulted in higher activation energies value of 0.53eV. The overlapping 

of graphs of Mg0.11TiO2 and Mg0.19TiO2 nanoporous systems between 1.0 and 2.0 

contributed to an almost equal activation energy value of 0.467eV and 0.468eV, 

respectively. The trend of activation energies in all MgxTiO2 nanoporous systems of 

MgxTiO2 was found to be i.e., Mg0.15TiO2>Mg0.23TiO2>Mg0.19TiO2>Mg0.11TiO2 which 

then demonstrated that Mg2+ insertion and high temperatures did not really influence 

the activation energies but rather how well the porous channels were readily available 

for the fast Mg2+ diffusivity. Moreover, it seems that MgxTiO2 nanoporous structures 

had similar and equal pathways of highly crystalline interstitial defects. 
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Figure 5.55: Represents graph yielding activation energies of Mg2+ inside 
nanoporous structure with 0.11, 0.15, 0.19 and 0.23 Mg2+ concentrations. 

5.6.3. MgxTiO2 Nanosheets 

The Mg2+ in the Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 and Mg0.23TiO2 nanosheets 

required 0.438 eV, 0.490 eV, 0.515 eV and 0.496 eV respectively, to be fully activated 

as illustrated in Figure 5.56. The lnD values at 1.3,1.4 and 1.5 K-1 were almost equal 

in Mg0.11TiO2 and Mg0.15TiO2 nanosheets architectured structures hence they 

overlapped with activation energies of 0.438 eV and 0.490 eV. Moreover, the lowest 

lnD value of Mg2+ in Mg0.19TiO2 at 1.2 K-1 have influenced higher activation energy 

value more than that in Mg0.11TiO2, Mg0.15TiO2 and Mg0.23TiO2 nanosheets structures. 

The highest activation energies trend in all MgxTiO2 nanosheet systems were found to 

be i.e., Mg0.19TiO2>Mg0.23TiO2>Mg0.15TiO2>Mg0.11TiO2 which confirms that Mg0.19TiO2 

was indeed amorphous confirmed by their respective RDF and XRD patterns in Figure 

5.38 and Figure 5.50 respectively. These almost equal values in activation energies 

clearly proves that the MgxTiO2 nanosheets contained equal patterns of amorphous 

and crystalline polymorphs heated from 1.0 to 2.0 K-1 on each system. 



  

 186 

AE for Mg in Nanosheets

(1000/T)(k
-1

)

0,8 1,0 1,2 1,4 1,6 1,8 2,0 2,2

ln
D

(m
2
s

-1
)

-26

-25

-24

-23

-22

-21

-20

-19

Ea0.11Mg = 0.438eV

Ea0.15Mg = 0.490eV

Ea0.19Mg = 0.515eV

Ea0.23Mg = 0.496eV

 

Figure 5.56: Represents graph yielding activation energies of Mg2+ inside 
nanosheets with 0.11, 0.15, 0.19 and 0.23 Mg2+ concentrations. 

5.7. Summary 

The magnesium ion was randomly inserted into amorphous TiO2 nanosphere, 

nanoporous and nanosheets architectures with 0.11, 0.15, 0.19 and 0.23 Mg2+ 

concentrations that allowed recrystallisation at 2000 K and were then cooled from 

1500  to 0 K at 500 K intervals and finally heated from 100 to 2000 K at 100 K intervals.  

The Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 Mg0.23TiO2 nanosphere, Mg0.11TiO2, 

Mg0.15TiO2, Mg0.19TiO2 nanoporous and Mg0.11TiO2, Mg0.15TiO2, Mg0.19TiO2 

nanosheets successfully recrystallised which was confirmed by sharp peaks on their 

respective RDFs and XRDs patterns, while in Mg0.23TiO2 nanoporous and nanosheets 

nano-architectures no crystallisation occurred but rather complex disordered systems 

were observed. The microstructures of all crystallised nano-architectures have zigzag 

and straight tunnels reflecting brookite and rutile polymorphs and this was confirmed 

by XRD patterns. Nanoporous architectures also showed limited multigrain at higher 

Mg2+ concentrations, whilst those of nanosheets had complex defect arrangements in 

addition to brookite and rutile tunnels. On the whole, Mg2+ ions are well located within 

tunnels and distorted and defective portions of microstructures for all nano-

architectures. Diffusion coefficients of Mg2+ commenced at lower temperatures in 

nanospheres, especially those with lower Mg concentrations. Related activation 

energies were also relatively low and increased with Mg2+ concentrations. However, in 

the nanoporous and nanosheet architectures, the Mg2+ DCs were almost zero below 

1000 K and increased significantly above 1200 K with DC being highest in the heavily 

intercalated nanostructures. The activation energies for the latter two nano-

architectures were in the range of 0.400 EV which is higher than in nanospheres, but 

comparable to those of the nanoporous Li-MnO2 [Sayle 2016].   
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Chapter 6 

Conclusions and Future Work 

6.1 Conclusions 

The evolution of lithium-ion batteries towards low-cost solutions for large-scale energy 

storage has influenced the prediction of complex alternative battery storage systems 

to those of Li+ with other abundant elements on earth, with computational modeling 

methods guiding and complementing experimental studies. Sodium and magnesium 

batteries are among the most compelling alternatives to Li-ion batteries. Both have 

advantages in safety and resource abundance. Efforts to develop NIBs are aimed at 

lowering costs compared to Li-ion batteries, while magnesium can offer higher 

capacities due to its divalent ion. Both are far less explored than the technologically 

mature lithium-ion battery, but are attracting considerable interest as we approach the 

energy density limits of LIB. Sodium benefits from known electrochemical properties, 

and Na-containing analogs to LIB electrolytes and insertion hosts generally exhibit 

similar behavior. The major difference, however, is the size of the ions. The larger Na+ 

ion puts more strain on the host lattice, leading to pulverization during cycling. 

Techniques to mitigate this effect are critical for long-term performance. On the other 

hand, the electrochemistry of magnesium is drastically different from that of lithium. 

The divalent atom exerts greater electrostatic forces, which generally slows the 

diffusion of Mg in the solid state, and the search for suitable Mg-compatible 

electrolytes has been more arduous. The rapidly growing field of research in MIBs has 

made considerable progress in the last 15 years since the first work on Chevrel by 

Aurbach [56]. However, other materials such as TiO2, MnO2, and MgFeSiO4 are good 

candidates for future generations of magnesium batteries. In the current study a 

comparison on performance of lithiated, sodiated and magnesiated TiO2 nano-

architectures, i.e. nanosphere, nanoporous and nanosheet will be considered. 

Since rechargeable battery performance involving TiO2 anode strongly depends on its 

structural, transport and electrochemical properties, different TiO2 nano-architectures 

were studied to explore its ability of hosting mono and multivalent intercalants. 

Consequently, the current study involved synthesizing MxTiO2 (M = Li+, Na+, and Mg2+) 

(x= 0.11, 0.15, 0.19 and 0.23) nanospheres, nanoporous and nanosheets using the 

molecular dynamics based amorphization and recrystallization technique. Li+, Na+ and 

Mg2+ were inserted into the amorphous TiO2 nanosphere, nanoporous and nanosheet 

architectures in order to produce LixTiO2, NaxTiO2 and MgxTiO2 (x= 0.11, 0.15 ,0.19 

and 0.23) for each nano-architecture. The amorphous nano-architectures were 

recrystallized by simulations at 2000 K and resultant structures were cooled from 1500 

K to 0 K at intervals of 500 K. Finally all cooled nano-architectures at 0 K were 

analysed and subsequently heated to 2000 K at 100 K intervals. Amorphization and 

crystallisation simulation of NaxTiO2 and MgxTiO2 nano-architectures were rather 

challenging and complex since their potentials were fitted for the first time in this study 

to allow nucleation growth formation from amorphous to crystalline phases to evolve 

unlike those of LixTiO2 nano-architectures since their potentials were adopted from our 

previous study [151]. The TiO2 nanospheres with 0.11, 0.15, 0.23 Li+ and Na+ 

concentrations had similar microstructural defects, present in pure TiO2 and before Li 

insertion, characterised by  dominant  zigzag (brookite) and straight (rutile) tunnels 
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with empty vacancies and  Li+ and Na+ filled vacancies with few Li+ and Na+ located 

on the surface. On the other hand, the TiO2 nanospheres with 0.19 Li+ and Na+ 

concentrations remained amorphous after recrystallization. Surprisingly, the 

Mg0.19TiO2 nanosphere recrystallised successfully together with those of 0.11, 0.15 

and 0.23 Mg2+ concentrations and their microstructures had zigzag (brookite), straight 

(rutile), tunnels with empty vacancies, Mg2+ filled vacancies and few Mg2+ were 

situated on the surfaces. The microstructures of the TiO2 nanoporous structures, with 

0.11, 0.15, 0.19 and 0.23 Li+, Na+ and Mg2+ concentrations, showed crystalline 

patterns of zigzag tunnels (brookite), straight (rutile) tunnels with empty vacancies and 

Li+, Na+ and Mg2+ filled vacancies after being recrystallised and cooled, except for the 

0.23 Mg2+ concentration which showed highly disordered patterns. 

The microstructures of TiO2 nanosheets, with 0.11, 0.15, 0.19 and 0.23 Li+, Na+ and 

Mg2+ concentrations, had a mixture of disordered and crystalline (ordered) patterns of 

zigzag (brookite) and straight (rutile) tunnels with few empty vacancies, and some 

were filled with Li+, Na+ and Mg2+ where most Li+ and Na+ ions were situated around 

the surface of the microstructure except for TiO2 nanosheets with 0.23 Mg2+ 

concentration which was  amorphous, similar to that of Mg0.23TiO2 nanoporous 

architecture.  

Ccomposites of this nature were previously synthesised by simulations for binary 

MnO2 [176] and TiO2 [151], ternary LixTiO2 [24] and Li-Mn-O [163,182] and have also 

been reported in several experimental studies, such as interconnected anode 

electrode structures for α-TiO2/β-Li0.5TiO2 and nano-sized α-TiO2/ɣ-LiTiO2 and were 

believed to exhibit high reversibility of lithium and promised better cycling performance 

compared to conventional pristine α-TiO2/ conventional ɣ-LiTiO2 [15, 34, 46, 68, 74 

and 183] while not much work was reported on the intercalation of sodium and 

magnesium in nanosized TiO2 experimentally. Consequently, simulated synthesis of 

NaxTiO2 and MgxTiO2 nanosphere, nanoporous and nanosheets structures in this 

thesis, has laid a foundation in exploring new alternative materials to those of lithium 

for optimising performance on TiO2 nano architecture, based on other earth abundant 

mobile ions, at extreme temperatures in the future. 

All resulting TiO2 nanostructures were further characterised and analyzed by their 

respective radial distribution functions (RDFs), simulated X-ray diffraction (XRD) 

patterns, diffusion coefficients and activation energies to study the effects of increased 

lithiation, sodiation, and magnesiation at various temperatures. The simulated Ti-O 

radial distribution functions were utilised to confirm the extent of crystallinity of nano-

architectures after recrystallisation, cooling, and heating. In addition, simulated X-ray 

diffraction (XRD) patterns were employed to determine and compare crystallinity at 

low and elevated temperatures. Furthermore, they depicted rutile and brookite 

polymorphs in LixTiO2, NaxTiO2 and MgxTiO2, shown by our simulated microstructures 

and observed in previous experimental and simulated studies of LixTiO2; which 

suggests possibility of easy and fast Li+, Na+ and Mg2+ ion passage in the current 

study. The verification of LixTiO2 polymorphs noted from snapshots of microstructures 

by XRD methods, were previously reported [151] and is being extended to NaxTiO2 

and MgxTiO2 in the current study. The invocation of the amorphization and 

recrystallization method on all lithiated, sodiated, and magnesiated TiO2 
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nanomaterials at various temperatures produced interconnected layered composites. 

Microstructural visuals of LixTiO2 and NaxTiO2 nanosphere structures with x = 0.11, 

0.15 and 0.23, illustrated similar storage properties of crystalline TiO6 octahedral 

layers, with most lithium and sodium ions located within tunnels and channels, while 

other lithium and sodium ions were thrown to the outer surfaces and away from the 

structure. Furthermore, the visuals of the Li0.19TiO2 and Na0.19TiO2 nanospheres 

remained amorphous, after crystallisation attempts, mainly due to frustrated 

coordination of the TiO2 frameworks; hence no well tunnelled microstructures were 

formed. Visuals of the MgxTiO2 nanosphere with x= 0.11, 0.15, 0.19 and 0.23 indicated 

high storage properties better than those intercalated with high Li and Na 

concentrations, because all Mg atoms in the TiO2 nanosphere were retained within 

octahedral tunnels, illustrating that it has excellent cycle and recharge capabilities.  

These observations were also confirmed by McCoil et al. who intercalated Mg2+ in 

anatase TiO2 through a DFT study [22]. Conversely, in Mg0.23TiO2 nanoporous and 

nanosheet architectures remained amorphous after crystallisation attempts, 

influenced by frustrated coordination of Mg, Ti, and O atoms due to high Mg 

concentrations inside whereas the nanoporous and nanosheets of MgxTiO2 with x = 

0.11 ,0.15 and 0.19 systems crystallised well. This observation shows that insertion of 

Mg2+ below 0.23 retains crystalline patterns while insertion of Mg2+ above 0.23 caused 

frustration in the T-O arrangements, which led to structural deformation. Hence the 

TiO2 nanosphere indicated great structural stability for storing more Mg ions better 

than storing more Li and Na ions. Furthermore, TiO2 nanoporous and nanosheets 

indicated great structural stability for storing more Li and Na ions better than Mg atoms. 

So, Li+ and Na+ created unstable coordination inside the TiO2 nanosphere structures 

because of the closeness of the O2- anions hence that is why Mg2+ did not penalise 

the TiO2 nanosphere [48]. 

In the case of Li transport, for different nano-architectures, diffusion coefficients (DCs) 

for most Li concentrations were predominantly near zero at low temperatures and 

increased gradually above 500 K and significantly at higher temperatures beyond 1000 

K. DCs of higher Li concentration nano-architectures tend to be highest. On the 

contrary, the diffusion coefficient of the amorphous Li0.19TiO2 nanosphere is elevated 

at low temperatures, however, it is exceeded by those of other concentrations at higher 

temperatures. On the whole the activation energies (shown in Table 6.1) of Li in TiO2 

nanosphere, nanoporous and nanosheet structures, in appropriate temperature range, 

were consistent with observed transport properties. In particular, the lowest activation 

energy for the amorphous Li0.19TiO2 nanosphere concurs with non-zero DC at lower 

temperatures. On Na transport in various TiO2 nano-architectures, diffusion 

coefficients for most Na concentrations were predominantly near zero at low 

temperatures, except for the Na0.23TiO2 (associated explanation for such deviant 

behaviour is not yet available). Diffusion coefficients subsequently increased gradually 

above 500 K to substantial at higher temperatures, with DCs of higher Na 

concentrations in different nano-architectures tending to be highest; in particular the 

DC of the amorphous Na0.19TiO2 which was slightly higher than other crystalline 

Na0xTiO2. The activation energy of the nanosphere with the highest Na concentration 

(Na0.23TiO2) was low, consistent with the trend of non-zero diffusion coefficients at low 
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temperatures. The AEs of nanoporous structures at different Na contents were 

equivalent and related DCs almost overlap in the 500 to 1000 K range. In the case of 

nanosheets AEs are also almost equal for all NaxTiO2 with that of the Na0.23TiO2 

(highest Na concentration) being highest resulting in a slightly lower diffusivity, except 

at very high temperatures.  

These results provide insights and an understanding on how much such TiO2 nano-

architectures can enable operations of sodium ion batteries. Non-zero diffusion 

coefficients of Mg2+ commenced at lower temperatures in nanospheres, especially 

those with lower Mg concentrations. Related activation energies were also relatively 

low and increased with Mg2+ concentrations. However, in the nanoporous and 

nanosheet architectures, the Mg2+ DCs were almost zero below 1000 K and increased 

significantly above 1200 K with DC being highest in the heavily intercalated 

nanostructures. The activation energies for the latter two nano-architectures were in 

the range of 0.40 eV which is higher than in nanospheres, but comparable to those of 

the nanoporous Li-MnO2 reported by Sayle et al [182]. 

Table 5: Calculated activation energies (AE) of MxTiO2 (M = Li, Na and Mg) nano-
architectures at different ion concentrations (x = 0.11, 0.15, 0.19 and 0.23) 

AE for Nanosphere 

Ions 0.11 0.15 0.19 0.23 

Li+ 0.25eV 0.29eV 0.18eV 0.37eV 

Na+ 0.25eV 0.209eV 0.248eV 0.190eV 

Mg2+ 0.111eV 0.08eV  0.166eV 0.214eV 

 

AE for Nanoporous 

Ions 0.11 0.15 0.19 0.23 

Li+ 0.16eV 0.20eV 0.18eV 0.18eV 

Na+ 0.19ev 0.215ev 0.222eV 0.224eV 

Mg2+ 0.46eV 0.53eV 0.468eV 0.508eV 

 

AE for Nanosheets 

Ions 0.11 0.15 0.19 0.23 

Li+ 0.20eV 0.19eV 0.22eV 0.23eV 

Na+ 0.22eV 0.217eV 0.23eV 0.28eV 

Mg2+ 0.438eV 0.490eV 0.515eV 0.496eV 

 

AE for Nanoporous Li-MnO2 ~  0.40 eV: Sayle et al. [182] 

Generally calculated maximum diffusion coefficients in the current study extend from 

3.5 x 10-9  to 250 x10-9 m2s-1 in the temperature range 100 – 2000 K. On matching 

maximum diffusion coefficients of Li, Na and Mg in TiO2 nano-architectures, it is 

apparent that they are all highest in nanospheres with DCLi  > DCNa > DCMg. On 

comparing magnitudes of DCs in different nano-architectures the following trend 
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emerges; for the monovalent Li and Na mobile ions DCSphere ~ 5DCPorous ~ 3DCSheet  

and for the divalent Mg mobile ion DCSphere  ~ 2.5DCPorous  ~ 2.5DCSheet. On the other 

hand, activation energies for Li+, Na+, and Mg2+ in TiO2 nano-architectures range from 

0.080 to 0.53 eV between 1.0 K-1 and 2.0 K-1.; consistent with those found by Yuwono 

et al [186] and Olson et al [187]. All calculated activation energies (AE) of Li+, Na+ and 

Mg2+ in the TiO2 nanoarchitectures, at all ion concentrations, were determined in the 

range of inverse temperatures comparable to those calculated by Sayle et al for Li-

MnO2 [182] which served as a guideline of obtaining reliable AE values. 

In conclusion, the objective of the study was achieved and has provided valuable 

insights on simulated synthesis and characterisation of complex ternary Li-TiO2, Na-

TiO2 and Mg-TiO2 composite nano-architectures, the impact of their lithiation, 

sodiation and magnesiation (charging) on structural aspects, details on ion transport 

and potential barriers. Consequently, the findings can be used to produce reliable 

future battery materials as alternate to the current utilised batteries, since the nature 

of microstructures, diffusion coefficients and activation energies contribute 

significantly to operations of lithium, sodium, and magnesium-ion batteries. More 

importantly, the electrochemical performance of LixTiO2, NaxTiO2 and MgxTiO2 

nanosphere, nanoporous and nanosheets materials are strongly influenced by the 

thermodynamics, crystallographic, chemistries, phase stability and ion concentrations 

(intercalant orderings) storage properties in the battery environment hence the 

necessity to properly understand atomic activity and arrangement in the active sites of 

the electrode materials [185] 

6.2. Future Work 

1. Further studies on the factors that contributed towards the non-crystalline 

structures of Li0.19TiO2 nanosphere, Na0.23TiO2 nanoporous and the 

transformed Mg0.23TiO2 nanoporous and nanosheet structures to try an improve 

crystals formation using a different available computational approach of 

atomistic scale simulations will be explored. 

2. Since molecular modelling curve paths for materials prediction, experimental 

research could be performed on all simulated systems in a chemical laboratory 

to complement all insights and findings for practical implementation towards 

commercialisation for future purposes. 
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