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Abstract 
 

Lithium-ion batteries (LIBs) have emerged as a ground-breaking technology that 

has revolutionized modern portable devices and facilitated the electrification of 

numerous industries, such as transportation and grid energy storage, as a result 

of the pursuit of sustainable and efficient energy storage solutions. Due to their 

superior qualities, such as their high energy density, prolonged cycle life, and 

lightweight nature, which facilitates greater portability, lithium-ion batteries 

have been embraced as a replacement for conventional energy storage systems. A 

consistent effort has been made to investigate developments in the field of 

lithium-ion batteries in response to the growing need for energy storage systems 

that exhibit improved performance metrics, including increased energy density, 

faster charging capabilities, enhanced safety, and longer lifespan. The current 

issues with current LIB technology must be resolved in order to use lithium-ion 

batteries (LIBs) as a viable energy storage solution with increased capacity. This 

requires the creation of new electrolyte formulations, cell structures, and 

production methods. Nanotubes Anatase TiO2 (NT-TiO2) have been brought forth 

via electrochemical anodization of 99.9% pure titanium foils in a fluorine 

containing and four different percentages (10%, 20%, 30% & 50%) of Ethylene 

Glycol (EG) electrolyte. After that calcination process is done at 5500C for 2h. 

Different types of structure is observed in SEM images for four different 

electrolyte type samples. Among them in 10% of EG electrolyte type, the 

nanotubes NT-TiO2 is observed and by using this as anode the battery is 

assembled and tested the electrochemical analysis. In the first cycle, the charge-

discharge capacities are 550 mAhg-1 and 400 mAhg-1, respectively, with columbic 

efficiency 75.75%. At 40th cycle, charge-discharge capacities are found to be 375 

mAhg-1 and 325 mAhg-1, respectively, and at this cycle, the columbic efficiency is 

80%. The superior electrochemical performances of this type of battery were 
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originated from its high specific surface area and highly nanotubes structure. 

These advanced features of the nanotubes provide higher contact between 

electrode and electrolytes, shorten the diffusion pathways for conductive ions 

and electrons and ensure fast kinetics. 
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সার-সংেϠপ 

 

িলিথয়াম-আয়ন বҝাটাির  একΜট ςাউн έϗিকং ϕযুΝЅ িহসােব আিবভূκত হেয়েছ যা 

আধুিনক έপােটκবল িডভাইসვিলেত িবъব ঘΜটেয়েছ এবং έটকসই এবং দϠ শΝЅ 

সНেয়র সমাধােনর অেуষেণর ফেল পিরবহন এবং িςড শΝЅ সНেয়র মেতা অসংখҝ 

িশেџর িবদুҝতায়নেক সহজতর কেরেছ। তােদর উЗতর ვণাবলীর কারেণ, έযমন তােদর 

উЗ শΝЅর ঘনЯ, দীঘ κািয়ত চο জীবন এবং হালকা ϕকৃিত, যা অিধক বহনেযাগҝতােক 

সহজতর কের, িলিথয়াম-আয়ন বҝাটািরვিলেক ϕচিলত শΝЅ সНয় বҝবѸার ϕিতѸাপন 

িহসােব ςহণ করা হেয়েছ। শΝЅ সНয় বҝবѸার οমবধ κমান ϕেয়াজেনর ϕিতΝοয়া 

িহসােব িলিথয়াম-আয়ন বҝাটািরর έϠেϏ উтয়নვিল তদо করার জনҝ একΜট ধারাবািহক 

ϕেচѭা করা হেয়েছ যা উтত কম κϠমতা έমΜϊЊ ϕদশ κন কের, যার মেধҝ শΝЅর ঘনЯ, 

ሾত চাজκ করার Ϡমতা, উтত িনরাপЫা এবং দীঘ κ জীবনকাল রেয়েছ। িলিথয়াম-আয়ন 

বҝাটাির বিধ κত Ϡমতা সহ একΜট কায κকর শΝЅ সНেয়র সমাধান িহসােব বҝবহার করার 

জনҝ বতκমান LIB ϕযুΝЅর বতκমান সমসҝাვিল অবশҝই সমাধান করা উিচত। এর জনҝ 

নতΦন ইেলেϢালাইট ফমু κেলশন, έকােষর গঠন এবং উৎপাদন পдিত ίতির করা 

ϕেয়াজন। Nanotubes Anatase TiO2(NT-TiO2) একΜট έэািরন ধারণকারী ৯৯.৯৯% 

িবზд টাইটািনয়াম ফেয়ল এবং ইিথিলন Аাইকল (EG) ইেলেϢালাইেটর চারΜট িভт 

শতাংশ (১০%, ২০%, ৩০% এবং ৫০%) ইেলেϢােকিমকҝাল অҝােনাডাইেজশেনর মাধҝেম 

আনা হেয়েছ। এর পের কҝালিসেনশন ϕΝοয়াΜট ২ ঘлার জনҝ ৫৫০০έস তাপমাϏায় 

করা হয়। চারΜট িভт ইেলেϢালাইট ধরেণর নমুনার জনҝ SEM িচϏვিলেত িবিভт ধরেণর 

গঠন পিরলিϠত হয়। তােদর মেধҝ ১০% EG ইেলেϢালাইট টাইেপর মেধҝ, নҝােনাΜটউব 

NT-TiO2 পিরলিϠত হয় এবং এΜটেক অҝােনাড িহসােব বҝবহার কের বҝাটাির একΝϏত 

করা হয় এবং ইেলেϢােকিমকҝাল িবেѫষণ পরীϠা করা হয়। ϕথম চেο, চাজκ-িডসচাজκ 

Ϡমতা যথাοেম ৫৫০ mAhg-1 এবং ৪০০ mAhg-1, কলিїক দϠতা ৭৫.৭৫% সহ। 40 

তম চেο, চাজκ-িডসচাজκ Ϡমতা যথাοেম ৩৭৫ mAhg-1 এবং ৩২৫ mAhg-1 পাওয়া 

যায় এবং এই চেο, কলিїক দϠতা ৮০%। এই ধরেনর বҝাটািরর উЗতর 

ইেলেϢােকিমকҝাল পারফরমҝাх এর উЗ িনিদκѭ পѮৃ এলাকা এবং অতҝо নҝােনাΜটউব 

গঠন έথেক উদ্ভূত হেয়িছল। নҝােনাΜটউবვিলর এই উтত ίবিশѭҝვিল ইেলেϢাড এবং 
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ইেলেϢালাইেটর মেধҝ উЗতর έযাগােযাগ ϕদান কের, পিরবাহী আয়ন এবং ইেলকϊেনর 

জনҝ ϕসািরত পথვিলেক έছাট কের এবং ሾত গিতিবদҝা িনΝѥত কের। 
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Chapter 01 

Introduction 

1.1  Background 
Nowadays, the generation of electricity is approximately 5900 terawatts per 

hour (TWH) and will be increased by over 7000 terawatts per hour (TWH) in 

the year 2030 [1]. Currently, approximately 68% of the energy utilized for 

power generation is derived from fossil fuel sources, including natural gas 

(21%), coal (42%), and oil (5%). The remaining are from renewable energy 

technology like nuclear (14%), hydro (15%) and others 3% [2].  

 

 

 

 

 

 

. 

 

 

Figure 1. 1 World electricity generation by source in 2018 [3]. 

Compared to overall energy consumption, the demand for electricity is rising 

more quickly. According to conservative estimates, oil supplies will start to 

deplete among the fossil fuels in the next 30 years [4]. Due to vast coal 

reserves, current consumption levels may be sustained longer than with oil 

and gas for its dominance as a source of energy generation worldwide [5]. But 

an average 1000 g of CO2 is emitted in the air for generating one unit of 

electricity by using coal. CO2, a greenhouse gas commonly recognized as the 
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main cause of global warming [6, 7]. Coal-fired power plants in the United 

States emit around 1.5 billion metric tons of carbon dioxide (CO2) on a yearly 

basis. Furthermore, there is a growing trend of escalating pollution levels 

from developing countries. Moreover, there was a decline in the demand for 

nuclear energy because of nuclear tragedies (Three Mile Island in 1979, 

Chernobyl in 1986 and Fukushima in 2011) [8, 9].  

Concerns about energy security and the environment related to the usage of 

fossil fuels have combined with increasing interest in generating electricity 

from renewable sources. The most prevalent and potentially accessible 

sources of energy are solar and wind [6, 10, 11]. A year's worth of global 

energy needs can be satisfied by the solar radiation energy that the Earth gets 

in just one hour. The world's need for electrical energy may be greatly 

increased by capturing even a small portion of the wind's potential energy. 

Solar and wind power aren't stable and consistent energy sources, though. 

Because additional power facilities (often those powered by fossil fuels) must 

be used to compensate for the unpredictability, this unpredictable character 

presents severe difficulties for the electric grid operators. Low-cost electrical 

energy storage (EES) is going to be required to control the spontaneous 

generation of renewable energy. The cost associated with implementing 

Energy Storage Systems (EES) has been identified as a notable issue [12]. 

However, it is widely recognised as an essential enabler for the smart grid or 

future grid. There is an expectation that a significant proportion of renewable 

energy sources will be integrated into the provision of fuel, specifically 

electricity, for hybrid and electric cars [13]. In order to maintain the frequency 

of the AC (alternating current) system within restricted environments, 

balancing services are employed to ensure equilibrium between power 

generation and demand. EES possesses the necessary capabilities to provide 

this service through the process of absorbing electrical energy during the 
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charging cycle, which occurs when there is an excess of electrical generation 

in comparison to the demand. Conversely, during the discharging cycle, EES 

injects electricity into the power grid promptly when there is an inadequate 

amount of electrical generation. In addition to supplying the grid with 

dependability services, EES may boost the economic effectiveness of the 

energy infrastructure by increasing its usage. About 50% of the total power 

transmission system (T&D) is typically used [14]. The utilization of 

infrastructure frequently requires enhancement, even though it is constructed 

to accommodate peak load situations, with an additional margin of reserve 

capacity and predictions for capacity growth incorporated into the peak load 

estimation. From the perspective of economic efficiency, this could be better. 

The system must be loaded more equitably to maximize the grid assets' 

overall efficiency. EES may help this process by diverting electricity from 

peak to off-peak times. Figure.1.2 presented depict the utilization of load 

levelling techniques to store electrical energy during periods of low-cost 

generation, such as off-peak hours, and subsequently release it during peak 

hours when its value is higher. As a result, great interest has been paid to 

inventing more efficient technology to store energy. Different ESSs are 

investigated widely as; i) Electrochemical systems (Batteries, Fuel cells, Super 

capacitors), ii) Magnetic systems (Super conducting energy storage), iii) 

Hydro systems (water pumps), iv) Pneumatic systems (Air compressors), v) 

Mechanical system (Flywheels) vi) Thermal system (Molten salts, Water and 

oil heaters) [15-17].  

 

 

 

 

 



4 
 

 

 

 

 

 

 

Figure 1. 2 Schematic of balancing generation and demand via load leveling, a 
typical case of load shifting (Courtesy of NGK, Inc.) (Adapted from [2]). 

Some factors, including energy storage effectiveness, energy cost, accessible 

energy sources, energy needs, applications, and infrastructures, must be 

considered when choosing a suitable technology. The electrochemical energy 

storage system is often regarded as a highly practical way for storing energy, 

as it allows for the conversion and storage of electrical energy in the form of 

chemical compounds. Electrons are the common carrier for both chemical and 

electric energy, which inhibits the minimization of losses [18]. The subject of 

most electrochemical ESS is batteries. Two terms defining the ESS state are 

shown bilaterally in Fig.1.3, which compares several ESSs. The first is known 

as specific power or power density, which describes how much power a 

system can produce per unit of weight. The second is specific energy, which 

refers to how much energy a system can store inside. A system characterized 

by a greater energy density has the potential to sustain energy provision for 

an extended duration, irrespective of its specific energy value. At the same 

time, substantially more power may be drawn from the system in reverse 

proportion to the power density. The ESSs with high specific energy may be 

the best choice if the goal is to store energy for longer. As a group member 

with a reasonably high energy density, the battery might be interested in such 

energy needs [19-21]. 
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 Figure 1. 3 Specific power vs. specific energy for different Energy Storage 
systems.                

1.2  Battery 
Electrical energy is stored using battery energy storage systems (ESS) for later 

use. They are essential in many applications, such as integrating renewable 

energy, grid stability, load balancing, and backup power. Because they can 

store and release electrical energy effectively, batteries are the primary 

technology employed in ESS. The following list of causes and sources are the 

main reasons to utilize batteries as a popular ESS includes:  

Energy density: Batteries can store much energy in a small, light package 

because of their high energy density. This is essential for applications with 

limited space or when portable energy storage is required [22]. 

Efficiency: Batteries have proven attractive for ESS due to their high energy 

density. Battery round-trip efficiency is high, allowing for efficient energy 

storage and discharge with little losses. The round-trip efficiency of modern 

battery chemistries like lithium-ion has surpassed 90% [23].  

Rapid response: Batteries can react quickly to changes in the demand for or 

supply of power. They can swiftly charge and discharge electricity, making 

them appropriate for applications like grid frequency management that need 
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speedy responses. This responsiveness helps integrate sporadic renewable 

energy sources and increases grid stability [24].  

Scalability: To satisfy various applications' distinct power and energy needs, 

battery ESS may be scaled up or down. To enhance capacity or voltage, more 

battery modules may be linked in parallel or series. Because of their 

adaptability, batteries may be used with various system sizes and designs 

[25].  

Lifespan and cycle life: Emerging battery technologies, exemplified by 

lithium-ion batteries, exhibit extended operational lifetimes and demonstrate 

resilience in enduring several charge-discharge cycles. Long-term energy 

storage applications may benefit from the battery's economic viability by 

adequately managing and operating it [26]. 

In the following scenarios, more in-depth insights will be investigated, 

focusing on battery energy storage systems [27]. 

1.2.1 Battery Principle 
A battery is a type of electrochemical arrangement that facilitates the 

conversion of chemical energy present in its active constituents into electrical 

energy by means of a redox (reduction-oxidation) reaction. Within the 

framework of a rechargeable system, the battery undergoes a reversal of its 

operational process in order to initiate the recharging procedure. The process 

described involves the movement of electrons from one substance to another 

across an electric circuit. In non-electrochemical redox reactions, such as the 

processes of rusting or burning, electron transfer takes place through direct 

means, wherein heat serves as the sole kind of energy involved. The battery 

performs an electrochemical process whereby chemical energy is transformed 

into electrical energy. In contrast to combustion or heat engines, batteries are 

not subject to the restrictions of the Carnot cycle as dictated by the second law 
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of thermodynamics. The electrochemical unit commonly referred to as a 

"battery" is more accurately described as a "cell." A battery is composed of one 

or more interconnected cells arranged in either a series or parallel 

arrangement, or a combination of both, depending on the desired output 

voltage and capacity. [28].  

The cellular structure comprises three primary constituents, namely the 

anode, cathode, and electrolyte. During the electrochemical reaction, the 

anode, also known as the negative electrode, releases electrons to the external 

circuit and undergoes oxidation. Simultaneously, the cathode, also known as 

the positive electrode, undergoes reduction as it receives electrons from the 

external circuit during the electrochemical reaction. The electrolyte serves as 

the conduit for the movement of charge, in the form of ions, throughout the 

cell, facilitating the transfer between the anode and cathode. The electrolyte is 

commonly a liquid medium, such as water or other solvents, which contains 

dissolved salts, acids, or alkalis in order to facilitate the flow of ions. Certain 

types of batteries utilize solid electrolytes, which exhibit ionic conductivity 

when the cell is running at its designated temperature. 

When connecting the two electrodes of a battery within an electrical circuit, 

the electrolyte initiates a process of active decomposition. Over time, the 

chemical constituents transform into alternative compounds, such as ions or 

an excess of electrons generated by the electrode components. The conducting 

ions participate in a chemical reaction that involves the electrolyte. 

Simultaneously, the transfer of electrons occurs between the terminals via the 

external circuit. The procedure above persists until the electrolyte undergoes 

complete conversion. At a certain point, the movement of ions within the 

electrolyte and electrons through the outer circuit stops, resulting in the total 

discharge of the battery. The discharge and charge process is illustrated 

consecutively in Fig.1.4 (a, b). 
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(a)  

During the process of discharge, the cell establishes a connection with an 

external load, resulting in the flow of electrons from the anode. This flow 

causes oxidation at the anode, while the electrons traverse the external load 

and reach the cathode. At the cathode, the electrons are accepted, leading to 

reduction of the cathode material. The completion of the electric circuit within 

the electrolyte occurs by the movement of anions (negatively charged ions) 

and cations (positively charged ions) towards the anode and cathode, 

respectively. 

Oxidation:     Y           Y++e-     Eq: 1.1 

Reduction:    Z + e-           Z-    Eq: 1.2 

Overall Cell Reaction (discharge):  Y+Z           Y++Z-  Eq: 1.3 

 

Figure 1. 4 Battery with (a) discharging, (b) charging. 

Conversely, in the process of recharging a rechargeable or storage cell, the 

direction of current flow is reversed, leading to oxidation at the positive 

electrode and reduction at the negative electrode. According to the definition, 

the anode is the electrode where oxidation takes place, while the cathode is 

the electrode where reduction occurs. Consequently, the positive electrode is 

designated as the anode, while the negative electrode is referred to as the 

cathode. 
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Reduction:      Y++e-          Y   Eq: 1.4 

Oxidation:     Z-           Z + e-   Eq: 1.5 

Overall Cell Reaction (charge):  Y++Z-           Y+Z  Eq: 1.6 

1.2.2 Battery Types 
Battery classification is based on the capacity for recharging, resulting in two 

distinct categories: main batteries and secondary batteries. Primary batteries 

are not capable of being efficiently recharged using electrical means and can 

only be discharged once. The primary cell, which lacks a free or liquid 

electrolyte, contains the electrolyte within an absorbent or separator material. 

These cells are commonly referred to as "dry cells". The primary battery 

serves as a pragmatic and economical solution for supplying portable 

electronic and electric devices, lighting systems, photographic equipment, 

toys, memory backup systems, and a range of other applications with a 

convenient and easily accessible source of packaged power. This feature 

enables autonomy from the electrical grid and improves the usability of these 

devices. Primary batteries provide numerous advantages, such as prolonged 

storage capability, a high level of energy density when discharged at low to 

moderate rates, minimum maintenance demands, and user-friendly 

operation. Primary batteries of large capacity are commonly employed in 

military applications, signaling, standby power, and other similar situations. 

The majority of primary batteries are composed of single-cell cylindrical and 

flat button configurations, as well as multi-cell batteries that integrate these 

individual cells. Secondary batteries possess various distinctive 

characteristics, such as their ability to undergo recharging, their high-power 

density, their higher discharge rate, their consistent discharge curves, and 

their excellent performance even in low-temperature environments. In 

contrast to primary batteries, secondary batteries generally exhibit lower 
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energy densities. The capacity to retain their charge is relatively lesser in 

comparison to primary batteries. Nevertheless, the diminished performance 

of the secondary battery resulting from inactivity can be restored through the 

process of recharging. 

There are different types of primary batteries, including Zinc Carbon cells, 

Zinc Alkaline Manganese Dioxide cells, Zinc Mercuric Oxide cells, Cadmium 

Mercuric Oxide cells, Silver Oxide cells, Zinc Air cells, Magnesium cells, 

Aluminum cells, Lithium cells, Solid Electrolyte cells. The prevalent type of 

primary cell is the battery composed of zinc and acidic manganese dioxide. 

Despite their extended shelf life, they offer limited energy [29]. Alkaline zinc-

based primary cells are known to provide extended shelf life and significant 

power output [30]. The Lithium primary cell, primarily used for military 

purposes due to safety concerns, exhibits a long shelf life of ten years [31]. The 

extensive utilization of silver oxide primary batteries is hampered by the 

expensive nature of silver, despite their remarkable energy density [32]. Zinc-

air cells have emerged as the prevailing industry standard for hearing aid 

batteries. The extended operation of the device is attributed to its utilization 

of solely anode material and the surrounding air's oxygen as a cathode, as 

stated in reference [33]. 

The focus on primary cell batteries is transitioning towards secondary cell 

batteries due to certain limitations associated with primary cells, such as their 

single-use nature and low energy efficiency of approximately 2% over their 

lifespan. Numerous types of secondary batteries have been discovered. 

Rechargeable alkaline batteries are a type of secondary battery that is cost-

effective and has a prolonged shelf life, albeit with a relatively lower cycle life. 

These devices are primarily utilized for power needs of a moderate scale and 

purportedly do not present any concerns regarding the disposal of toxic 

byproducts [34]. 
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Nickel-Cadmium (Ni-Cd) rechargeable batteries are known for their 

durability and reliability. These devices are capable of functioning across a 

broad spectrum of temperatures and demonstrate extended durability, as well 

as higher specific power density. The extensive utilization of cadmium is 

impeded by several drawbacks, including its high discharge rate of 30% per 

month, toxicity, carcinogenic properties, non-recyclability, and memory effect. 

Due to their low internal resistance and ability to deliver high surge current, 

wireless devices such as wireless telephones, emergency lighting, aircraft 

starting batteries and electric vehicles have increasingly favored these 

batteries [35].  

The focus on primary cell batteries is transitioning towards secondary cell 

batteries due to certain limitations associated with primary cells, such as their 

single-use nature and low energy efficiency of approximately 2% over their 

lifespan. Numerous types of secondary batteries have been discovered. 

Rechargeable alkaline batteries are a type of secondary battery that is cost-

effective and has a prolonged shelf life, albeit with a relatively lower cycle life. 

These devices are predominantly employed for the purpose of charging 

Nickel-Metal Hydride (Ni-MH) batteries, which can be considered as 

modified versions of Ni-Cd batteries. Ni-MH batteries exhibit a 30% higher 

capacity than their Ni-Cd counterparts, possess a prolonged cycle life, and 

demonstrate commendable high-rate capability. In addition, it is noteworthy 

that these materials do not pose a challenge regarding toxic waste disposal, as 

they do not contain cadmium. However, it should be noted that the presence 

of cobalt and nickel oxide, though in small quantities, can have carcinogenic 

properties. Additionally, these batteries exhibit memory effect and a notable 

self-discharge rate of 40% per month [36, 37]. 

Lead-acid batteries, which were initially discovered by French physicist 

Gastone Pante in 1859, have gained significant popularity as rechargeable 
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battery. Although rechargeable batteries of this type demonstrate a lower 

energy density compared to other types, they can deliver high surge current, 

thereby resulting in a high power to weight ratio of the cell. Lead-acid 

batteries are cost-effective, making them a desirable choice for autonomous 

vehicles. These are primarily favored for providing a high surge current to 

their starter motor. Various lead-acid batteries are commercially accessible, 

each designed to adapt to specific applications. These include deep-cycle 

batteries, VRLA batteries, AGM batteries, and gel batteries. Due to their 

significant mass, portable consumer applications do not utilize them. 

Additionally, lead (Pb) exhibits elevated toxicity levels and is associated with 

carcinogenic properties. It is noteworthy that a significant proportion of lead-

acid batteries, approximately 90%, can be effectively recycled to manufacture 

new lead-acid batteries, as evidenced by sources [38, 39]. 

Aluminum-based batteries that are rechargeable possess low flammability 

and are cost-effective. Additionally, their high capacity is attributed to their 

three-electron-redox characteristics. The expected safety advantages of 

utilizing aluminum in this battery type are attributed to its inertness and ease 

of handling in a natural environment. Additionally, aluminum exhibits a 

greater volumetric capacity than other metals such as lithium, potassium, and 

others. The substance in question shows a notable density of 2.7gcm-3 at 25 °C 

and can undergo a three-electron exchange. This observation implies that, in 

terms of volume as a metric, the energy density of aluminum-based batteries 

is somewhat greater than that of batteries utilizing alternative metals. As a 

result, it is expected that aluminum-based batteries will demonstrate 

decreased physical size. Aluminum-ion batteries exhibit a greater number of 

charge-discharge cycles as compared to competing battery technologies. 

Therefore, it has been suggested that Al-ion batteries have the potential to 

take the place of Li-ion batteries [40-42]. 
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At present, rechargeable Calcium batteries exhibit lower energy densities and 

capacity degradation in comparison to Li-metal batteries. Nevertheless, 

concerted efforts are being made to tackle these issues. The migration rate of 

calcium ions is seen to be quite low during their traversal over the solid 

electrolyte interface (SEI). Dendritic development occurs within calcium metal 

under conditions of strong electric current. The nature of calcium deposits 

plays a crucial role in the extended performance of batteries, and efforts are 

being undertaken to produce consistent and high-quality deposits. In order to 

get energy densities that are on par with the existing Li-ion and Li-metal 

batteries, the utilization of a pristine calcium (Ca) metal anode is required for 

calcium batteries. The higher hardness of calcium in comparison to lithium 

needs the inclusion of calcium foils in battery manufacturing methods, such 

as pouches and cylinder cells, in order to ensure proper integration [43, 44]. 

The drawbacks associated with the aforementioned rechargeable batteries 

have dampened the enthusiasm for the advancement of rechargeable battery 

technology. A novel rechargeable battery technology is currently under 

development, effectively addressing all the drawbacks of the prior 

rechargeable battery technologies. The most recent version of the Lithium-ion 

battery (LIB) functions by utilizing the migration of lithium ions (Li+) to 

produce energy. The LIBs are lightweight, have a rapid charging capability, 

and exhibit a longer lifespan compared to other conventional batteries. In 

addition, lithium-ion batteries (LIBs) exhibit superior stability and can 

undergo hundreds of recharge cycles. In comparison to alternative 

rechargeable batteries, these batteries show a superior energy density, 

increased specific capacity, and reduced self-discharge rate. Thus, this 

exhibits excellent power efficiency and capacity retention compared to the 

aforementioned types. This thesis will provide a comprehensive 
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understanding of LIBs, which will be further elaborated in subsequent 

sections. 

1.3  Lithium-ion Batteries (LIBs): 

1.3.1 Prospects of LIBs 

Figure 1. 5 Specific energy density (WhKg-1) vs. volumetric energy density 
(WhL-1) of different batteries (Adapted from [45]). 

LIBs have contributed major improvements in the contemporary era of 

portable electronic gadgets, including laptops, smartphones, and digital 

cameras. In addition, the lightweight nature of this specific battery has made 

it the predominant choice for pure electric vehicles (PEV), plug-in hybrid 

vehicles (PHEV), and hybrid vehicles (HEV). The reason for the lightweight 

characteristic of Lithium-ion batteries (LIBs) can be traced to their high energy 

density per unit weight and volume, as depicted in Figure 1.5. The battery has 

an extended duration of storage and employs energy technology that is 

environmentally sustainable. Additionally, its manufacturing process is 

characterized by increased ease and efficiency. The sources mentioned above 

have reported that these items' production cost is low and exhibit no memory 

effect [46-49]. Thus, these characteristics enhance the appeal of this battery. 
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The discovery of lithium, also known as "lithion/lithina," dates back to 1817 

when Arfwedson [50] and Berzelius [51] analyzed petalite ore (LiAlSi4O10). 

However, it was not until 1821 that the element was successfully isolated 

through the electrolysis of lithium oxide by Brande and Davy [52]. Lewis 

delved into the electrochemical properties of the aforementioned substance a 

century after its discovery [53]. Given lithium's favorable physical 

characteristics, including its low density (0.534gcm-3), high specific capacity 

(3860mAhg-1), and low redox potential (-3.04V vs. SHE), it was promptly 

recognized that lithium had the potential to function effectively as a battery. 

The commencement of the comprehensive investigation into the complete 

capabilities of Li-ion technology was instigated in 1912 by G.N Lewis, who 

served as the dean of the chemistry department at the University of California 

Berkeley [53]. The introduction of commercially accessible non-rechargeable 

lithium-ion batteries was pioneered in the early 1970s, after the proposal of 

M.S. Whittingham at Exxon [54]. The batteries were manufactured utilizing 

titanium disulfide (TiS2) as the cathode and lithium metal as the anode. While 

the positive cathode had acceptable performance, the lithium metal anode 

exhibited uneven dendrite growth during the cycling process, as illustrated in 

Figure 1.6. 
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Figure 1. 6 Dendrite formation on lithium anode (Adapted from [55]). 

The identification of the intercalation materials, which employ lithium as an 

insert material for rechargeable battery packs, signifies a significant 

advancement in the evolution of lithium batteries. In the year 1986, Rachid 

Yazami and his colleagues conducted an experiment to illustrate the 

electrochemical properties of lithium the intercalation in graphite, as depicted 

in Figure 1.7. This finding was documented in reference [56]. 

In the 1970s, John Goodenough, a chemist, and his research team from Oxford 

University, consisting of Phil Wiseman, Koichi Mizushima, and Phil Jones, 

initially introduced the concept of the Lithium-ion battery. The research was 

published during the 1980s. In the year 1991, Sony Corporation initiated the 

commercial release of lithium-ion batteries, employing graphite as the anode 

material. This choice was decided based on the material's widespread 

availability and its theoretical specific capacity of 372mAhg-1 [57]. While 

lithium-ion batteries possess sufficient characteristics to be considered a 

viable energy storage solution, enhancing their energy efficiency is imperative 
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for responding to the increasing energy requirements of the contemporary 

world. There has been a discernible rise in the utilisation of lithium-ion 

batteries (LIBs) across many domains, including robotics, continuous energy 

supply (UES), various power tools, and static power storage systems. 

Furthermore, it is important to highlight that automobiles intended for long-

distance travel require a minimum specific energy density of lithium-ion 

batteries (150Whkg-1), which is five to ten times higher than the previously 

indicated number [58, 59]. According to Figure 1.8, there has been an increase 

in the reliance on and usage of Lithium-ion batteries (LIBs) over time. It is 

imperative to introduce modifications to the current conventional materials 

utilized in batteries to achieve significantly improved energy efficiency. 

Delaying such action is not a viable option. 

 

Figure 1. 7 Structure of graphite intercalated with lithium (Adapted from 
[60]). 
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Figure 1. 8 Scenario of increasing demand of LIBs. 

1.3.2  Electrochemistry of LIBs 
 An electrical battery is a composite of one or several electrochemical cells that 

enable the transformation of accumulated chemical energies into electricity. 

 

Figure 1. 9 Diagram of Li-ion cell during charging and discharging (Adapted 
from [61]). 
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There are two main classifications of batteries, known as primary and 

secondary. Primary batteries are distinguished by their lack of 

rechargeability, which is attributed to the irreversible chemical process 

occurring within the battery. As a result, once a primary battery has been 

utilized, it must be discarded instead of being subjected to the process of 

recharging. Secondary batteries exhibit the capacity to undergo recharging 

and subsequent usage on multiple occasions. A lithium-ion battery is 

commonly referred to as a rechargeable battery that utilizes chemical 

processes involving the intercalation of lithium ions between the cathode 

(positive electrode) and the anode (negative electrode) to store energy. During 

the process of charging and discharging cycles, the migration of lithium ions 

between the cathode and anode takes place, resulting in their commonly 

referred to nomenclature as "Rocking-chair" batteries [62]. The lithium-ion 

battery consists of four fundamental components: the anode, cathode, 

separator, and electrolyte, which can be comprised of various materials. The 

cathode operates as a positively charged electrode that undergoes reduction 

through the acceptance of electrons, whereas the anode performs as a 

negatively charged electrode that provides electrons and experiences 

oxidation throughout the discharge cycles. The electrodes maintain electrical 

connectivity via the electrolyte, while the separator serves the dual purpose of 

preventing electrode intermixing and allowing ion passage. 
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Figure 1. 10 Electrode and cell reactions in a Lithium Ion battery (Adapted 
from [63]). 

To obtain a succinct comprehension of this procedure, let us analyze the 

instance of a traditional LiCoO2 battery, where LiCoO2 serves as the cathode. 

During the process of charging, there is a migration of lithium ions from the 

cathode to the anode. Simultaneously, the presence of an external field assists 

in the extraction of electrons from the cathode and subsequently transports 

them to the anode. During the process of discharge, the anode liberates ions 

to the solution of electrolyte and provides electrons for the external circuit. 

Subsequently, these ions undergo intercalation within the cathode, while 

electrons generated by the external circuit are employed to uphold charge 

balance. The processes of intercalation and de-intercalation refer to the 

insertion and extraction, respectively, of Li+ ions from electrodes [64, 65]. The 

following redox reaction is depicted below. 
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Figure 1. 11 Skeleton of LiBs showing Li+ intercalation/de-intercalation 
mechanism. 

1.3.3 Advantages of LIBs  
The property which makes LIBs advanced from others is energy density. It 

exhibits energy density of 100Whg-1–265Whkg-1. So, it can store energy for a 

long time supporting the portable application-based fields. Here some of the 

main advantages of LIBs are given below: 

 
High Energy Density: Lithium-ion batteries exhibit a notably higher energy 

density than alternative rechargeable battery technologies. This characteristic 

enables them to achieve a higher energy density in terms of mass and volume, 

rendering them highly suitable for applications that prioritize limitations in 

space and weight [66]. They can supply up to 3.6 Volts, which is almost three 

times greater than their nickel counterparts. 

 

Long Cycle Life: Lithium-ion batteries exhibit a prolonged cycle life, as they 

can endure numerous charge and discharge cycles without experiencing 
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substantial deterioration in their capacity. The extended lifespan of these 

entities renders them well-suited for enduring purposes, such as using electric 

vehicles and grid energy storage systems [67]. 

 

Low Self-Discharge Rate: Lithium-ion batteries exhibit a comparatively 

reduced self-discharge rate compared to alternative rechargeable battery 

technologies such as nickel-based chemistries. LIBs have a lengthy shelf life 

because of their modest self- discharge rate of 1.5-2 percent each month. 

Lithium-ion batteries can retain their charge for prolonged durations, 

rendering them advantageous for applications involving sporadic usage, such 

as emergency backup systems [68].  

 

Rapid Charging: Lithium-ion batteries can undergo rapid charging at a 

significantly accelerated pace compared to alternative battery technologies. 

The field of lithium-ion battery chemistry and engineering has witnessed 

notable progress, leading to the development of enhanced rapid charging 

capabilities. This advancement has reduced periods of inactivity and 

enhanced user convenience [55].  

 

No Memory Effect: Lithium-ion batteries have the advantageous 

characteristic of not being subject to the memory effect. This phenomenon 

leads to reduced battery capacity as a result of incomplete discharging or 

charging. This sets them apart from certain other rechargeable battery types. 

This functionality enables users to recharge the battery at their convenience 

without causing any detrimental impact on its overall performance.  

Lightweight and Compact: Lithium-ion batteries are renowned for being 

lightweight and compact. The attribute above confers significant benefits in 

the context of portable electronic devices, including smartphones, laptops, 

and tablets [66].  
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Environmentally Friendly: Lithium-ion batteries are commonly regarded as 

more ecologically sustainable than specific alternative battery chemistries, 

such as lead-acid batteries. The diminished dependence on hazardous 

substances and the potential for recyclability of these materials contribute to 

decreased environmental consequences [69].  

1.3.4 Challenges of LIBs 
The commercial implementation of lithium-ion batteries has been 

accomplished with success for a duration of nearly two decades. The present 

condition of battery chemistry suggests that the technology can be considered 

somewhat developed. Lithium-ion batteries have become the dominant 

preference for portable electronic gadgets, including cell phones and laptop 

computers. Electric vehicles are progressively acquiring a more prominent 

role. Lithium-ion batteries are increasingly considered a feasible choice for 

integration into sustainable energy systems due to their capacity to efficiently 

store renewable energy generated by sustainable sources. The growing 

demand for energy storage compels the development of present lithium-ion 

battery technologies and the emergence of next-generation lithium-ion 

batteries, with a particular focus on cost reduction. The task of developing 

alternative battery chemistry as a substitute for the existing lithium-ion 

battery technology continues to be a significant and difficult obstacle. 

In order to increase the energy density of lithium-ion batteries, it is beneficial 

to identify electrode pairs that exhibit both high-specific capacities and high 

operating cell voltages. As previously said, there is a diverse array of 

prospective options for anodes that possess the capacity to greatly boost 

specific capabilities. Significantly, there has been a notable focus on 

anodes utilizing silicon (Si) and tin (Sn) materials, mostly due to their 

attractive characteristics. The production of Si nanomaterials on a large scale 
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while maintaining low cost remains a significant challenge. Tin-based anodes 

exhibit suboptimal cycling performance as a result of pulverization. Hence, it 

is plausible that Si-Sn-based composites could serve as potential future 

anodes [70]. 

In contrast with the candidates for the anode, the fundamental constraint on 

the number of cells is mostly ascribed to the limited capacity of the candidates 

for the cathode. The existing cathode material, namely LiCoO2, is 

characterized by its significant expense and considerable toxicity. The 

LiFePO4 battery, which has experienced an increase in its level of acceptance, 

demonstrates a comparatively limited capacity. The cathodes, which have 

been created by Argonne National Laboratory and are based on the Ni-Co-

Mn composition, can be readily manufactured and have generated substantial 

attention, particularly within the industrial sector. However, it should be 

noted that the specific capacity remains at a moderate level, and it is 

important to acknowledge that both cobalt (Co) and nickel (Ni) are widely 

known for their elevated expenses and poisonous properties. From an 

environmental standpoint, future cathode materials should avoid 

incorporating toxic elements such as Co or Ni. 

Additionally, it is imperative for the cathode to possess the ability to 

effectively and reversibly inject or withdraw numerous electrons per 3d 

metal. Possible cathode materials for future cost-effective applications 

encompass those derived from manganese (Mn) and/or iron (Fe). The issue of 

intrinsically limited conductivity calls for an innovative strategy, potentially 

leveraging the field of nanotechnology and nano-composites. The present 

cathode candidates under investigation have little potential for improving the 

working cell voltages. Composite cathodes composed of two or three 

transition metals from the 3d series, along with polyanions, demonstrate 

considerable potential. There is a possibility that novel cathode chemistry 
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could be developed within the upcoming decade. The novel cathode 

chemistry may necessitate the use of novel electrolytes as well. 

The safety issue presents an additional obstacle that necessitates appropriate 

attention and resolution. The recent fires involving Li-ion batteries, 

specifically those occurring in Boeing 787 passenger aircraft and Tesla Model 

S cars have brought attention to the criticality of battery safety. In order to 

promote the widespread adoption of electric vehicles and facilitate the growth 

of the market for vehicles powered by lithium-ion batteries, automakers must 

make substantial investments in battery management systems. These 

technologies play a vital part in augmenting the safety of the expansive 

battery packs employed in automobiles. To effectively mitigate safety 

problems, it is crucial to investigate the advancement of lithium-ion batteries 

that possess nonflammable properties. This encompasses the examination of 

lithium-ion batteries employing aqueous electrolytes or ceramic electrolytes, 

alongside the exploration of all-solid-state batteries. The upcoming generation 

of lithium-ion batteries is expected to include cathodes featuring high voltage 

levels of approximately 5V, together with anodes possessing high capacity. 

These advancements may involve the utilization of materials such as silicon 

(Si) or tin (Sn). Hence, conducting thorough research to enhance our 

comprehension of electrode materials, particularly their stability and 

interaction with electrolytes, is imperative. Rather than solely prioritizing the 

intensive pursuit of high-energy density, it is imperative to place a growing 

emphasis on ensuring battery safety. The widespread implementation of 

standardized battery safety testing protocols is imperative. 

The continuous issue lies in the development of electrode materials that 

possess a minimal carbon footprint, generally referred to as "green batteries." 

Ideally, future lithium-ion batteries should incorporate electrodes sourced 

from organic or inorganic materials originating from biological sources, while 
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employing an aqueous electrolyte. Biomasses has the inherent capacity to 

function as viable sources for the generation of carbon and silicon. The 

exploration of viruses as a means to fabricate electrode materials for lithium-

ion batteries has recently attracted considerable attention [71]. The study of 

large-scale chemical reactions at ambient temperature, with biological 

templates such as genetically engineered viruses, is a fascinating area of 

investigation. The advancement of sustainable lithium-ion batteries shows 

promise with the further development of organic electrodes that demonstrate 

resistance to disintegration by electrolytes [72]. Hence, a potential avenue for 

further investigation could involve directing attention toward developing 

environmentally sustainable lithium-ion batteries. 

In addition, it is crucial for next studies on batteries to incorporate the life 

cycle assessment (LCA) of these technologies to determine their 

environmental sustainability. The purpose of this assessment is to determine 

the extent to which the batteries may be categorized as environmentally 

sustainable. Further research is needed to investigate the life cycle assessment 

(LCA) of the current materials used in commercial lithium-ion batteries. These 

materials include cathodes such as LiCoO2, LiMn2O4, LiNiO2, and LiFePO4, 

anodes such as graphite and Li4Ti5O12, and electrolytes/salts such as ethylene 

carbonate, diethyl carbonate, LiPF6, LiBF4, and LiClO4. Additionally, the 

separators used in these batteries are typically made of polypropylene and 

polyethylene. Limited information exists regarding the environmental 

ramifications associated with the manufacturing, utilization, and disposal of 

forthcoming Li-ion batteries [73]. The exponential growth in the production of 

lithium-ion batteries for electric vehicles will result in the generation of 

significant amounts of environmentally detrimental trash and the 

establishment of disposal facilities.  
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The proximity of mine sites may reduce agricultural productivity, while the 

presence of processing facilities could result in a decline in air quality. 

Additionally, establishing factories near may contribute to an increase in 

energy costs. Moreover, an increase in fossil fuel consumption may be 

necessary to satisfy factories' manufacturing requirements for Li-ion batteries. 

The Life Cycle Assessment (LCA) methodology provides a complete 

framework for evaluating the environmental characteristics and potential 

consequences associated with a given product or process across its full life 

cycle. This comprises a range of steps, which include the acquisition of raw 

minerals, the production process, utilization, end-of-life treatment, recycling, 

and final disposal. Hence, life cycle assessment (LCA) emerges as a significant 

instrument for advancing environmentally friendly lithium-ion batteries, 

fostering future sustainability. Another crucial domain that warrants 

appropriate consideration is lithium-ion batteries' techno-economic analysis 

(TEA). The Technical and Economic Assessment (TEA) will be utilized to 

ascertain the technical and economic viability of the newly developed 

lithium-ion battery system for potential large-scale manufacturing. 

Integrating life cycle assessment (LCA) and techno-economic analysis (TEA) 

methodologies will contribute to advancing future lithium-ion batteries, 

resulting in enhanced social, environmental, and economic outcomes. There is 

an increasing worldwide inclination towards the advancement of "Nano" 

materials with the aim of augmenting the storage capacity of forthcoming Li-

ion batteries. The potential of nano-materials is of great importance due to the 

widely acknowledged understanding that the electrochemical properties of 

these materials are dependent on their size and form. The field of battery 

research has witnessed a substantial surge in interest over the past two 

decades, with "nanotechnology" emerging as a particularly noteworthy area 

of focus. However, it is important to acknowledge that the energy density, 

specifically in terms of volume, of nanomaterials is frequently disregarded, 
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primarily because of their low volumetric density. The considerable 

discrepancy in tap densities observed between graphene and MCMB graphite 

powder serves as a clear illustration of the problem of low tap density. As an 

example, the tap density of graphene, a material of great interest, is 

determined to be 0.03g/cc, but MCMB graphite powder exhibits a tap density 

of 1.3g/cc. This leads to a volumetric disparity of approximately 40-fold for a 

specified mass. Further considerations pertaining to electrode materials at the 

nano encompass inferior electrical characteristics arising from interparticle 

resistance, as well as diminished Coulombic efficiency coming from side 

reactions occurring between the electrode and electrolyte. These issues are 

further worsened by the increased surface area. 

In addition, it is worth noting that the electrochemical properties of 

micromaterials demonstrate a level of performance that is comparable to that 

of nano-materials. There is a need for improvement in the design of devices 

that utilize Li-ion batteries in order to provide sufficient room for absorbing 

these batteries. This is particularly evident in the context of cell phones and 

electric vehicles. In essence, future electrode materials must possess a high tap 

density. Future research in battery technology should focus on developing 

next-generation batteries that are smaller yet offer improved performance 

compared to current battery models (Figure 1.12). 
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Figure 1. 12 The illustration to demonstration that future Li-ion batteries 
should be light and small without any compromise on energy and power 

(Adapted from [74]). 

1.4  Cathode 
LiCoO2 is the cathode material frequently used in lithium-ion batteries [75]. 

The compound LiCoO2 adopts the α-NaFeO2 crystal structure, characterized 

by a distorted rock-salt arrangement, wherein the cations exhibit ordering in 

alternating (1 1 1) planes. The arrangement of atoms in this particular 

configuration leads to the formation of a trigonal structure with the space 

group notation R3¯m. In the case of LiCoO2, specific planes consisting of 

lithium ions facilitate the process of lithiation and de-lithiation [76]. While 

LiCoO2 has proven to be an effective cathode material, researchers are actively 

exploring alternative options to reduce costs and enhance stability. Cobalt 

demonstrates a more restricted availability, leading to elevated pricing in 

comparison to other transition metals such as manganese, nickel, and iron. 

Moreover, it should be noted that LiCoO2 exhibits lower stability compared to 

alternative electrode materials, rendering it susceptible to performance 

deterioration or even failure under overcharging conditions [77-79]. 

According to previous research [80], augmenting the charging voltage can 

potentially enhance the cell's capacity. However, it is essential to note that this 

increase in voltage may also result in a more accelerated decline in capacity as 

the cell undergoes recharging cycles. Multiple factors have contributed to the 

deterioration observed during the cycling process. An element worthy of 



30 
 

attention pertains to the phenomenon of cobalt dissolution occurring within 

the electrolyte during the process of de-lithiation of the electrode, namely 

during the charging phase [81]. This phenomenon leads to a decrease in the 

ability of lithium to undergo intercalation during the process of discharge. An 

additional aspect that warrants consideration is the development of the CoO2 

layer subsequent to full de-lithiation, resulting in the separation of said layer 

from the electrode's surface [82]. The following separation results in a 

reduction in the ability for lithium intercalation. Moreover, it is important to 

acknowledge that there is a substantial change in the lattice parameter when 

the lithium content is altered [83]. This phenomena has the potential to 

generate internal tensions and micro-cracks within the cathode particles [84]. 

The acquisition of stoichiometric LiCoO2 can pose challenges [85], thus 

necessitating heat treatment to regulate the surface phase composition to 

enhance cycling performance [86]. 

LiNiO2, which exhibits the α-NaFeO2 crystal structure, is characterized by a 

lower cost and a higher energy density (15% higher by volume, 20% higher by 

weight) [87]. However, it is worth noting that LiNiO2 is less stable [88, 89] and 

exhibits a lower degree of order [90] when compared to LiCoO2. The reduced 

level of organization leads to the placement of nickel ions within the lithium 

plane, which hinders the process of lithiation and de-lithiation. Additionally, 

this situation presents difficulties in achieving the desired composition [91]. 

The introduction of cobalt into LiNO2 results in an enhanced level of 

organization, resulting in the preferential placement of nickel ions within the 

nickel/cobalt plane as opposed to the lithium plane [92]. LiNi1−xCoxO2, which 

predominantly consists of nickel (x ∼ 0.8), has been employed to capitalize on 

the cost-effectiveness and greater capacity of nickel compared to cobalt [93-

97]. The compound LiMnO2 exhibits a monoclinic crystal structure instead of 

a rhombohedral structure [98]. The monoclinic structure has the ability to 
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undergo a transition into a layered hexagonal structure throughout the 

cycling process. [99]. The incorporation of nickel [100, 101], or more 

frequently nickel and cobalt, into LiMnO2 has the potential to create the α-

NaFeO2 crystal structure [102, 103]. The lattice characteristics of the trigonal 

lattice, particularly the ratio of c/a, demonstrate a correlation with the 

composition. As the aforementioned ratio approaches the value of 1.633, the 

departure from cubic symmetry decreases. 

As a result, there is a reduction in the ordering process, leading to an 

increased concentration of transition metal ions within the lithium-ion plane. 

The Li(Ni,Mn,Co)O2 composition, which is widely utilized, consists of equal 

proportions of the three transition metals, specifically Li(Ni1/3Mn1/3Co1/3)O2. 

This composition exhibits a high capacity [104], favorable rate capability [105, 

106], and can function at elevated voltages. An elevated charging voltage has 

been found to enhance the capacity but is also associated with accelerated 

capacity degradation during cycling [107-109]. Similar to LiNi1−xCoxO2, the 

inclusion of cobalt in the composition aids in diminishing the quantity of 

nickel present in the lithium layer [92]. Previous studies have demonstrated 

that adding small quantities of cobalt (up to 0.20–0.25) can enhance capacity 

[109-115]. The inclusion of higher levels of cobalt has been found to have the 

potential to mitigate capacity degradation during cycling [109, 116-118]. The 

enhanced operational efficiency has been ascribed to the influence of cobalt, 

which leads to an increase in conductivity [109, 117] and an enhancement in 

the cathode's structural stability [117, 118]. Although the inclusion of nickel in 

the ion layer may have negative implications for lithium transport, scholarly 

investigations have revealed that it can also bolster the integrity of the 

framework during de-lithiation, hence resulting in enhanced cycling 

performance. [119]. The enhancement of electrode performance through over-

lithiation of Li(Ni,Mn,Co)O2 has been observed, particularly in cases when the 
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cobalt concentration is minimal [120-122]. During the first cycle, there may be 

an occurrence of oxidative loss that is not recovered in following cycles [123]. 

However, prior research has indicated that deep discharging has the ability to 

successfully repair the initial capacity loss that is detected during the initial 

cycle [124]. 

The cathode material LiMn2O4 shows potential because of the spinel structure 

(Fd3¯m). Within this particular arrangement, the octahedral sites are 

predominantly occupied by manganese, whilst the tetrahedral sites are 

primarily occupied by lithium. [125]. In this particular scenario, it is observed 

that the pathways for the process of lithiation and de-lithiation exhibit a 

network of channels in three dimensions, as opposed to planes, as observed in 

the α-NaFeO2 structure. LiMn2O4 is considered to be a more cost-effective and 

safer alternative to LiCoO2 [92, 126, 127]. Nevertheless, it is important to 

acknowledge that LiMn2O4 demonstrates a reduced capacity in comparison to 

cathode materials that adopt the α-NaFeO2 structure, as previously described. 

[104, 128]. One of the main challenges associated with the utilization of 

LiMn2O4 as a material for the cathode is to the occurrence of phase shifts 

throughout the cycling process [129-131]. An instance of field testing involved 

the utilization of LiMn2O4 cathodes within the direct current power supply of 

a functional telecommunications transceiver. During the experimental trial, 

there was an initial rapid decline in capacity within the first few days, 

followed by a subsequent decrease in the rate of capacity loss [132]. The 

primary cause of the initial loss has been ascribed to oxygen depletion during 

the charging process [133]. The phenomenon of capacity loss has also been 

documented in storage settings, primarily attributed to the dissolution of 

manganese in the electrolyte [134]. Furthermore, the occurrence of capacity 

loss can be attributed to changes in particle shape or crystallinity [135, 136]. 

Additional transition metals, such as iron [137] and cobalt [138-143], have 
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been incorporated into LiMn2O4. The presence of iron results in the 

appearance of an additional discharge plateau at higher voltages, while cobalt 

improves the capacity retention during repeated cycles by stabilizing the 

crystalline structure of the spinel material. Nevertheless, nickel is frequently 

incorporated into LiMn2O4 [144], decreasing both the lattice structure 

characteristic and the electric conductivity of LiMn2O4 [145]. The capacity of 

the material exhibits an upward trend as the manganese content is increased, 

particularly when maintaining a 3:1 ratio of manganese to nickel (i.e., 

Mn1.5Ni0.5O4). This specific composition (Mn1.5Ni0.5O4) is widely utilized in 

various applications [146, 147]. The arrangement of manganese and nickel 

cations on the octahedral sublattice has been observed. However, research has 

demonstrated that a disordered spinel structure exhibits a greater capacity 

[148]. The utilization of cobalt as a partial substitute for nickel (specifically, in 

the form of Li[Mn1.42Ni0.42Co0.16]O4) has been employed to mitigate the 

formation of LixNi1−xO. This compound can detrimentally impact the cell's 

performance during cycling [149]. Using nickel as a surface coating on 

LiMn2O4, as opposed to its incorporation as a bulk dopant, has also 

demonstrated efficacy in enhancing capacity retention during cycling [150-

152]. 

The layered structure of vanadium oxide enables it to exist in several valence 

states. As a result, vanadium oxides have been utilized as electrode materials 

in many applications. Specifically, cathode materials such as orthorhombic 

V2O5 [153-157] and monoclinic LiV3O8 [158-162] have been employed. The 

electrodes exhibit significant capacities, albeit with comparably lower 

voltages (usually 3V or lower) than the aforementioned compounds. 

Phosphates with the chemical formula LiMPO4, which possess the olivine 

crystal structure with the space group Pnma, are considered a promising class 

of cathode materials. inside this particular arrangement, the phosphorous 
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atoms are situated inside tetrahedral sites, whereas the transitional metal (M) 

atoms are positioned within octahedral sites. Furthermore, it should be noted 

that lithium atoms exhibit a tendency to arrange themselves in linear chains in 

the [0 1 0] crystallographic direction [163]. In general, the cathode commonly 

utilizes LiFePO4 as the predominant phosphate molecule. During the de-

lithiation process, Fe2+ undergoes oxidation to Fe3+, leading to the creation of 

FePO4. [164]. The introduction of iron ions into lithium sites results in the 

formation of vacancies that accommodate lithium ions, hence maintaining 

charge neutrality [165-167]. A miscibility gap exists between FePO4 and 

LiFePO4 [168], resulting in a de-lithiation process characterized by the growth 

of a two-phase front rather than a continuous alteration in lithium content 

[169-174]. The establishment of a two-phase mixture contributes to the 

attainment of a stable level of activity, which in turn leads to a discharge 

profile characterized by a generally constant voltage [46]. The electronic 

conduction in LiFePO4 is primarily facilitated by slight polaron hopping, as 

evidenced by previous research [175]. It is worth noting that the conductivity 

of pure LiFePO4 is relatively low, measuring at approximately 10−9 Scm−1 [92]. 

The enhancement of conductivity can be achieved through heat treatment, 

which increases hole conductivity [176]. However, to achieve satisfactory 

performance, it is generally necessary to introduce a conductive phase [177]. 

The subsequent section will address the additives employed to enhance the 

conductivity of LiFePO4. It is worth noting that the inclusion of Fe2P, a 

conductive phase, has been observed to enhance the performance of LiFePO4 

during both preparation and utilization [178, 179]. Consequently, deliberate 

incorporation of Fe2P is occasionally practiced in producing LiFePO4/Fe2P 

composites [180-183]. The significance of Fe2P lies in its impact on 

conductivity, whereby minimal quantities enhance it, while excessive 

quantities impede the paths of lithium ions [184]. 
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Additional phosphates utilized as cathodes in lithium-ion batteries include 

LiMnPO4 [185-187] and LiCoPO4  [187, 188]. According to a study [92], 

LiMnPO4 and LiCoPO4 exhibit higher open circuit voltages of 4.1V and 4.8V, 

respectively, compared to LiFePO4, which has a voltage of 3.5V. However, it 

should be noted that both LiMnPO4 and LiCoPO4 have lower capacities. The 

study by [187] revealed that the capacities of LiMnPO4 and LiCoPO4, which 

were synthesized using microwave hydrothermal synthesis, were 

approximately one-sixth and one-third, respectively, compared to LiFePO4 

synthesized using the same method. Furthermore, it has been observed that 

Mn2P4O7 and Co2P4O7 are formed in de-lithiated LiMnPO4 [186] and LiCoPO4 

[188] electrodes, respectively. This formation process leads to a degradation in 

the lifetime of the electrodes and raises safety concerns due to the evolution of 

oxygen during the decomposition reaction. Cathode materials have been 

utilized as mixtures of phosphates, such as LiMnPO4 [189-191] or LiCoPO4 

[192, 193], in combination with LiFePO4. The operating voltage of these 

mixtures demonstrates an upward trend as the manganese content increases 

[194, 195]. Conversely, the capacity of the mixtures exhibits a positive 

correlation with the iron content [192, 193, 196]. While LiNiPO4 does exhibit 

the olivine structure [163], it is not commonly employed as a cathode 

material. In addition, nickel has been incorporated into various phosphate 

cathode materials, such as lithium transition metal phosphates (e.g., LiFePO4 

[197, 198] and LiMnPO4 [199]), as well as more intricate compounds like 

Li(Mn,Fe)PO4 [200, 201] and Li(Mn,Fe,Co)PO4 [202, 203]. Li3V2(PO4)3 is an 

additional phosphate compound employed as a cathode material. It exhibits a 

monoclinic crystal structure with the space group P21/n [204, 205]. Li3V2(PO4)3 

exhibits a significantly elevated operating voltage and demonstrates 

commendable efficacy when subjected to high discharge currents, as 

evidenced by previous studies [206, 207]. Previous studies have reported the 

existence of plateau voltages exceeding 4V for discharge currents ranging 
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from 0.2C to 2C, as well as plateau voltages surpassing 3.9V for a discharge 

current of 10C [207]. Previous studies have demonstrated that including 

vanadium can enhance the capacity of LiFePO4, particularly under conditions 

of high discharge currents [197, 208, 209]. As an illustration, when the 

temperature is at 0.1C, the enhancements in capacity are relatively moderate, 

ranging from 5% to 15%, according to sources [197, 208, 209]. However, at a 

higher temperature of 10C, significant capacity increases have been 

documented, ranging from 80% to over 200% [208, 209]. The positive impact 

of incorporating vanadium into the system has been ascribed to two main 

factors: the improvement of lithium diffusion [197, 209] and the reduction of 

energy needed for the nucleation of LiFePO4 in the LiFePO4–FePO4 [208] two-

phase region. 

Figure 1. 13 The relationship between voltage and capacity is a critical aspect 
of the positive and negative electrode substances currently employed or being 
contemplated for the forthcoming generation of lithium-ion batteries                                                            
(Adapted from [55]). 

1.5  Anode 
The prevailing rechargeable lithium-ion battery available in the market has 

carbon as the active ingredient for the anode. Graphite is composed of ABAB 

layers that are interconnected through van der Waals forces. Within each 

layer, there exists a conjugated sp2 bond structure. When lithium ions are 
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inserted between these layers, the arrangement of the layers is altered to 

AAA2—. Graphite functions as the host matrix for lithium intercalation, 

exhibiting sufficient structural robustness to enable reversibility by facilitating 

the straightforward insertion and removal of lithium ions. Graphite exhibits a 

diverse range of forms, encompassing crystalline structures and nearly 

amorphous states. The components utilized in the fabrication of anodes 

consist of a range of primary substances, including natural graphite, which oil 

pitch, tar from coal, hydrocarbons gas, benzene, and different resins, among 

other substances. These anodes can be classified into three categories: (1) 

graphite, (2) non-graphitized glass-like carbon (also known as hard carbon), 

which retains its non-graphitic structure even when subjected to high-

temperature heat treatment, and (3) soft carbon, which exhibits a high degree 

of malleability upon heat treatment. The diagram illustrating the structural 

characteristics of these carbon entities is presented in Figure 1.14 [210]. 

Anodes commonly employed in various applications include graphite and 

hard carbon materials. In practical applications, graphite has been observed to 

readily incorporate an adequate amount of lithium at standard room 

temperature, forming LiC6. Upon subsequent removal of lithium ions, this 

compound exhibits a discharge capacity of 372 milliampere-hours per gram 

(mAh/g). Numerous researchers have documented the process of lithium 

intercalation into graphite and have extensively studied the electrochemical 

properties of graphite anodes [211-213] . Dahn et al. have provided a complete 

description of the relationship between the electrolytic insertion of lithium 

and the crystal structure of several carbon materials. Figure 1.15 [214] 

displays the charge-discharge curve of graphitized, micron-sized mesocarbon 

microbeads (MCMB).  
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Figure 1. 14 Three types of carbon (Adapted from [215]). 

 

 

 

 

 

 

 

Figure 1. 15 Charge–discharge curve of MCMB heat treated at various 
temperatures (Adapted from [215]) 

The graphite anode, which has been subjected to sintering at a temperature of 

3000°C, demonstrates a charging capability of 400 milliampere-hours per 

gram (mAh/g). Nevertheless, the capacity experiences a notable decrease to 

290mAh/g throughout the discharge process. The topic under consideration 

pertains to the phenomenon of irreversible reaction, particularly the retention 

that takes place during the first charging procedure for graphite. The 

occurrence of this chemical process results in the creation of a slender layer 

consisting of athe lithium-ion conductive substance referred to as the interface 

of solid electrolytes (SEI) on the graphite's exterior. In the framework of 

graphite, it is evident that the charging and discharging voltage has a 

consistent and invariant profile. This characteristic remains unchanged when 

graphite is coupled with a cathode, preserving the flat voltage discharge 
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pattern. The discharge characteristic described is a fundamental necessity in 

most compact electrical devices. In contrast, the incorporation of lithium in 

hard carbon derived from the polycondensation of oil pitch occurs not only 

within the interlayer spaces of the carbon structure but also within the 

crevices between crystal particles, commonly referred to as doping sites. 

Consequently, this phenomenon enables hard carbon to accommodate a more 

significant amount of lithium predicted by the LiC6 formula, thereby 

transforming it into a high-capacity anode. Figure 1.16 [216] displays the 

charge-discharge curve for the initial cycle of a representative hard carbon 

material, specifically pseudo-isotropic carbon (PIC). 

 

 

 

 

 

 

 

Figure 1. 16 Charge–discharge curve of a hard carbon (PIC) (Adapted from 
[215]). 

Numerous theoretical frameworks have been put out to elucidate the 

microstructural attributes of hard carbon, wherein the presence of 

microcavities, encompassing pores and voids, is a prominent feature. [217]. 

Certain carbon materials have been hypothesized to exhibit intercalation or 

absorption of lithium ions within graphene layers [218]. In the case of hard 

carbons, the retention of irreversibility during the first cycle and the 

associated potential change resulting from intercalation exhibit significant 

differences when compared to graphite. The discharge voltage of hard carbon 

as an anode material exhibits a gradual temporal variation. The discharge 
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above pattern facilitates a straightforward assessment of the remaining 

capacity of the cell. Moreover, in the case of cells with varying initial 

discharge voltages due to capacity imbalances in a battery, connecting them 

in parallel results in a balanced voltage being maintained across the entire 

battery system during discharge. 

 

 

 

 

 

 

Figure 1. 17 Variation of chemical diffusion coefficient of lithium in carbons 
((solid square) mesophase pitch-based carbon fiber heated at 3000°C; (solid 
triangle) artificial graphite; (solid circle) natural graphite) in 1 M LiPF6–
EC/DEC (1:1) electrolyte (Adapted from [215]). 

Carbon anodes demonstrate a restricted energy capacity, and the velocity of 

Li+ ion diffusion through carbon interlayers is comparatively sluggish. The 

interdependence between the chemical diffusion coefficient (D˜) of Li+ in 

graphite and the power density of a baĴery is significant. The observed D˜ 

value of a certain graphitized carbon fibre is approximately ten times higher 

than the D˜ value found in natural graphite, as illustrated in Figure 1.17. [219]. 

In a recent study conducted by Takamura et al. (2013), it was shown that the 

application of metallic Ag, Zn, or Sn using evaporated layer deposition on the 

complete surface of a graphite fibre exhibits considerable promise in 

augmenting charging and discharging reaction rates. The creation of a novel 

solid electrolytes interphase (SEI) on the metal surface is the most feasible 

reason for the observed phenomenon. Based on a report, there is data 

indicating that the electrical charging ability of B-doped mesophase pitch-
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based carbon fibre (MPCF) demonstrates an approximate 10% augmentation, 

coupled by an improved cycle efficiency [220]. 

The pursuit of more advanced and efficient anode materials has prompted the 

exploration of alloy anodes utilizing tin (Sn) [221] and silicon (Si) [222] . 

Despite the high capacity of approximately 800-3000mAh/g exhibited by 

lithium intercalated into Li4M-Li4.4M (where M represents a metal), the cycling 

performance was not stable because of changing volume exceed four times 

during lithium insertion. The utilization of an oxide anode has also been 

suggested, with investigations conducted on various tin oxides [223], In VO4 

[224], FeVO4 [224], and Brannerite-type MnV2O6. Most of these oxides 

transition from a crystalline structure to an amorphous state upon lithium 

intercalation. Figure 1.18 depicts the structural arrangement of Brannerite. 

The initial intercalation process demonstrates a notably high 1000mAhg-1 

capacity. However, subsequent observations reveal a significant irreversible 

reaction and decreased lithiation capacity. The issue of significant capacity 

degradation during cycling needs to be addressed for practical applications. It 

is hypothesized that the oxide materials' stability can be improved by 

selectively substituting certain transition metals with other elements. 

 

 

 

 

 

 

Figure 1. 18 Structure of Brannerite. Mn is represented by the circles and 
vanadium is located in the center of each octahedron (Adapted from [215]). 
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Table 1. 1 Different Anode materials for LIBs [225]. 

Anode Capacity 

(Theoretical) 

Advantages Challenges 

Alloy/de-alloy 
materials 

a. Silicon 

b. Germanium 

c. Tin 

d. Antimony 

 
 

4212 

1621 

993 

660 

 
Higher specific 

capacities, 

High energy density, 

Good safety 

 
Large 

irreversible 

capacity, 

Huge capacity 
fading, 

Poor cycling 
Conversion materials 

a). Metal oxides 

(Fe2O3, Fe3O4, CoO, 

Co3O4, MnxOy, 

Cu2O/CuO, NiO, 

Cr2O3, etc.) 

 
 

500 – 1200 

High capacity, 

High energy, 

Low cost, 

Environmentally 

compatibility, 

Poor capacity 

retention, Short 

cycle life, 

High cost of 

production, 

Low columbic 

efficiency, 

 

b). Metal 

phoshides/sulfide

s/nitrides (MXy; 

M ¼ Fe, Mn, Ni, 

Cu, Co etc.) 

 
 
 
 
 

500 - 1800 

 
 

High specific capacity, Low 

operation potential, and 

Low polarization than 

counter oxides 

 
 

Unstable SEI 

formation, 

Large 

potential 

hysteresis, 

Poor cycle life 
Insertion/de-

insertion materials 

A. Carbonaceous 

a. Hard carbons 

b. CNTS 

c. Graphene 

 
 
 

200 – 600 

1116 

700/ 1116 

 
 
 

Good working potential, 

Low cost. 

Good safety 

 

Low columbic 

efficiency, 

High voltage 
hysteresis, 

High 
irreversible 
capacity 

B. Titanium oxides  
 

Extreme safety, Very 
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a. LiTi4O5 

b. TiO2 

175 

330 
Good cycle life, low cost 

High power capability 

low 

capacity

, Low 

energy 

density 

 

 

1.5.1 Alloying/Dealloying Mechanism: 
The mechanism of alloying/dealloying facilitates the storage of lithium in 

silicon and tin, as indicated by previous studies [226-228]. In an 

electrochemical lithiation process, the anode materials of the alloying type 

engage in a chemical reaction with lithium, leading to the creation of various 

alloys based on lithium. This reaction might take place either via a solid 

solution or through an addition reaction. [229]. The method of de-lithiation 

enables the separation of lithium from alloying-type anode materials. The 

subsequent reactions elucidate the mechanism underlying the process of 

alloying and dealloying: 

xLi+ + xe− + M → LixM;      Where, (M= Si, Sn, Ge, Pb, etc.)        Eq: 1.7 

where M denotes a metal or an alloy compound. During the lithiation process, 

it is observed that there is no alteration in phase or structure when lithium 

(Li) is introduced into the solid solution reaction with M. Nevertheless, a 

modification in the phase structure does transpire when M undergoes 

lithiation, resulting in the formation of LixM by the process of addition. The 

electrochemical processes pertaining to lithium and both amorphous and 

crystallized silicon can be classified into two categories: solutions reactions 

and reactions of addition [229]. 
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Silicon lithiation and de-lithiation occur in multiple stages at varying 

temperatures [230-234]. The electrochemical reaction occurring among li and 

silica at a temperature of 415°C is in accordance with the equilibrium state of 

the Li-Si binary phase diagram. This reaction formed Li12Si7, Li7Si3, Li13Si4, and 

Li22Si5 during the lithiation process, as reported in reference [230]. 

Nevertheless, the electrochemical process occurring between lithium and 

silicon at normal temperature conditions was contrary to the state of 

equilibrium Li-Si binary state diagram, which specifies the completely 

lithiated phase as Li15Si4. [232]. After the initial alloying cycle, the crystalline 

silicon demonstrated a significant plateau potential of 0.1V. This potential was 

consistently observed at 0.4V for all subsequent dealloying cycles [226]. This 

suggests that silicon's alloying and dealloying process can be attributed to a 

single two-phase addition reaction. According to X-ray diffraction (XRD) 

studies [231-234], there was a suggestion that a transformation had place 

wherein crystalline silicon was converted into an amorphous Li-Si alloy. 

Following this, the shapeless phase underwent a process of crystallization, 

resulting in the formation of crystalline Li15Si4 at a voltage of roughly 50mV 

compared to the Li+/Li reference electrode during the first cycle of alloying. 

During the ensuing dealloying process, the crystalline Li15Si4 underwent a 

conversion into amorphous Li-Si alloys, which was subsequently followed by 

a transformation from amorphous Li-Si alloys to amorphous silicon. 

Therefore, the phenomenon of relithiation, which entails the interaction 

between amorphous silicon and lithium, can be characterized as a solid 

solution. This characteristic explains the absence of distinct plateau potential 

regions commonly observed during the reaction. 

In the context of alloying-type materials, significant volumetric variations 

arise due to phase transitions during the electrochemical processes of 

lithiation and de-lithiation. The significant fluctuations in volume give rise to 
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considerable mechanical stresses, which can be alleviated using cracking and 

pulverization. Consequently, the integrity of the connection of electricity 

between the particles that are active and the electrically conductive matrix is 

damaged, resulting in their subsequent loss [226, 235-240]. The fundamental 

factor that contributes to the insufficient cycle durability and kinematics of 

alloying-type anode components is the main reason. The effectiveness of 

minimizing substantial volume changes through the reduction of bulk 

substances to the nano is generally acknowledged. The electrochemical 

properties of nanostructured materials are enhanced as a result of several 

factors, including a shortened diffusion length, greater structural integrity, 

enhanced ionic/electronic conductivity, and an increased number of active 

sites for the storage of lithium through electrochemical processes.. 

1.5.2 Conversion Mechanism 
Several transition metal oxides, including CoO, Fe2O3/Fe3O4, and CuO, have 

been observed to exhibit a conversion reaction mechanism during the 

electrochemical process of lithium storage [241, 242]. In the lithiation process, 

it is common for metal oxides to undergo conversion into metallic clusters 

that are embedded within a Li2O matrix. Subsequently, these metallic clusters 

transfer back into metal oxides during the de-lithiation process. The de-

lithiation process encompasses the irreversible reduction and oxidation 

reactions of metal oxides, which are followed by the creation and subsequent 

consumption of Li2O. The chemical equation provided can be employed to 

understand the reaction mechanism involved in the transformation of metal 

oxides. 

MxOy + 2yLi+ + 2ye− → yLi2O + xM;    Where M= Metal                  Eq: 1.8  

Within the given structure, the sign "M" is representative of a metallic 

element. It is vital to recognise that phase structures of anode materials of 



46 
 

conversion reactions undergo modifications subsequent to the lithiation 

process. The process of lithium storage in conversion reaction-type anode The 

process of components involves the transfer of many electrons. 

The influence of discharging/charging rate and the characteristics of the active 

material, including crystallite dimensions and specific surface area, have been 

reported to affect the reaction pathway for the lithiation/de-lithiation of anode 

materials with conversion reaction-type behavior. [243]. The reported 

lithiation reaction pathways of Co3O4 were found to exhibit variations 

depending on current density and size of the crystallite. The observed 

variation can be ascribed to the presence of two antagonistic reactions 

occurring during the early phase of lithiation. Figure 5 illustrates the 

schematic depiction of the two unique reaction paths that can be seen 

throughout the lithiation procedure for Co3O4 [243]. The formation of a 

CoO/Li2O composite is favoured during the initial lithiation stage when Co3O4 

is highly divided and/or a low discharge current is applied. As the lithiation 

process continues, this composite transforms into a metallic Co/Li2O 

composite. In another approach, the formation of LixCo3O4 was observed 

under conditions involving active materials characterized by a significant 

crystallite size and/or the application of a high discharge current. Following 

that, the aforementioned compound followed a comparable breakdown 

mechanism, resulting in the formation of a composite consisting of metallic 

Co and Li2O [243]. Thackeray et al. (year) also reported the presence of the 

LixCo3O4 phase in their study on the quick chemical lithiation process. In the 

context of the lithium storing reaction using Co3O4, it was observed that a 

total of eight electrons were transported. 

Chen et al. revealed the influence of geometry on the electrochemical lithium 

storing characteristics of conversion reaction-type materials. The lithium 

capacity for storage and cycling reversibility exhibited by Co3O4 nanotubes 



47 
 

were found to be superior in comparison to both nanoparticles and nanorods. 

During the electrical conversion process, substantial structural reorganisation 

and volumetric alterations occur, resulting in the segregation of nanoparticles 

and the development of fissures within the active materials. Therefore, the 

aforementioned phenomenon leads to the detachment of Li2O from the metal 

particles, leading to a gradual decrease in electrochemical capacity with each 

successive cycle. Nanostructured anode materials demonstrate markedly 

improved cycling characteristics in comparison to their bulk counterparts. 

The observed enhancement can be ascribed to the decrease in volumetric 

fluctuations of the particles and the mitigation of active material fracturing. In 

addition, the retention of lithium ions inside the interface, surface, and 

nanopores in the converting reaction-type materials could potentially account 

for the observed connection between morphological and lithium capacity for 

storage. 

1.5.3 Intercalation/De-intercalation Mechanism 
The fundamental principle underlying the intercalation method involves the 

reversible incorporation of lithium ions (Li+) into the anode's layered 

structure. The phenomena of interlayer gap expansion between two layers 

during insertion is commonly attributed to the influence of the forces of van 

der Waals. The process of expansion is made possible through the exchange 

of energy resulting from the potential for redox reactions that exists between 

the solid materials of the guest and host. 

The absence of excess mass in pure lithium renders it a prime candidate for 

ideal anode material. However, the propensity for dendrite formation during 

the charging process can lead to internal short circuits. Additionally, it 

exhibits a low Columbic efficiency. When considering safety concerns, it is 

worth examining different types of lithium titanate (LTO), such as Li4Ti5O12. 

The material is categorized as a zero-strain materials owing to its negligible 
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volume fluctuation of about 2% throughout the process of intercalation, 

leading to a notably stable cycle performance. During the course of this 

investigation, the researchers observed the occurrence of shrinkage or 

stretching in the Ti-O bonds as a result of the intercalation or de-intercalation 

of Li+ ions. This observation allowed for the characterization of the structure, 

which exhibited a lower electron conductivity of 10-13 Scm-2. The commercial 

utilization of LTO in electrochemical energy storage systems is constrained by 

gas formation resulting from the interfacial reactivity between the surface and 

electrolytes. Therefore, it is necessary to conduct further investigations in 

order to improve the low reversible specific capacity of 175mAhg-1, which is 

approximately half of the theoretical capacity of bulk TiO2 (335mAhg-1) [69, 

244]. Furthermore, the issue of sudden voltage drop can be effectively 

addressed by creating a nanocomposite consisting of Li4Ti5O12 and Li2Ti3O7 

[245]. The observed reversible capacity of layered Li3VO4 is 2.5 times greater 

than that of Li4Ti5O12. However, it has been reported that Li3VO4 exhibits a 

high rate of capacity fading and poor rate performance. [246] 

The capacity of soft carbon is relatively low, while its hysteresis voltage is 

significant. Therefore, these constraints impose restrictions on its potential as 

a feasible anode material for future generations of batteries made from 

lithium- (LIBs). Contrarily, there is a significant focus on the hard carbon 

material owing to its notable reversible capacity of 500mAhg-1. However, the 

diffusivity of electrons exhibits a slow behaviour, leading to a limited rate 

capability. As reported in numerous articles, the reversible capacity typically 

falls within the range of 200 – 600mAhg-1. However, its extensive utilization is 

hindered by low tap density and suboptimal columbic efficiency. Therefore, 

the application of a thin layer of soft carbon demonstrates subsequent 

enhancements. [247] 
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In a recent study, the utilization of carbon nanotubes, or CNTs, as a potential 

insertion anode material has been described. The study reports a specific 

capacity of 1168 mAhg-1, which is considered noteworthy. The observed 

phenomena can be ascribed to the process of lithium intercalation into stable 

pseudo graphite layer sites that are situated both on the outermost layer and 

within the walls of the tubes. However, despite demonstrating promising 

electrochemical performances, the mass production and cost-effectiveness of 

carbon nanotube (CNT) technology remain significant barriers to its maturity. 

[248-250] 

Graphene, a lattice arrangement composed of sp2 carbon atoms, frequently 

exhibits a notable specific capacity within the 790 – 1050 mAhg-1 range. The 

researchers reported an initial capacity of 1200 mAhg-1 and a reversible 

capacity of 850mAhg-1 after 40 cycles. However, the presence of disordered 

surfaces can lead to diminished electron conductivity. The van der Waals 

force acting between neighboring layers leads to a reduction in the particular 

area of surface, hence causing a decline in the specific capacity. [251, 252]. 

Titanium dioxide (TiO2), classified as a member of the group of transition 

metallic oxides (TMOs), exhibits promising characteristics that make it a 

viable contender for use as the anode material in lithium-ion batteries (LIBs). 

However, specific characteristics can be derived from others. Titanium 

dioxide (TiO2) possesses a range of favorable attributes, rendering it a viable 

selection for anode material in diverse applications. The attributes of this 

material encompass a high energy density, an operating voltage of 1.7V 

compared to Li/Li+, the capability to hinder the development of a solid 

electrolyte the interphase (SEI) layer, notable electroactivity, exceptional 

oxidation characteristics, abundance, diverse allotropy, amazing chemical 

stability, the ease of large-scale production, structural stability during the 

process of lithium-ion (Li+) insertion and de-intercalation (with a change in 
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volume of less than 4%), favorable capacity retention, and relatively rapid 

kinetics of Li+ ions. In order to position the material as a viable candidate, it is 

necessary to address certain limitations. The experimental results indicate that 

it exhibits relatively lower reversible capacities than other transition metal 

oxides (TMOs) when subjected to lithium insertion, as demonstrated by 

Equation (1.9). 

Li+ + TiO2 + xe−        LixTiO2   (0 ≤ x (mole fraction) ≤1)        Eq: 1.9 

The theoretical capacity of titanium dioxide (TiO2) is reportedly 

335milliampere-hours per gram (mAhg-1), with x equal to 1. However, an 

observed capacity of up to 180 mAhg-1 was practically achieved for the 

corresponding x=0.5. The capacity of the bulk material is significantly 

enhanced by reducing its size to the nanoscale and selecting an appropriate 

allotrope, resulting in a maximum reported value of 340mAhg-1. [253-258] 

1.6  Motivation and Research Objective 
Certain difficulties have been observed in the utilization of traditional 

graphite as a material for anodes in lithium-ion batteries (LIBs). Common 

issues that arise in graphite anodes include the formation of SEI layers, 

dendritic effects, exfoliation over cycling, toxicity, and structural collapse. The 

primary impetus behind this thesis stems from the need to address these 

limitations and explore alternative anode materials that possess desirable 

properties, with the ultimate goal of proposing a potential replacement for 

conventional graphite anodes. In light of this matter, TiO2 has been given 

careful consideration due to the presence of a range of intrinsic properties 

mentioned earlier in the preceding section. While the theoretical capacity of 

TiO2 is slightly lower at 330mAhg-1 compared to graphite's capacity of 

372mAhg-1, the focus of research has primarily been on the structural stability 

of TiO2. 
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Titanium dioxide (TiO2) displays a range of polymorphs, such as anatase, 

rutile, and brookite, amongst other variations. Anatase is regarded as more 

desirable owing to its capacity to offer a higher quantity of Li+ insert sites. 

Once again, the process of nano scaling significantly enhances electrochemical 

phenomena. The diffusion of Li+ is contingent upon the particle size, as 

indicated by Equation (1.10) [259]. 

                                                      ƛ = Lion2/DLi    Eq: 1.10 

Within this particular framework, the symbol ƛ is utilized to denote the 

duration of diffusion, whereas Lion is indicative of the distance covered 

during diffusion. Furthermore, DLi represents the measurement of the size of 

the particles of Li+. This equation posits that the manipulation of particle size 

to the nanoscale can potentially augment the process of diffusion. The 

phenomenon of reducing particle size to the nano has been reported to yield 

instantaneous improvements in diffusing kinetics and rate performance. 

These advantages are related to the reduction in diffusion lengths. On the 

other hand, it has been noted that the particular area of surface exhibits a 

notable disparity compared to the bulk, thus offering additional 

substantiation of an augmented electrode-electrolyte interface [260]. It is 

crucial to emphasize once more that the battery's performance is greatly 

impacted by the three-dimensional morphology, which possesses a 

hierarchical structure. This is especially true in the case of the highly 

organized nanotubular array, where the optimized aspect ratio plays a key 

role. The particular shape under consideration confers notable benefits by 

improving the transport characteristics of electrons and lithium within the 

electrode [261, 262]. 

The unique nanostructures are the result of various distinct preparation 

methods employed by different individuals. Anodization is a straightforward 
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method for the production of TiO2 nanostructures, particularly porous and 

tubular films [93]. The main aim of the paper is to present a thorough 

examination of the manufacturing procedure for a nanostructure, specifically 

either porous or tube in nature, that is made up of anatase TiO2 and designed 

for practical applications. This objective will be accomplished by employing a 

direct anodization method, followed by the subsequent integration of the 

resulting nanostructure into lithium-ion batteries (LIBs) as an anode 

materials. The thesis encompasses precise objectives and prospective 

consequences. 

 Fabrication of TiO2 Nanotubes from pure Ti foil and characterization 

by using SEM and XRD. 

 Use of TiO2 Nanotubes as anode of high-performance LIBs. 

 Analysis of charge-discharge capacity, cycle life and internal resistance 

of as assembled LIBs. 
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1.7 Thesis Outlines 
The present thesis paper, “Experimental Investigation of Cycling 

Characteristics of Anatase TiO2 Nanotubes as Negative Electrode of 

Lithium-ion Batteries” encompasses the experimental methodology, 

morphological analysis, and electrochemical performance evaluation of its 

anode utilization. This section offers a succinct summary of the chapters 

encompassed in the aforementioned paper, so providing convenient access to 

the subject matter and meaning of each individual chapter. 

Chapter-01: Introduction 

This chapter elucidates the fundamental principles underlying batteries, 

highlights the significance of batteries, and provides an overview of their 

various classifications. It also emphasizes lithium-ion batteries (LIBs) and 

their contributions as a reliable energy support system for both present and 

future generations. Moreover, this study highlights the active components 

of LIBs, specifically focusing on the anode material. The objective of this study 

is to emphasize the constraints associated with traditional graphite and 

emphasise the advantages of anatase nanotubes made of TiO2 as a potential 

alternative for the existing anode in lithium-ion batteries (LIBs). 

Chapter-02: Literature Review 

This chapter comprehensively reviews the various aspects of nanostructured 

anatase TiO2 explored in previous research about work-related applications. 

This comprehensive discussion encompasses various crystal structures, 

nanostructures, and techniques associated with nanofabrication, mainly 

focusing on the anodic oxidation method and its corresponding controlling 

parameters. Furthermore, an examination of the electrochemical properties of 

these nanotubes is also undertaken. 
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Chapter-03: Materials and Methodology 

This chapter provides a full exposition of the experimental process, 

encompassing a meticulous depiction of the experimental configuration, 

characters, and electrochemical performance evaluations. The chapter also 

presents information regarding the materials, tools, and instruments used 

during the experiment. 

Chapter-04: Result and Discussion 

This chapter presents the results obtained through the application of 

structural analysis procedures, including SEM, EDX and XRD. The findings 

are accompanied by appropriate visual representations such as images and 

graphs. The electrochemical behaviors were examined using appropriate 

diagrams, and a comparative analysis was conducted among various 

prepared samples. 

Chapter-05: Conclusion 

This chapter critically analyses the findings derived from structural and 

electrochemical analyses by the objectives outlined in this thesis. 

Additionally, the paper includes suggestions for future research and a 

discussion of the limitations of the research. 
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Chapter 02 

Literature Review 

2.1  Introduction: 
The field of batteries for energy has witnessed considerable interest in the 

domain of nanofabrication. The present focus in the subject of battery 

chemistry revolves around the careful selection and synthesis of suitable 

materials, with a particular emphasis on anodes. It is important to remember 

that the efficiency of batteries is predominantly dependent on the active 

elements found in both the cathode and anode. A multitude of materials for 

anodes have been identified, therefore instigating continuous investigations 

aimed at ascertaining feasible alternatives. The utilization of TiO2, a transition 

oxide of metals, as a material for anodes in batteries powered by lithium ion 

offers a potentially advantageous substitute for traditional graphite. This 

substitution is made feasible by adjusting the morphology of TiO2, as graphite 

is associated with various limitations and drawbacks. Extensive research is 

currently being conducted on various nanostructures of TiO2, including their 

modification techniques, morphological analysis, and electrochemical 

performances. Utilizing research works from PhD and M.Sc. theses and 

various web sources can prove beneficial in acquiring knowledge and 

comprehending the characteristics of TiO2 anode material. In addition, 

scholarly publications with notable impact factors such as "Journal of Energy 

Chemistry," "Journal of Nanomaterials," "Nature Nanotechnology," and 

"Advanced Materials" are collected and analyzed to derive findings of 

beneficial characteristics, limitations, challenges, research deficiencies, and 

potential remedies. The evaluations of these pertinent research studies serve 

to substantiate the viability of TiO2 as a potential candidate for anode 

applications and to advocate for continued research efforts in advancing this 

material. 
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2.2 TiO2 Crystal Structures 
The investigation into the use of TiO2 substances for anode applications may 

be traced back to the identification of the capability of lithium titanites to 

conduct lithium insertion activities. The insertion of Li properties of the spinel 

oxides Li1+xTi2−xO4, where x ranges from 0 to 1/3, have been extensively 

investigated and reported by Dahn, Thackeray, Ohzuku, and their colleagues 

since the early 1990s [263-265]. Both metallic LiTi2O4 and semiconducting 

Li4/3Ti5/3O4 (Li4Ti5O12) demonstrate comparable electrochemical behaviour in 

terms of Li-insertion, with Li-insertion potentials ranging from 1.36–1.338V 

for LiTi2O4 and 1.55–1.562V for Li4Ti5O12, as reported in references [263]. The 

titanite electrodes possess a higher potential than Li, rendering them 

inherently safer than graphite. The utilisation of graphite, which operates at a 

voltage close to the electroplating potential of Li, gives rise to safety 

considerations. Based on the given equation, it can be inferred that Li4Ti5O12 

possesses the ability to incorporate lithium, resulting in an approximate 

capacity of 175mAhg−1. This determination is based on the total weight of the 

original host material.  

[Li]8a[Li1/3, Ti5/3]16d[O4]32e + e− + Li+ ↔ [Li2] [Li1/3, Ti5/3]16d[O4]32e    Eq: 2.1 

In this particular situation, the superscripts are utilized to denote the number 

of similar sites possessing Wyckoff symbols within the group of spaces Fd3¯ 

m.   The Li-insertion and de-insertion process in Li-titanites is distinguished 

by little or negligible changes in size and structural strain. As a result, these 

materials have exhibited a remarkable lifespan in repeated cycles [265]. The 

diffusion coefficients of Li+ have been reported to be approximately 

10−6cm2s−1 using neutron radiography [266] and approximately 2 × 10−8cm2s−1 

by electrochemistry [267]. 
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The titanites demonstrate a spinel structure that is distinguished by a 

structure of oxygen atoms in a cubic close-packed configuration. In this 

particular arrangement, the presence of lithium ions is observed in both the 

tetra (8a) or octahedral (16c, 16d) positions, but titanium ions exclusively 

occupy the octahedral sites (16d) within the cubic unit cell (Fd3¯ m)[263-265, 

268]. The quantity of unoccupied octahedral sites constrains the Li-insertion 

capacity. The titanite spinel possesses a framework of [Li1/3Ti5/3]O4, which 

enables the easy diffusion of Li+ ions through a three-dimensional network of 

channels [269]. Additionally, this framework demonstrates minimal 

expansion in volume even when fully lithiated. Therefore, the little 

modification in the composition during the process of lithium insert and 

extraction makes it a highly appealing option for the anode in batteries that 

need both high rates and prolonged cycle life. Peramunage and Abraham 

(2016) conducted a study on Li4Ti5O12/PAN electrolyte//LiMn2O4 batteries, 

which exhibited a high level of rechargeability with a columbic efficiency 

close to 100% when the system was run at a rate of 1C. The authors have 

made a noteworthy contribution through the introduction of the idea of 

passivation-free negatively charged electrodes and the utilization of 

aluminium as the current collector of the anode. 

The utilisation of nano-structuring has been employed in order to enhance the 

characteristics of Li-intercalation in lithium titanites. This is achieved by 

expanding the surface area of contact of the electrode and electrolyte, as well 

as improving the transit of charges. The effectiveness of this technique is 

notable due to the absence of side reactions between lithium titanites and 

electrolytes that are directly linked to irreversible capacity. In their study, Kim 

and Cho (2018) fabricated Li4Ti5O12 nanowires with a diameter of 150nm 

through the process of heating a combination of TiO2•1.25H2O nanowires and 

Li acetates at a temperature of 800◦C for 3 hours. The synthesized spinel 
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nanowires exhibited an initial discharge capacity of 165mAhg−1 when tested at 

a 1/10C rate. Additionally, the nanowires displayed a capacity retention of 

93% when tested at a 10C rate, as shown in Figure 2.1. In their study, Kavan 

and Grätzel [270] documented the characteristics of a thin film-

nanocrystalline spinel, which exhibited a thickness ranging from 2.0 to 6.0nm. 

The researchers observed that this particular spinel demonstrated a superior 

rate to composite spinels. Nanostructured lithium titanites exhibit higher 

efficiency due to their nano-structuring, together with their inherent 

structural stability, favorable interface chemistry, and safety features. These 

characteristics make them a highly viable alternative for inexpensive, lasting, 

high-power lithium-ion batteries. The utilizations of nanostructured titanites 

as anodes in readily accessible lithium battery systems has demonstrated their 

viability for widespread use. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 1 Voltage profiles of (a) Li4Ti5O12 nanowires in a coin-type half-cell 
and discharge capacity as a function of cycle number and (b) rate capability 
test of the Li4Ti5O12 nanowires at different C rates (0.5, 1, 5 and 10C). The 
charge rate was fixed at 0.1C (=16mA g−1) (Adapted from [271]). 
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Recently, there has been a growing interest in exploring the potential Li-

insertion properties of titanite spinels. This has led to a heightened focus on 

investigating different nanostructures of TiO2 polymorphs, specifically for 

their applicability in Li-ion battery systems. Although Li4Ti5O12 demonstrates 

favourable characteristics as a host material for reversible Li-

insertion/extraction, its specific capacity is constrained to a maximum of 

175mAhg−1. When comparing different materials, it is observed that TiO2 can 

reach its theoretical capacity of 335 or 1.0 Ti per TiO2. To date, various 

polymorphs of TiO2 have been documented, including rutile, anatase,  

Figure 2. 2 (a) Rutile, (b) anatase, (c) brookite, and (d) bronze(B) of TiO2 
(Adapted from [48]). 
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brookite, TiO2-B (bronze), TiO2-R (ramsdellite), TiO2-H (hollandite), TiO2-II 

(columbite), and TiO2-III (baddeleyite). Table 2 presents a comprehensive 

overview of the distinctive polymorph structures, providing relevant details. 

Within the various polymorphs of TiO2, namely rutile, anatase, brookite, and 

TiO2-B as depicted in Figure 2.2. 

Table 2. 1 Crystal properties of different TiO2 polymorphs [48] 

Structure Space group Density(gcm-3) Lattice 
Parameter 

Anatase Tetragonal I41/amd 3.79 a = 3.79 

c = 9.51 

Rutile Tetragonal P42/mnm 4.13 a = 4.59 

c = 2.96 

Brookite Orthorhombic Pbcv 3.99 a = 9.17 

b = 5.46 

c = 5.14 

TiO2-B (Bronze) Monoclinic C2/m 3.64 a = 12.17 

b = 3.74 

c = 6.51 

β =107.298º 
TiO2-II 

(Columbite) 

Orthorhombic Pbcn 4.33 a = 4.52 

b = 5.5 

c = 4.94 

TiO2-H 

(Hollandite) 

Tetragonal14/m 3.46 a = 10.18 

c = 2.97 

TiO2-III 

(Baddelyite) 

Monoclinic P21/c  a = 4.64 

b = 4.76 

c = 4.81 

β = 99.28º 



61 
 

 

2.2.1 Rutile: 
Rutile, which is considered the most thermally stable polymorph of titanium 

dioxide (TiO2), demonstrates a restricted ability to incorporate lithium ions, 

with a capacity of fewer than 0.1 lithium ions per unit of TiO2 at room 

temperature [266, 272]. Li-reactivity was higher at a temperature of 120◦C 

when using a polymeric electrolyte instead of a liquid electrolyte. In these 

conditions, the first discharge reversible capacities were reported to be 0.5 Li 

[273] and 1 Li [274] per formula unit of TiO2. There is a consensus among 

scholars that the diffusion of Li in rutile exhibits a significant degree of 

anisotropy, characterized by rapid diffusion primarily along the channels 

aligned with the c-axis[275-279]. Previous research has provided empirical 

evidence and computational models to support the assertion that the 

diffusion coefficient of Li+ in the direction of the c-axis is estimated to be 

around 10-6 cm2s-1, whereas in the ab-plane, it exhibits a significantly lower 

value. 

The diffusion coefficient was reported to be approximately 10−15cm2s−1 in 

previous studies [276, 277, 280]. As a result, the velocity of ion transportation 

in the ab-planes experiences a notable reduction, which hinders the easy 

migration of lithium ions to the thermally preferred octahedral sites and 

imposes constraints on the inclusion of lithium inside the c-channels. As a 

result, the velocity of ion transportation in the ab-planes experiences a notable 

reduction, which hinders the easy migration of lithium ions to the thermally 

preferred octahedral sites and imposes constraints on the inclusion of lithium 

inside the c-channels [276, 277]. 

TiO2-R 

(Ramsdellite) 

Orthorhombic Pbnm 3.87 a = 4.9 

b = 9.46 

c = 2.96 
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Figure 2. 3 Galvanostatic cycling curves of rutile TiO2 samples using a 30mA 
g−1 current between 3 and 1V in 1 M LiPF6 EC/DMC electrolyte at 20◦C. The 
capacity retention is reported for these different samples (Adapted from 
[281]). 

It is noted that the reactivity of Li exhibits an upward trend as the particle 

size decreases. Hu et al. [282] observed a maximum lithium insertion of 

0.8mol into nanostructured rutile TiO2 (10 nm x 40 nm) at ambient 

temperature in their study. In contrast, 0.1-0.25mol of lithium was inserted to 

micrometer-sized rutile. A specific charge of approximately 160milliampere-

hours per gram (mAhg−1) was achieved at a rate of one-twentieth of the 

capacity (C/20) after undergoing 50 charge-discharge cycles. This specific 

charge decreased to 150mAh g−1 when the rate was increased to one-fifth of 

the capacity (C/5), and further decreased to 100 mAh g−1 when the rate was 

increased to ten times the capacity (10C). The researchers discovered that the 

storage of Li on the surface of nano-sized particles is more energetically 

advantageous than bulk insertion. The investigation of particle size effects 

was additionally conducted by Baudrin et al. [281], as illustrated in Figure 

2.3. The research findings indicated that nano-sized TiO2 particles with a 

diameter of 50 nm can accommodate till 0.23 lithium ions per TiO2 rutile 

unit. This specific capacity of 77milliampere-hours per gram (mAhg−1) at a 



63 
 

rate of 1/10C during the initial reduction process until reaching a voltage of 

1.0 V. Following this, it is possible to extract roughly 0.11 lithium ions during 

the next oxidation process. When the particle size was decreased to 10nm, 

the reaction between Li and the nanostructured matter the rutile rods 

particles (10 nm × 200 nm) led to a Li intake of as much as 0.85 during the 

initial decrease, while keeping the experimental conditions constant. The Li-

reaction occurred through the traversal of two solid solution domains, 

subsequently leading to an irreversible phase transition into electrically 

charged rock salt type LiTiO2 (ccp) as a result of an increase in volume in the 

ab-plane. The nanostructured LiTiO2 material was subjected to additional 

oxidation and cycling processes, which led to the achievement of a reversible 

ability of 0.5 Li peroxide. The capacity of this material is similar to that of the 

whole anatase type of TiO2, which is well recognized as a more electrically 

active host for lithium insertion (to be elaborated on in following sections). 

The nano-rutile material exhibited volt composition curves that displayed a 

smooth and uninterrupted pattern, reminiscent of the Li-insertion/extraction 

mechanism observed in layered V2O5. [283]. In general, it was noted that the 

principal kinetic constraints were connected with physical strains, which 

were alleviated with decreased particle size. As a result, this decrease in size 

enabled a more efficient process of lithium insertion. It was hypothesised 

that the effect of size on the phenomenon would be more pronounced for 

nano-rods oriented along the c-axis. This phenomenon can be attributed to 

the fact that the primary expansion predominantly takes place along the 

small dimension within the ab-planes. In a study conducted by Anji Reddy 

et al. [284], it was demonstrated that Li-insertion can occur at room 

temperature in nanocrystalline rutile TiO2 synthesized using the sol-gel 

method. The researchers shows the insertion of 1 Li per formula unit. In a 

recent study by Jiang et al. [285], it was observed that the Li-insertion 

capacity of TiO2 rutile nano-electrodes could reach up to 1.0 Li at the initial 
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discharge cycle performed at a rate of 0.05Ag−1 (equivalent to approximately 

1/6C). Furthermore, it was found that reversible cycling of 0.6-0.7 Li can be 

achieved. Following 100 cycles, the ultra-fine nano-rutile electrodes exhibited 

a discharge capacity of 132 and 118 mAhg−1 when subjected to cycling at 5 

and 10Ag−1 (approximately equivalent to 16 and 32C), respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 4 (a, b) High-resolution TEM images of as-synthesized mesoporous 
crystalline TiO2. Inset in (b) shows corresponding SAED pattern. (c) High-
resolution TEM image of calcined mesoporous crystalline TiO2. (d) TEM 
image of aggregated spherical anatase particles outside of nano-rod-based 
mesoporous rutile in mesoporous crystalline TiO2. (e) SAED pattern from the 
oriented rodlike nanocrystal area circled in (d). The diffraction ring pattern is 
consistent with that of rutile crystal structure. (f) SAED pattern from spherical 
nano-particle area circled in (d). The diffraction ring pattern is consistent with 
that of the anatase crystal structure (Adapted from [286]). 

Furthermore, the investigation by Liu et al. [286] focused on examining Li-

insert capabilities in rutile TiO2, which also contained a small quantity of the 

anatase. The present sample was produced through an innovative solution 
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growth technique at low temperatures, wherein TiO2 nanocrystals were 

formed within a matrix of anionic surfactants. The mesoporous TiO2 material 

discussed in Figure 2.4 exhibits a high degree of crystallinity and possesses a 

large surface area ranging from 245 to 300m2g−1. This material is characterized 

by aligned rutile nano-rods that have grown along the [0 0 1] direction. The 

Li-insertion properties of the mesoporous rutile material are depicted in 

Figure 2.5. At a rate of C/5, the initial discharge between 1 and 3V vs. Li+/Li, it 

was observed that the material Li0.7TiO2 could accommodate more than 0.7 Li 

with a capacity of 235mAhg−1. This reversible capacity was 0.55 Li 

(185mAhg−1) for Li0.55TiO2. The mesoporous crystalline rutile exhibits 

remarkable capacity retention, demonstrating a capacity loss of less than 10% 

even after undergoing over 100 cycles. The research findings revealed that the 

rutile nano-rods experienced an irreversible transition, leading to the creation 

of cube rocksalt LiTiO2 nano-rods during the initial discharge process. 

Nevertheless, the stability of the meso-structure of LiTiO2 remained consistent 

after repeated discharge/charge cycling. 
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Figure 2. 5 (a) First three potential-capacity profiles of mesoporous crystalline 
TiO2 at a rate of C/5 between voltage limits of 1 and 3V vs. Li+/Li. (b) Fifth 
cycle discharge–charge capacity profile of the mesoporous crystalline TiO2 at 
the various rate (1C–C/10) between voltage limits of 1 and 3V. (c) dQ/dV vs. 
potential plot of lithiated/delithiated mesoporous crystalline TiO2. (d) Cycling 
behavior of mesoporous crystalline TiO2 up to 100 cycles at a 1C rate 
(Adapted from [286]). 

2.2.2 Anatase: 
When comparing the rutile structure to the anatase lattice, it can be observed 

that the incorporation of Li+ ions is more easily achieved in the latter. The 

material exhibits a tetragonal body-centered space group with the notation 

I41/amd. The structure consists of octahedral TiO6 units which share two 

edges that are adjacent with additional octahedra, resulting in the formation 

of planar double chains [59]. The diffusion of Li-ion within an anatase 

framework takes place along a chemical pathway that establishes a 

connection between the octahedral interstitial sites [287-289]. The introduction 

of Li into the anatase unit cell leads to a reduction in symmetry. Specifically, 

when the Li content is at x = 0.5 (Li0.5TiO2), the unit cell's original I41/amd 

symmetry is transformed into the orthorhombic Pmn21 space group. This 

transformation occurs due to the loss of symmetry along the y direction [290]. 
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Figure 2. 6 Comparison between the electrochemical behavior of rutile (nano-
rod) and anatase type TiO2 after the first reduction in a galvanostatic mode 
with 30 mAg−1 between 3 and 1V in 1 M LiPF6. EC/DMC electrolyte at 20◦C 
(Adapted from [291]). 

The change in symmetry is accompanied by a decrease in the size of the single 

cell along the c-axis and an increase along the b-axis, resulting in an overall 

increase of 4% in the total area of the unit cell. This change is also associated 

with a swift deterioration in capacity [292]. Therefore, it has been consistently 

reported in the literature that the maximum electrochemical insertion of Li in 

bulk anatase occurs when x = 0.5 [291, 293-295]. Additional research 

conducted by Wagemaker et al. [296-299] revealed that, in the process of Li-

insertion, the anatase material exhibited an inherent tendency to undergo 

phase separation, resulting in the formation of distinct Li0.01TiO2 and Li0.6TiO2 

domains at a nanoscale level. The voltage curves of bulk anatase, as depicted 

in Figure 2.6, exhibit a flat profile, suggesting a conventional bi-phase 

electrochemical reaction mechanism involving the insertion and extraction of 

Li-ions. The electrochemical processes and reactivity towards lithium are 

influenced by a decrease in the size of particles to the nanoscale region, 

particularly below 100nm, in a manner akin to the rutile structure. The 

manner in which Li interacts with nanostructures deviates of the two-phase 

equilibrium typically seen in bulk materials, rather exhibiting similarities to 
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the behaviour exhibited by solid solutions [300]. The reduction in dimensions 

and unique morphological characteristics led to an increased capacity that 

surpassed 0.5 Li/unit of equation. This can be attributed to the charge storage  

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 7 Nano-anatase TiO2 voltage profiles of the as-prepared (150◦C), 
annealed nanotubes (300◦C), and nano-rods (400◦C) between 2.5 and 1V at a 
rate of 0.1C(=25 mAg−1) after 1st, 2nd, 10th, 20th, and 30th cycles using coin-
type half-cells (electrode density was 2gcm−3) (Adapted from [301]).  

occurring primarily on the surface and using different lithium reaction 

mechanisms compared to those observed in bulk materials [302, 303]. In their 

study, Gao et al.   [304]documented the initial discharge and charge capacities 

of 340 and 200mAhg−1, respectively, for anatase nanotubes. These nanotubes 

were synthesized through annealing hydrothermally prepared protonated 

nanotubes at 500◦C in an argon atmosphere. The dimensions of the nanotubes 

were measured to be 10–15 nm in outer diameter and 200–400nm in length. In 

their study, Li et al. [291] fabricated anatase TiO2 nanotubes with outer 

diameters measuring 9 nm and lengths spanning several hundred 

nanometers. The aforementioned outcome was attained through the process 
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of annealing at an average temperature of 350◦C, employing hydrothermal-

treated protons titanate nanotubes. The anatase nanotubes exhibited an initial 

discharge capacity of 314mAhg−1 and an initial charge capacity of 248mAhg−1, 

despite having a comparatively low active substance loading of only 3–

4mgcm−2. Zhang et al. [305] employed a hydrothermal method to synthesize 

anatase nanotubes with dimensions of approximately 10nm in diameter and 

lengths ranging from 200 to 400 nm. During the process of Li-insertion and 

extraction, the TiO2 polymorph exhibited a potential peak at 1.73 and 1.88V in 

one dimension. The initial capacity for Li-insertion/extraction was recorded as 

290 and 238 milliampere-hours per gram (mAhg−1) at a current density of 36 

milliamperes per gram (mAg−1) respectively. In their study, Kim and Cho 

[301] documented the synthesis of anatase TiO2 nanotubes and nano-rods 

through annealing a mixture of H2Ti2O5•H2O and anatase TiO2 nanotubes. 

The annealing temperatures employed were 300 and 400◦C, respectively. The 

two nanostructures demonstrated initial discharge capacities of 296mAhg−1 

(Li0.88TiO2) and 215mAhg−1 (Li0.64TiO2), as depicted in Figure 2.7. This was 

achieved under galvanostatic conditions with a current density of 25mAg−1 

(approximately 1/10C) in an electrolyte consisting of 1M LiPF6 dissolved in a 

mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). The 

voltage range for the discharge was set between 2.5 and 1V. The irreversible 

capacity ratios for anatase nanotubes and nano-rods were documented as 14% 

and 15%, respectively. The nanotubes exhibited a capacity retention of 81%, 

whereas the nano-rods only demonstrated a capacity retention of 40% after 

undergoing 30 cycles. The study revealed that the electrode density 

significantly impacted the high performance of nano-rods. The nano-rods, 

having a density of 0.5gcm−3 (equivalent to 12mgcm−2), exhibited discharge 

capacities of 200 and 160mAhg−1 when subjected to discharge rates of 0.5 and 

10C, respectively. In contrast, the nanotubes exhibited no decrease in capacity 

at discharge rates of 0.5C or 10C when subjected to electrode densities of 
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either 1.0 or 0.5gcm−3. At a density of less than 2gcm−3 (equivalent to 

31mgcm−2), the nanotubes exhibited a capacity of 245mAhg−1 at a 0.5C rate 

and 185mAhg−1 at a 2C rate. In a recent study, Bao et al. [306] presented their 

findings on synthesizing nanoporous anatase nano-rods. During the process 

of Li-insertion and extraction, the TiO2 polymorph exhibited a potential peak 

at 1.73 and 1.88V in one dimension. The initial capacity for Li-

insertion/extraction was recorded as 290 and 238 milliampere-hours per gram 

(mAhg−1) at a current concentration of 36 milliamperes per gram (mAg−1), 

respectively. Additionally, it displayed uniform and regular structures in rod 

shapes. The nano-porous structure exhibited favorable cycle-ability and a 

notable rate capability. 

2.2.3 Bronze or TiO2-B 
The synthesis of TiO2-B was initially achieved by Marchand et al. [307] in 1980 

through an ion-exchange process, where K+ ions were substituted with H+ 

ions in K2Ti4O9, resulting in the formation of a hydrated hydrogen titanate. 

Subsequent heating at a temperature of 500◦C led to the transforming of the 

hydrated hydrogen titanate into TiO2-B. Like rutile and anatase, TiO2-B 

comprises corrugated sheets consisting of TiO6 octahedra that share edges 

and corners [308]. Nevertheless, in the case of TiO2-B, the octahedra exhibit an 

arrangement that gives rise to routes that bear a resemblance to perovskite 

structures. These pathways enable easy transportation of inserted Li+ ions. 

The structural arrangement of TiO2 exhibits a higher degree of porosity than 

alternative polymorphs, as evidenced by its lower density of 3.73gcm−3. In 

contrast, rutile and anatase possess densities of 4.25gcm−3 and 3.89gcm−3, 

respectively. The presence of an open structure may potentially facilitate the 

transport of Li+ ions. 

The synthesis of TiO2-B nanowires was conducted by Armstrong et al. [309-

311] through a hydrothermal reaction involving sodium hydroxide (NaOH) 
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and TiO2 anatase. The subsequent electrochemical assessment yielded a 

capacity of 305mAhg−1, denoted as Li0.91TiO2-B, in contrast to the bulk TiO2-B 

which exhibited a capacity of 240mAhg−1. The incremental capacity plots, 

precisely the rate of change of capacity with respect to voltage (dQ/dE vs. E), 

did not demonstrate any significant structural modifications taking place 

during the process of lithium insertion and extraction. Although the capacity 

of TiO2-B nanowires was found to be similar to that of nano-particulate TiO2-

B, the nanowires exhibited superior capacity retention. Following 50 

iterations, the TiO2-B nanowires exhibited a capacity approximately twice as 

high as the nano-particulate TiO2-B. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 8 (a) Charge–discharge curves for LixTiO2-B nanowires (rate of 10 
mAg−1); (b) comparison of cycling behavior for TiO2-B nanowires, TiO2-B 
nano-particles and nano-particulate anatase, all at 200mAg-1 (Adapted from 
[309, 310]). 
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Furthermore, there have been reports indicating that the activity of TiO2-B 

nanowires surpasses that of nano-particle anatase, while possessing an 

average particle size comparable to the size of the TiO2-B nanowires. (refer to 

Figure 2.8). Like other types of polymorphs, whether they are in the form of 

nanostructures or bulk materials, an irreversible capacity loss was seen 

during the initial cycle. The tentative explanation for this phenomenon was 

the insufficient conductivity of TiO2. In recent times, there have been notable 

advancements in the understanding of the interaction between lithium (Li) 

and nanostructured titanium dioxide (TiO2(B)). The investigation and analysis 

of pseudocapacitive lithium storage in TiO2(B) was reported as well as 

discussed by Graetzel and colleagues [303]. The electrochemical process of Li-

insertion in TiO2(B) exhibits distinguishable characteristics compared to that 

observed in anatase. The chemical processes of lithium storage are primarily 

controlled by solid-state diffusion of Li+. However, the TiO2(B) host enables 

the adaptation of lithium via a pseudocapacitive faradic mechanism. This 

process is not governed by diffusion control under identical conditions. 

In order to conduct a more comprehensive analysis of the electrochemical 

capabilities of TiO2-B nanowires, Armstrong et al. [312] fabricated lithium-ion 

batteries with the nanowires serving as the anode, a gel electrolyte, and either 

a LiFePO4 or LiNi0.5Mn1.5O4 cathode. The average cell voltages were 

approximately 2V and 3V, respectively. The cycling stability demonstrated an 

outstanding level of efficiency, as did the rate capability, achieving a 

remarkable 80% preservation of the low-rate capacity recorded at 5C. The 

batteries employing the TiO2-B anode cells had a higher capacity in 

comparison to batteries with similar design that utilized Li4Ti5O12 (225mAhg−1 

as opposed to 150mAhg−1 at C/5) [313]. 
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2.2.4 Brookite 
Recently, there has been a study conducted to evaluate the Li-electrochemical 

reaction of brookite, rutile, anatase, and bronze structures. The synthesis of 

brookite was reported by Anji Reddy et al. [314, 315], who conducted 

thermolysis of TiCl4 at a temperature of 100◦C. The acquired rutile and 

brookite mixture underwent separation through peptization in a solution of 

3M nitric acid, followed by centrifugation. The brookite material, with a nano-

scale size of 10nm, was subjected to testing as a lithium-ion anode. The testing 

results revealed a reversible capacity of 170mAhg−1, which was sustained for 

over 40 cycles. The specific capacity of brookite exhibited variations based on 

particle size. For instance, brookite particles measuring 20nm and 33nm 

demonstrated specific capacities of 60mAhg−1 and 35mAhg−1, respectively, 

after undergoing 50 cycles. In a study by Lee et al. [316] brookite was 

synthesized through urea precipitation. The researchers examined brookite 

particles ranging from 10 to 20nm combined with multi-walled carbon 

nanotubes. This composite material exhibited a capacity of 160mAhg−1 

throughout 50 cycles. The Li-insertion/extraction process was seen at voltage 

levels of 1.7 V and 2.02 V, respectively. In comparison, anatase exhibited Li-

insertion/extraction at voltage values of 1.64 and 2.1V (refer to Figure 2.9). 
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Figure 2. 9 (a) Voltage-capacity profiles of brookite TiO2 for the first 10 cycles 
carried out in the voltage range 1.0–3.0V at C/10 rate; (b) the corresponding 
differential capacity plot for the first 5 cycles (Adapted from [316]). 

2.3  Influence of Experimental Conditions: 
The amount and type of crystallinity is greatly influenced by numerous 

associated factors, such as pH, temperature of annealing, and preparation 

processes. Numerous methodologies have been employed in the fabrication of 

TiO2 crystal structures. The impact of pH on the optimization of the crystal 

lattice is of utmost importance. A study conducted by Ibrahim et al. [317] 

demonstrated that a decrease in acidity levels promotes higher crystallinity. 

Specifically, the formation of anatase was observed at a pH of 9. Using a 

straightforward sol-gel technique produced TiO2 nanocrystalline powders 

with particle sizes ranging from 3 to 7 nm, achieved by adjusting the pH to 1. 

The solution saw a rise in pH from 2 to 7, leading to the formation of a 

composite of anatase and rutile phase. The process of further incrementation 

has resulted in transforming the substance into brookite [318]. In their study, 

Molea et al. [319] employed the hydrolysis method to generate nanocrystal 
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powder of TiO2, exhibiting diverse crystal structures. A mixed phase of 

anatase (approximately 30%) and rutile (approximately 70%) was obtained at 

a pH of 3. However, as the pH value increased, a phase transformation was 

observed. The presence of pure anatase crystal phase with varying lattice 

parameters was observed at pH levels of 8.5 and 10. In their study, Yang et al. 

(2017) conducted the synthesis of TiO2 nanorods using a hydrothermal 

technique. Their findings supported the hypothesis that there is a relationship 

between pH and crystal structure. Specifically, they observed that the 

presence of the brookite phase was only evident at pH values below 8, while 

pH values ranging from 8 to 10 indicated the presence of a mixed rutile-

brookite phase. The presence of the pure anatase phase was observed 

concurrently when the pH exceeded 10. Once again, it is worth noting that 

crystallography exhibits a notable correlation with the annealing temperature. 

Barki et al. (year) demonstrated, as depicted in Figure 2.1, that the initiation of 

anatase phase occurred at a temperature of 300oC, while the transition from 

anatase to rutile phase was observed at 900oC. The transformation from 

anatase to rutile phase takes place at a temperature of 600oC [320]. The X-ray 

diffraction (XRD) analysis revealed the transformation of amorphous TiO2 

nanotubes into a fully developed anatase phase upon calcination at a 

temperature of 500oC. The calcination process, when extended to a 

temperature of 850oC, resulted in a significant increase in the intensity of 
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rutile peaks, as depicted in Figure 2.10 [321]. Simultaneously, there was a 

corresponding decrease in the intensity of anatase nanotubes.  

 

Figure 2. 10 TiO2 crystal phase dependency on annealing temperatures 
(Adapted from [321]). 

2.4 Different Nano-Structures 
Various morphologies of TiO2 exhibit distinct properties due to their different 

nanostructures. Granular titanium dioxide (TiO2) exhibits greater 

advancement and distinct characteristics than other forms. The increased 

surface area of the band gap in boarded TiO2, as compared to bulk TiO2, 

promotes improved electron transport and heightened interfacial contact 

between electrolyte and electrodes. Therefore, they are provided with 

enhanced electrochemical properties [322]. 

2.4.1 One-Dimensional Structure 
In recent years, there has been considerable scholarly attention directed 

towards the study of one-dimensional nanostructured titanium dioxide 

(TiO2). This research has explored a range of morphologies, including 

nanowires, nanorods, nanoneedles, nanobelts, and nanotubes. Extensive 

research has been conducted on nanoparticles due to their ability to possess 

all the properties of conventional particles while exhibiting distinctive 
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characteristics. The artificially created structures feature the inherent property 

of being comprised of a minimum of one dimension ranging from 1 nm to 100 

nm, and also demonstrate a high aspect ratio [323]. The nanobelt is considered 

to be a highly desirable one-dimensional nano-structure composed of 

titanium dioxide (TiO2). The higher crystallinity of TiO2 nanobelts is 

associated with a relatively large specific surface area. Moreover, facilitate the 

transportation of electrons in the axial orientation. Moreover, the 

uncomplicated procedure of synthesis is considered to possess greater 

benefits [323, 324].  

The researchers, J. Tian et al., conducted a study in which they recorded the 

identification of a distinctive heterostructure in the form of a belt formed of 

TiO2. The aforementioned architecture is attained by organizing secondary 

nanoparticles of varying morphologies, including nanowires, nanorods, 

nanoneedles, or nanotubes, onto the surface of one-dimensional 

nanostructures. Several methodologies have been utilized in the synthesis of 

metal nanoparticles and one-dimensional nanostructures, including the wet 

in-situ reduction method, photo reduction in-situ method, and 

immobilization method. The resultant products display a diameter that spans 

form 3 to 5 nm and exhibit a greater level of homogeneous distribution 

throughout the outermost layer of the nanobelt with one-dimensional 

characteristics. Furthermore, due to the absence of inorganic reagents in this 

procedure, it can be considered a more environmentally friendly and non-

toxic process. Furthermore, numerous research studies have incorporated the 

immobilization technique, which involves assembling metal nanoparticles or 

1D nanobelts on the surface, or both, to establish interconnections between 

them. The capacity to exercise exact manipulation over metal nanoparticles, 

together with their morphology, bestows notable benefits. Nevertheless, it is 

crucial to implement alterations to surfaces within this specific methodology 
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[325-327]. Furthermore, the effectiveness of this method cannot be sufficiently 

explained due to the diverse aggregation, since the nanoparticles are coupled 

with the nano-structured substrate by chemical bonding. Within the 

framework of in-situ methodologies, the lattices exhibit a physical attaching 

mechanism that establishes a connection with the substrate [328]. 

The utilization of 1D nanobelts as the negative anode in LiB’s has garnered 

significant interest among research groups. Due to its comparatively 

expansive specific area, the electrode exhibits enhanced interfacial reactivity 

with the electrolyte, thereby facilitating a greater extent of Li+ intercalation. 

Furthermore, the notable degree of crystallinity exhibited by the material, 

coupled with its porous structure, serves to augment both electrons 

conductivity and diffusion. Additionally, the layered structure of the 

nanobelts offers improved durability as well as versatility in their architecture 

throughout the process of lithium ion insertion and extraction. However, the 

potential of regarding it as a system for storing energy is uncertain due to its 

inherently limited electronic conductivity. The aforementioned rationale can 

be ascribed to the substantial surface area, which leads to a diminished 

current density and subsequently enhances the rate of charge and discharge. 

Additionally, the substantial surface area facilitates the occurrence of side 

reactions with electrolytes, resulting in the thickening of the solid electrolyte 

interface. The presence of a thicker layer hinders the transport of electrons 

and Li+ ions. In addition, it should be noted that the high rate of charge and 

discharge may not always be advantageous due to the phenomenon of 

nanoparticle aggregation, which leads to increased inter-particle resistance. In 

order to address this issue, a potential solution involves incorporating 

nanobelts with conductive materials, such as C/TiO2 nanowires, C/TiO2 

nanotubes, functionalized graphene sheet/TiO2 nanorods, and Sn/TiO2 

nanotubes, as suggested by reference [329]. 
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As previously stated, nanostructured TiO2 exhibits superior electrochemical 

activity compared to bulk TiO2 material. Numerous research studies have 

been published highlighting the superior electrochemical performance of the 

anatase crystal structure of TiO2 compared to other polymorph structures. 

Specifically, the anatase structure exhibits enhanced Li+ ion storage capacity, 

making it a promising candidate for use as an anode material in lithium-ion 

batteries (LIBs). The discharge process of anatase TiO2 can be primarily 

categorized into three distinct steps. During the initial phase, a reduction in 

potential occurs as a result of the formation of conductive LixTiO2 in the solid 

solution stage. Phase switching takes place during the second stage due to the 

simultaneous presence of two phases: Lipoor phase (tetragonal Li0.001TiO2) and 

Lirich phase (orthorhombic Li0.5TiO2) under equilibrium conditions. This 

phenomenon represents the reversible insertion and extraction of Li+ ions into 

and out of the octahedral site of anatase TiO2. During the third step, the Li+ 

ions are immobilized on the anode's surface through the formation of a 

Li1TiO2 phase, wherein the intercalation potential x is equal to 1. The cause of 

this problem can be attributed to the pseudo-capacitance characteristics of the 

anode material. The pseudo-capacitance phenomena, as observed, is 

influenced by the unique morphology and crystal arrangement of the anode 

material, which is formed of TiO2. Enhancing the surface to volume ratio has 

the potential to augment the pseudo-capacitance characteristic, as well as 

promote greater interfacial interaction between the electrode and electrolyte, 

thereby facilitating a faster diffusion rate of Li+ ions. As a result, the capacity 

for lithium storage is enhanced. Nevertheless, the efficiency of the method is 

impeded by numerous notable constraints, including a lack of 

thermodynamic stability and challenges associated with its handling. To 

tackle these concerns, one potential solution could involve the adoption of a 

micro hierarchal nano-structure. This approach has several benefits, including 

the utilization of micro hierarchal building blocks, the achievement of high 
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current density, and the establishment of thermodynamic stability. The 

mesoporous form of titanium dioxide (TiO2), composed of nanocrystals, has 

attracted considerable interest owing to its distinctive amalgamation of 

nano/micro hierarchical architecture, substantial surface area, and notable 

pore volume. [330], [329]. 

Tian et al. proposed a straightforward approach for synthesizing one-

dimensional mesoporous anatase TiO2 (1DMA-TiO2). The resulting product 

exhibits a stable hierarchical structure and retains the distinctive properties 

associated with one-dimensional nanoparticles. One-dimensional (1D) 

titanium dioxide (TiO2) exhibits a highly efficient electron pathway and a 

reduced diffusion length for ions. The fabrication procedure included a two-

step methodology, wherein a carbon nanotube (CNT) was employed as a 

template. The morphological examination of anatase nanoparticles, with 

dimensions ranging from 5 nm to 12 nm, reveals a Coulombic effectiveness of 

96.3%. Furthermore, it should be noted that these nanoparticles demonstrate a 

prolonged lifespan, the ability to operate at high rates, and a substantial 

reversible capacity, as depicted in Figure 2.11(a-f).The exceptional 

performances observed can be attributed to the unique architectural 

characteristics of 1DMA TiO2. This material possesses a hierarchical structure 

at the nano/micro scale, which enables efficient electron transport. 

Additionally, the facile fabrication process further enhances the electron 

pathway, contributing to the overall efficiency of the system. The enhanced 

surface area facilitates increased interfacial contact and improved 

thermodynamic stability as a result of agglomeration and strain during 

cycling. However, future studies have the potential to expand upon this topic 

by modifying certain synthesis parameters, such as the template and parent 

materials. The aforementioned alterations have the potential to result in 

additional improvements in surface area, as evidenced in conventional 
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anatase mesoporous TiO2, which possesses a specific surface area of around 

505 m2g-1. The investigation of the electrochemical characteristics of 1DMA 

TiO2 holds potential for enhancing the comprehension in this field [331]. 

In their study, Tang et al. (year) presented a novel hybrid structure, denoted 

as Gr-TNT, which consists of TiO2 nanotubes integrated onto graphene sheets. 

This hybrid structure was developed through a combined approach that 

involved the incorporation of TiO2 nanotubes onto graphene. The purpose of 

this approach was to enhance the electrochemical properties of the material. 

This hybrid structure is visually depicted in Figure 2.12 (a-d). Numerous 

research endeavors have been dedicated to the development of composites 

featuring nano-structures of TiO2, owing to the exceptional 

electroconductivity of graphene. This characteristic facilitates a notable 

diffusion rate of charges and an increased capacity for Li+ ion storage on the  

Figure 2. 11 (a) CV diagram (b,c) Charge/discharge profiles at 30mAg-1 and 
200mAg-1 within 1V and 3V ; (d) Cycling performance and Columbic 

efficiency of 1DMA-TiO2 at 30mAg-1 between 1.0V and 3.0V. (e) Comparative 
cycling performance between different samples and Columbic efficiency at 

200mAg-1 between 1.0V and 3.0V; (f) Rate capabilities of 1DM-TiO2.(reprinted) 
[331]. 

surface of the composite structure. A gentle hydrothermal method is 
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employed to synthesize titanium dioxide nanotubes on graphene nanosheets. 

Titanium dioxide (TiO2) colloids are employed as nucleation seeds on 

graphene oxide (GO) sheets, which serve as the central plane for the initiation 

of nanotubes. Graphene-Titanium Nitride (Gr-TNT) has demonstrated 

superior performance as an anode material for Lithium-ion Batteries (LIBs) 

compared to other nano-structures such as Gr-TiO2 and bare TiO2. Gr-TNT 

exhibits enhanced rate capabilities, improved cycle stability, and higher Li+ 

storage capacity. Notably, Gr-TNT outperforms bare TiO2, which only 

achieves a Li+ storage capacity of 80 mAhg-1 at a rate of 10C. The enhanced 

electrochemical properties observed in the high conductive graphene 

sheet/TiO2 nano-structure can be attributed to several factors. Firstly, the 

graphene sheet improves electron conductivity, facilitating efficient charge 

transfer during electrochemical processes. Additionally, the nano-structure 

accommodates the strain resulting from intercalation and deintercalation 

processes, ensuring structural stability and prolonged cycling performance. 

Moreover, the increased surface area of the nano-structure enables a larger 

interface between the electrodes and the electrolyte, promoting enhanced 

electrochemical reactions. Lastly, the hierarchal architecture of the nano-

structure contributes to these improvements. It is worth noting that while 

significant advancements have been reported for various other TiO2 nano-

structures, the combined effects of the aforementioned factors in the high 

conductive graphene sheet/TiO2 nano-structure result in notable 

enhancements in electrochemical behavior [332]. 

In their study, Tammawat et al. (year) presented a novel 1D nano-structure of 

titanium dioxide (TiO2) referred to as nanofibers, as depicted in Figure 2.12 (e-

h). The nano-structure in question has attracted considerable attention due to 

its potential utilization as a material for anodes in lithium-ion batteries (LIBs) 

without necessitating the use of binders or conductive substances. The 

electrospinning technology was developed to fabricate nanofibers, which 
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were later subjected to the calcination at temperature of 400°C, 600°C, 800°C, 

and 1000°C for a duration of three hours. The study reported an average 

diameter of 200 nm for the as-prepared nanofibers, while for the calcined 

fibers at temperatures ranging from 4000C to 8000C, the average diameters 

were found to be between 100 nm and 120 nm. The presence of contamination 

in carbon-based amorphous polymer is the cause of this phenomenon. 

Following the process of calcination, the substance underwent a reduction in 

weight percentage at various calcination temperatures. The recorded weight 

percentages were 0.35%, 0.09%, 0.14%, and 0.74% for temperatures ranging 

from 4000C to 10000C. Additionally, it was observed that the calcined products 

at a temperature of 10000C exhibited a characteristic morphology, consisting 

of interconnected particles with an average size of 100 nm. Enhanced 

electrochemical performances were observed in the case of anatase, as it is 

widely recognized that electrochemical performances tend to improve with 

decreasing crystallite sizes. The Columbic efficiency was observed to range 

from a minimum of 96% to a maximum of 100%. The positive outcomes 

observed in the 4000C calcined material can be attributed to several factors. 

Firstly, the high surface to volume ratio of the material plays a significant role. 

This ratio allows for increased contact between the active material and the 

surrounding environment, facilitating more efficient reactions and 

interactions. Additionally, the higher nonstoichiometric parameters, 

specifically the presence of both Li+ rich and Li+ poor regions, contribute to the 

positive outcomes. This variation in lithium ion concentration within the 

material can enhance its electrochemical performance, leading to improved 

overall functionality.  

Furthermore, the 100% active material composition ensures high electron 

conductivity. This characteristic is crucial for efficient charge transfer within 

the material, enabling better electrochemical reactions and ultimately 
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enhancing the material's performance. In brief, the favorable results seen in 

the calcined material at 4000C can be ascribed to its elevated area to volume 

ratio, the coexistence of regions with high and low Li+ concentrations, and the 

enhanced electron conductivity facilitated by the composition consisting 

entirely of active material [333]. 

Figure 2. 12 (a and b) Scanning electron microscope (SEM) images of Gr–
TNTs; inset in (b) high-magnification image showing TiO2 nanotubes on the 
grapheme sheets; (c and d) transmission electron microscope images of the 

Gr–TNTs. (reprinted) [332] TEM images + of carbon-coated TiO2 nanofibers (e-
h) calcined in air for 3 h at 4000C, 6000C, 8000C, and 1,0000C, respectively 

(reprinted) [333]. 

The authors, A. R. Armstrong et al., employed a straightforward preparation 

technique to fabricate nanowires using TiO2-B polymorphs. The as-prepared 

nanowires exhibit a stable architecture, resulting in excellent capacity 

retention for a range of 2 to 100 cycles, as shown in Figure 2.13 (a). The 

capacity fading gradient at a rate of 50 mAg-1 (C/4 rate) was found to be 0.1%, 

and even more notably, it was only 0.06% for cycles 20 to 100. The high-rate 

capabilities, as depicted in Figure 2.13 (b), were observed to be 160 mAhg-1 at 

a current density of 500 mAg-1 and 100 mAhg-1 at a current density of 2000 

mAg-1. Moreover, the observed potential was approximately 1.6 V compared 

to Li+ (1M) / Li, indicating that it offers a higher level of safety in comparison 
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to various other anodes such as alloys. The TiO2-B nanowires possess several 

advantageous characteristics that position them as a highly promising 

contender for lithium-ion batteries (LIBs). However, it is crucial to prioritize 

the dissemination of comprehensive information regarding the precise source 

of irreversibility in order to further enhance their potential. The application of 

a conductive coating onto materials presents a potential solution that has the 

capacity to significantly enhance electronic conductivity [310]. 

Figure 2. 13 (a) TiO2-B nanowire TEM image, (b) discharge capacities 
corresponding to cycle number at different current densities (reprinted) [310]. 

H. R. Xia et al. carried out the fabrication of TiO2 nanorod films by a 

hydrothermal technique at the liquid-gas interface. These films were 

subsequently utilized as anode materials in lithium-ion batteries without the 

addition of any additives. This material exhibits exceptional qualities as an 

anode in lithium-ion batteries (LIBs). Firstly, it can be utilized as an anode 

without the need for conductive agents or binders. The initial discharge 

capacity of the sample was observed to be 31.44 mAhg-1 when subjected to a 

current density of 30 mAg-1. After undergoing 100 cycles of cycling, the 

observed capacity was measured to be 32.66 mAhg-1, which surpasses the 

initial capacity as depicted in Figure 2.14 (a, b). The matter described above 

can be effectively resolved by taking into account the chemical durability and 

improved electron channel provided by the provided structure. Nevertheless, 

the specific capacity demonstrated by this specific TiO2 structure was rather 
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inferior in comparison to other structures. Hence, it is deemed unsuitable for 

utilisation as an anode in lithium-ion batteries. The production of hetero-

nanostructures and their subsequent application of a conductive coating, such 

as carbon, holds promise for substantial enhancements in specific capacity, 

charging and discharging rate, rate capacity, and cycles stability [334]. 

Figure 2. 14 (a) Initial charge-discharge profile (b) The corresponding cycle 
performance of TiO2 nanorods as anode of LiBs (reprinted) [334]. 

2.4.2 Two-Dimensional Structure  
In order to achieve a high capacity for lithium ion (Li+) storage, several 

features must be present, including a significant specific surface area, 

prominently visible aspects, and short diffusion distances. Utilizing a two-

dimensional (2D) framework in a material can effectively enhance these 

properties. Moreover, the benefits of open charge transfer and the structural 

stability exhibited during the process of intercalation and deintercalation of 

Li+ ions are advantageous for achieving the same goal. Extensive research has 

been conducted to enhance the practicality of nanostructured TiO2 as an 

anode material for lithium-ion batteries (LIBs). This has led to exploring 

various two-dimensional (2D) nanostructured frameworks of TiO2, such as 

nanosheets, nanoflakes, nanobelts, and nano hollow spheres. 



87 
 

In their study, Chen et al. (year) presented the synthesis of ultrathin carbon-

supported anatase TiO2 nanosheets (referred to as C-TiO2 NS) using a 

straightforward solvothermal method consisting of two steps. The sample 

exhibits enhanced electrochemical performances compared to antase-TiO2 due 

to its high electronic conductivity of carbon. The observed results 

demonstrated a notable specific charge/discharge capacity of 203 mAhg-1 and 

314 mAhg-1. At a charge/discharge rate of 1C, approximately 100% of the 

theoretical capacity of anatase TiO2 was maintained at 170 mAhg-1. However, 

at a higher current rate of 5C, the capacity decreased to 88% of the theoretical 

capacity after 100 cycles. Despite this decrease, the results remain highly 

promising. The improved rate capability and high cycle efficiency can be 

attributed to the presence of a highly stable microstructural architecture, 

which is facilitated by the existence of void space and exposed (001) energy 

facet [335]. In a separate study, J. S. Chen successfully synthesized high-purity 

anatase TiO2 nanosheets using a straightforward hydrothermal method. The 

morphological analysis conducted using Field Emission Scanning Electron 

Microscopy (FESEM) and Transmission Electron Microscopy (TEM) indicated 

(as shown in Figure 2.15) that the nanosheets in their original state exhibited a 

square shape with dimensions ranging from 20 nm to 100 nm, and a thickness 

of 10 nm. The aforementioned dimensions offer significant benefits by 

enhancing the structural integrity of the system during the process of lithium 

ion insertion and extraction, thereby mitigating the effects of volume change. 

Furthermore, it should be noted that these average dimensions played a 

significant role in the exposure of approximately 62% of the high energy 

facets, specifically those oriented along the (001) crystallographic plane.[335] 

Huang introduced a novel hybrid nano-structure called G-TiO2(B) in their 

research. This nano-structure was created by using the synergistic impact of a 

one-dimensional mesoporous TiO2-B nanobelt with a two-dimensional 
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conducting graphene sheet. The hybrid nano-structure was suggested as a 

potential anode with high power capabilities for lithium-ion batteries (LIBs). 

The experimental procedure utilised a hydrothermal approach with the 

addition of a graphene sheet, and then the calcination at an elevated 

temperature of 4000C over a period of 4 hours. The meticulous hybrid 

nanostructure under consideration exhibits promising potential for achieving 

enhanced electrochemical performance. This is primarily attributed to its 

possession of one- dimensional mesopores, which facilitate efficient transport 

of Li+ ions by minimizing diffusion distances. Moreover, the utilization of 

nanostructures facilitates enhanced interfacial interaction between the anode's 

surface and electrolytes, thereby facilitating efficient electron transport 

pathways. Moreover, the inclusion of a graphene sheet further enhances 

electron conductivity, making it an excellent choice for serving as a superior 

current collector. Graphene demonstrates substantial investments in terms of 

its elevated specialized capabilities and rate performances. Ding et al. (2019) 

successfully synthesized hollow spheres of TiO2 that possess prominently 

exposed energy facets oriented along the (001) crystal plane. [336]. The 

microspheres consisted of nanosheets that have a remarkably thin structure. 

The researchers employed a straightforward hydrothermal preparation 

technique, and subsequently subjected the samples to calcination at a 

temperature of 5500C for a duration of 8 hours. This process successfully 

verified the presence of the anatase phase in the prepared samples. The first 

irreversible loss of capacity is estimated to be around 32%, and this might be 

attributable to the development of the solid electrolyte interfaces (SEI) layer 

along deformed lithium ion (Li+) insertion sites. Furthermore, the reversible 

capacities exhibit considerably lower values in comparison. The voltage 

plateaus observed at 1.7 V (during the conductive swept) and 2.1 V (during 

the anodizing swept) demonstrate a polarization effect that exceeds that of 

various nanosheet TiO2 configurations. Therefore, it is imperative to direct 
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attention towards examining the origins of these deficiencies in order to 

achieve more favorable outcomes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 15 (a),(b) TEM images, (c) HRTEM image and (d) XRD pattern of 
TiO2 nanosheets (reprinted) [335] 

In their study, Wu et al. successfully synthesized a TiO2 nanosheet with a 

petal-like morphology using a straightforward and environmentally friendly 

preparation method. The initial discharge and charge capacities were 

documented as 382 mAhg-1 and 326 mAhg-1, respectively, when subjected to a 

low current density of 20 mAg-1. Additionally, an initial irreversible capacity 

loss of 14.7% was observed. In subsequent cycles, the loss was reduced to 

zero. The extent of the loss is comparatively minimal when compared to 

alternative titanium-based anode materials with maximal capacity. The 

occurrence of this phenomenon can be ascribed to the absorption of minute 

quantities of water by the extensive area of surface during the process of 

preparation. At a significantly elevated current density of 400 mAg-1, the 

discharge capacity over 50 cycles exhibits a noteworthy capacity retention of 



90 
 

93% compared to its original capacity. The observed values indicate a 

favorable level of cycle stability in the samples that were prepared. When 

considering the rate capabilities of the anode material, it can be observed that 

it exhibits moderate behavior. However, in order to gain a more 

comprehensive understanding of its rate performance, it is necessary to 

conduct experiments at higher rates [337]. 

The sandwich-like arrangement of ultrathin titanate nanosheets (CTN) 

supported by carbon is an innovative addition to the family of 2D 

nanostructures composed of titanium-based anode materials, as depicted in 

Figure 2.16 (a, b). Liu et al. introduced an innovative and uncomplicated 

approach in their research, wherein they employed the hydrothermal 

procedure to fabricate a structure resembling a dag-wood. The phenomenon 

of Oswalt ripening imposes a limitation on the process of diffusion when a 

certain threshold is reached. In this research, the author proposes the 

application of an ion exchange liquid (IL) as a prospective solvent group to 

tackle the aforementioned difficulties. Ionic liquids (ILs) possess a range of 

desirable attributes, such as low volatility, elevated boiling points, remarkable 

design adaptability, and noteworthy solubility. During the evaluation of 

electrolytic performances, it was noted that there were no discernible plateaus 

seen for certain charge/discharge voltages. The gradual changes in the 

charging and discharging capacity of CTNs can be ascribed to the distinctive 

structure of these materials. The enhanced development of grain boundaries 

can be attributed to the robust interaction between amorphous carbon and 

ultrathin nanosheets of TiO2. The diffusion of Li+ ions and charge transfer take 

place predominantly at the surface of carbon-based transition-metals nitrides 

(CTNs), which are commonly utilised in electrochemical capacitors. As a 

result, a dearth of clearly defined voltage plateaus was found. The 

investigation documented a notable high-rate capacity of 190 mAhg-1 at 50C, 
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which was ascribed to the unique sandwich-like architecture and improved 

conductivity facilitated by carbon nanoparticles [338]. 

Figure 2. 16 TEM image of a) as-synthesized sandwich structure b) anatase 
sandwich structure (reprinted) [338] 

2.4.3 Three-Dimensional Structure  
The favorable qualities of three-dimensional nanostructures of TiO2 have 

attracted considerable attention among investigators in the discipline of 

lithium-ion battery (LIB) research. These properties include the capacity to 

adjust pore sizes, interconnected structure, a significantly exposed surface 

area, and high porosity. The aforementioned features contribute to the 

improvement of the electrochemical performance of the material when 

employed as an anode. The enhancement of diffusion kinetics is mostly 

attributed to the supply of short diffusion lengths for Li+ ions. An expanded 

surface area promotes greater infiltration of electrolytes into the electrode, 

resulting in improved storage of Li+ ions. In addition, the integration of 

porous structures offers empty areas that help alleviate the volumetric 

changes that arise during the charging and discharging process, thereby 

maintaining the structural integrity. In addition, the interconnected nature of 

their structures demonstrates superior electrochemical capabilities compared 

to nanocrystals that are loosely packed. 
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The precursor utilized in this investigation for the fabrication of porous TiO2 

creatures characterized by spherical cores and shells made of nanochains was 

TiO2/oleylamine. The material derived from TiO2 demonstrates remarkable 

electrochemical properties, including a high ability, superior rate capacity, 

and outstanding cycle stability. The improved electrochemical performance 

can be ascribed to the unique porous structures and remarkable structural 

stability. Moreover, it is crucial to acknowledge that ex-situ structural 

characteristics offer compelling evidence supporting the claim that trace 

anatase nanocrystals experience an irreversible conversion into cubic Li1TiO2 

nanodots. This transformation serves as an explanation for the relatively 

modest degradation in capacity observed in the porous TiO2 material over 

extended cycling periods. Ongoing efforts are being made to enhance the 

geometric properties and pore structure of the TiO2 material in order to 

achieve enhanced cycle stability. Furthermore, there have been proposals 

regarding the potential utilization of porous TiO2 creatures and protonated 

titanates in sensitized solar cells, photo-catalysis, and adsorption processes. 

[339]. J.Y. Shin et al. [340] employed a straightforward in situ hydrolysis 

technique to effectively generate a hierarchical, nanoporous TiO2 structure. 

The material demonstrates an extended ability to store lithium when used as 

an anode, especially in situations with rapid rates of charging and 

discharging, owing to its substantial surface area. The presented material 

exhibits two unique storage modes, specifically bulk insert and pseudo-

capacitive interface storage, which jointly contribute to 64% of the total 

capacity. The interfacial storage is kinetically emphasized by cycling at high 

rates, resulting in a completely reversible discharge capacity of 302 mAhg-1 

and 200 mAhg-1 at charge/discharge rates of 1C and 5C, respectively. 

Furthermore, this process exhibits exceptional cycle stability. 
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The researchers, G. Lui et al., introduced a new structure of TiO2 known as a 

3D-ordered macroporous interconnected (3DOM) structure in their study. 

The fabrication of this structure was accomplished by a direct in-situ 

preparation approach, utilizing polystyrene beads and carbon cloth as the 

template materials. The TiO2 structure that was obtained demonstrated a 

remarkably high initial capacity of 402 mAhg-1, that can be attributed to the 

substantial presence of carbon content. In addition, voltage plateaus were 

observed at a rate of 1.79 V from the charge/discharge curve. 

The voltage value of 1.9 V exhibits a reduced plateau region and an elevated 

slope region. This suggests that the porous interconnected structure is 

responsible for improved interfacial lithium storage. At a significantly 

elevated current density, the material retained a capacity of 69 mAhg-1 at a 

temperature of 73.5°C, which can be attributed to its ability to maintain a high 

degree of structural stability through its porous architecture.[341] 

X. Wang et al. presented a novel homogeneous yolk-shell hierarchical TiO2 

macroporous structure (referred to as HYSM) in Figure 2.17 (a, b), which was 

fabricated using a straightforward solvothermal method. The sample that was 

prepared demonstrated a notable initial discharge capacity of 267.6 mAhg-1 at 

a rate of 0.25 C and maintained a capacity of 191 mAhg-1 even after 

undergoing 40 cycles. These results indicate a robust electrochemical 

performance, suggesting that the sample holds promise as a potential anode 

material for lithium-ion batteries. The exceptional electrochemical 

performances observed in this study can be attributed to the distinctive 

hierarchical structure of the yolk-shell, which provides short routes for Li-ion 

and electron transport. Additionally, the structure offers a sufficient elastic 

buffer area to accommodate significant volume fluctuations.[342] 
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Figure 2. 17 (a) SEM (b) TEM images Yolk-shell TiO2 (reprinted) [341]. 

The sacrificial templating method is a widely employed technique for the 

synthesis of nanostructured TiO2. The bio-ingredients templating method has 

garnered significant attention in research, as it involves the utilization of 

living organisms as templates. The contribution of bio templates to the 

enhancement of specific surface area, exposure of the skeleton, and interfacial 

density has been duly acknowledged. Various microorganisms, including 

bacteria, fungi, animal cells, and plant cells, serve as templates for studying 

molecular subunits such as proteins, enzymes, and DNA. Both yeast and 

glucose have been separately identified as template contributors in the pore 

formation process of TiO2 nanostructures. Y. Chang successfully synthesized 

a novel macroporous anatase TiO2 sample, denoted as PT, utilizing yeast and 

glucose as bio templates. The sol-gel method was employed to create the 

macroporous structure, with pore sizes ranging from 2.5 nm to 3 mm and 

mesopores measuring between 4 nm and 51 nm. The individuals worked 

together in order to collectively produce the ultimate porous structure. The 

presence of a porous topology facilitated the existence of extensive surface 

areas and unobstructed voids. Due to the facile intercalation and 

deintercalation of lithium (Li), the material exhibited favorable performance 

as an electrode material in lithium-ion batteries, demonstrating significant 

capacity retention. The electrochemical properties of porous TiO2 were 
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significantly enhanced by the incorporation of a carbon-coated network. The 

hierarchical porous structure demonstrated a notable diffusion coefficient, as 

well as exceptional cycle stability and rate efficiency, which are essential 

characteristics for the effective operation of rechargeable batteries under high-

rate conditions. [343] 

Doping serves as an additional approach to enhance the electrochemical 

performance of the titanium dioxide (TiO2) anode in lithium-ion batteries 

(LiBs). The elements iron (Fe), tin (Sn), zinc (Zn), and niobium (Nb) have been 

subject to extensive investigation. Numerous studies have demonstrated that 

nitrogen-doped titanium dioxide (N-doped TiO2) exhibits exceptional anodic 

performance and notable availability, rendering it one of the most promising 

candidates in this domain. In their study, G. Hasegawa et al. successfully 

produced a three-dimensional N-doped TiO2 material by utilizing 

ethylenediamine macroporous organic-inorganic hybrid gels based on 

titanium. The N-doped TiO2 samples were prepared and subsequently 

calcined at various temperatures (4000C, 5000C, 6000C, 7000C) under ambient 

conditions. This thermal treatment led to the formation of a hierarchal porous 

structure consisting of macro-micro pores of different sizes, with the 

interstices being occupied by TiO2 crystallites. In contrast, the calcined 

samples at a temperature of 5000C exhibited superior electrochemical 

performances. The presented samples exhibited reversible discharge 

capacities of 252 mAhg-1 at a rate of 20 mAg-1 and 172 mAhg-1 at a higher rate 

of 200 mAg-1, within the voltage range of 1.9 V to 2.1 V. An impressive cyclic 

performance, with a capacity exceeding 200 mAhg-1 at a rate of 100 mAg-1, 

was observed over a span of 300 cycles. The enhancement of electrochemical 

properties can be ascribed to both the presence of a porous hierarchical 

structure and the introduction of nitrogen doping. The enhanced electron 

conductivity and improved Li+ ion diffusivity can be attributed to the 
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incorporation of nitrogen doping, despite its relatively low concentration. 

Moreover, the introduction of nitrogen into the Ti-O lattice bonding may have 

an impact on the electrochemical reactions occurring at the interface between 

the electrolyte and the active material, potentially influencing the overall 

performance. [344] 

F. Di Lupo et al. [345] have presented a straightforward and efficient 

hydrolytic method for the synthesis of mesoporous TiO2 nanocrystals (TiO2-

NC). In this process, the researchers employed tetra butylammonium bromide 

surfactant. The electrochemical performance of these materials as anodes for 

high-rate Li-ion batteries at room temperature was effectively demonstrated, 

even after undergoing an extensive number of cycles exceeding 1000. The 

samples were comprehensively characterized using X-ray diffraction, 

transmission electron microscopy, nitrogen physisorption studies, and 

electrochemical methods. A novel synthesis method was employed to 

produce a mesoporous TiO2 anatase phase with a specific surface area of 258 

m2g-1 and a notable level of crystallinity, eliminating the requirement for 

additional post-synthesis treatments. Additionally, the material underwent 

calcination at temperatures ranging from 2500C to 5500C in order to promote 

crystallization and evaluate the influence of structural modifications on 

electrochemical characteristics. The impressive rate capability and exceptional 

stability exhibited by the produced materials indicate their potential for 

utilization in next-generation high-power lithium-based batteries, even when 

subjected to highly extended cycles. 

2.5 Nanostructured TiO2 by Electrochemical Anodization 
The utilization of potentiostatic anodization as a method for the fabrication of 

nanostructured TiO2 is highly significant and has garnered considerable 

attention in academic research. Various methods can be employed to achieve 

nanostructure. However, it is important to consider the presence of a highly 
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ordered and densely packed structure with appropriate alignment. This can 

be effectively achieved through the process of electrochemical anodization. 

The self-templating method also achieved controlled geometry. However, the 

anodization process has emerged as a more cost-effective and easily prepared 

alternative, leading to increased interest and potential for widespread 

applications [346]. In their research paper, X. Quan et al. (year) demonstrated 

the successful growth of highly organized and densely packed titanium 

dioxide nanotubes (TNT) with pore diameters ranging from 30 nm to 90 nm 

and lengths between 300 nm and 500 nm. This growth was achieved through 

anodization, utilizing an optimized voltage parameter of 20 V and a 0.2 wt% 

hydrofluoric acid (HF) aqueous electrolyte solution (Quan et al., page 

number). However, diverse outcomes have been documented by altering the 

anodization parameter. Positive outcomes were obtained by Ruan et al. 

through the anodization of a pure titanium substrate using 4 wt% 

hydrofluoric acid electrolytes in an organic solution. A surface structure 

composed of well-aligned TiO2 nanotubes, characterized by an inner pore 

diameter of 60 nm, a thickness of 40 nm, and a length of 2.3 µm, was 

successfully generated through the application of a 20 V direct current (DC) 

supply for a prolonged duration of 72 hours. The obtained results have 

garnered significant attention, prompting further research into optimizing 

anodization parameters such as electrolyte combination, temperature, 

agitation, applied voltage, anodization time, pH, etc. This is done in order to 

gain a deeper understanding of the mechanism behind nanostructure 

formation and to explore potential applications in future research endeavors. 

[347] 

The process of anodization of titanium is an electrochemical phenomenon in 

which a Pure Ti substrate or a titanium alloy serves as the anode, while Pt or 

graphite is used as the cathode simultaneously. The application of voltage 
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over a specific duration results in the development of a bilateral oxidation 

layer and the dissolution of the oxide layer into the electrolyte. When the 

reaction rates of these two substances reach equilibrium, a stable dimensional 

structure emerges, leading to the formation of various types of 

nanostructures. Nanostructures with precisely controlled dimensions, such as 

wall thickness and length, can be achieved through the manipulation of 

certain parameters during anodization. These parameters include the applied 

voltage, time, and electrolyte composition, which contains F- ions. The 

tapered, conical-shaped TiO2 nanotube, as depicted in Figure 2.18 (a,b), was 

introduced by G.K. Mor et al. The authors observed that the influence of 

voltage sweep rates on light emission was evident. The researchers have 

demonstrated the impact of a gradual increase in applied voltage ranging 

from 10 V to 23 V, with a rate of 0.43-2.0 V per minute.   

 

 

 

 

 

 

 

 

Figure 2. 18 (a) Tapered nanotubes obtained using the ramp rate of 0.43V/min 
to raise the voltage from 10–23V within 30 min and then holding the voltage 
at 23V for 10 min. (b) Tapered nanotubes obtained by initially anodizing the 

sample at 10V for 20 min (reprinted) [348].  

The lowest inner diameter of 65 nm was achieved at a voltage ramp rate of 

0.43 V/min and subsequently increased as the voltage ramp rate increased. 

However, when the voltage is applied in the reverse direction, ranging from 
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23 V to 10 V, at various sweep rates, there is no observable impact on the 

tapered shape. Furthermore, nanotubes exhibiting consistent diameters have 

been observed during the application of a constant voltage ramp. It is evident 

that the application of voltage at an increasing sweep rate has a discernible 

impact on the progressive expansion of the oxide layer, resulting in the 

formation of conical tubular structures.[348] 

In their study, Gong et al. successfully fabricated TiO2 nanotube arrays with 

diameters ranging from 25 nm to 65 nm through the process of anodizing a 

pure Ti substrate. The resulting arrays exhibited a high density and 

demonstrated self-organization and self-growth characteristics. This study 

demonstrates a direct correlation between the increase in voltage and the 

corresponding increase in tube diameter. However, beyond a specific 

threshold of applied voltage, the nanotube structure becomes indistinct. Once 

more, it was observed that a greater potentiostatic effort was required to 

achieve a well-defined tubular architecture in a dilute electrolyte solution of 

hydrofluoric acid (HF). This suggests that the concentration of the HF 

solution has a significant influence on the formation of nanotubes. Research 

has also demonstrated that the duration of time is indeed a factor. However, it 

has been observed that over an extended period, this duration does not have 

any discernible effect on the thickness or depth of the tube. [349] 

In their study, Liu et al. introduced a straightforward approach for the 

synthesis of nanotube TiO2 using a two-step anodization method. The initial 

stage of anodization, conducted at a voltage of 60 V for a duration of 1 hour, 

resulted in the formation of a well-organized array of nanotubes. The average 

diameter of these nanotubes was approximately 140 nm, while the thickness 

of their walls measured around 15 nm. The nanotubes obtained through the 

final step of anodization, conducted at a voltage of 20 V for a duration of 1 
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hour, exhibited a compact structure and possessed a small diameter while 

exhibiting no discernible defects. 

Zwilling et al. conducted a study on the anodic oxidation of pure Ti substrate 

and TiA6V alloy (composed of 6% Ti and 4% Al) using chromic acid (CA) at a 

concentration of 0.5 mol/L. The investigation also involved the addition of 

hydrofluoric acid (HF) at a concentration of 0.0095 mol/L, which served as a 

source of fluoride ions (F-). This study provides further evidence that the 

inclusion of F- ions facilitates the development of a porous structure, as the 

absence of HF in the CA electrolyte solution resulted in the absence of any 

observable porous layer. The objective is to discuss the process of pore 

initiation and subsequent removal of metal ions from the bottom of pores in a 

metal or alloy substrate. This occurs as a result of the breakdown of the thin, 

compact layer that forms in a corrosive agent (CA) solution at a rate of 3 V/se. 

The repair of this layer is facilitated by a significant associated current. The 

thickening of both the compact layer and the duplex porous layer is facilitated 

by the residual current. The electrochemical efficiency exhibits a maximum 

value of 50% and experiences a significant decline as the anodizing period 

increases. The chromium species present in the CA solution exhibited a 

detrimental effect on the growth dynamics, while the fluoride species acted as 

an antidote.[350] 

The crucial role of electrolytes in the anodization mechanism is well-

established. Consequently, researchers have been diligently investigating 

modifications to the electrolyte solution over an extended period of time in 

order to identify the necessary adjustments and obtain valuable insights. 

Research findings have demonstrated the successful growth of highly 

organized titanium nanostructures at room temperature through anodization, 

with the crucial requirement of incorporating a source of fluoride ions (F-) in 

the electrolyte solution [351]. A distinct nanotube texture was observed in a 
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pure electrolyte solution containing 0.5 wt% hydrofluoric acid (HF). The tube 

length is observed to increase up to 2.5 µm when using a neutral electrolyte 

solution containing Na2SO4, (NH4)2SO4, and NH4F. This phenomenon can be 

attributed to the higher dissolution rate of Ti4+ ions from the Ti substrate in 

this particular solution [352]. The utilization of an F-based organic electrolyte, 

which incorporates an organic solution such as Ethylene glycol (EG), 

effectively addresses the problem of surface roughness. The presence of EG in 

the electrolyte solution slows down the movement of ions, resulting in a 

controlled and smooth etching process of metal ions, as illustrated in Figure 

2.19. EG, also known as ethylene glycol, is a fluid characterized by its high 

viscosity and a significant level of homogeneity. These properties contribute 

to the reduction of the diffusion constant of the electrolyte. The initiation of 

EG pits allows for the confinement of the pH burst to a specific location and 

the localized suppression of concentration. The outcome of this procedure 

yields a significantly elongated tube length of up to 1000 µm, exhibiting a 

high aspect ratio. This is achieved through the utilization of an organic 

solution during a multistep anodization process, which effectively transforms 

the oxide film into a tubular architecture with a hexagonal shape. Once again, 

it has been demonstrated that the utilization of F- free electrolytes, such as 

HClO4, leads to the formation of disordered and shorter nanotubes [353]. The 

optimization of the concentration of F- species is a crucial factor that must be 

taken into consideration. The utilization of an electrolyte with a significantly 

low weight percentage of F- species (< 0.5 wt%) leads to the formation of a 

non-uniform porous structure characterized by a scattered and uneven 

distribution of pores on the titanium substrate. The optimal outcome was 

observed for a concentration range of 0.5 - 1 wt%, characterized by a well-

organized and substantial (2.5 µm) porous architecture. Conversely, 

concentrations exceeding 1 wt% did not yield a significantly enhanced 

structure, likely due to the solubility of F-ions acting as a constraining factor. 
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As previously stated, pH is a critical parameter in the process of anodization. 

By adjusting the pH level, it becomes possible to regulate the chemical 

dissolution of TiO2. An increase in pH value leads to an enhancement in 

chemical etching and a simultaneous reduction in the thickness of the oxide 

layer. The presence of acidic ambient conditions enhances the corrosive 

nature of metals, leading to increased metal degradation. There are multiple 

factors that exert an influence on the pH value of the electrolyte during the 

process of anodization [354]. The local acidity observed in this context is 

attributed to the generation of hydrolysis products at the working electrode. 

The extension of tube length was facilitated by adjusting the localized acidity 

to promote the degradation of TiO2 and create a more safeguarded 

environment to prevent dissolution in the vicinity of the tube opening. The 

counter electrode is the site at which the process of hydrogen formation and 

the generation of OH- species occur. [355, 356] 

 

 

 

 

 

 

 

Figure 2. 19 TEM image of smooth nanotube in 0.5 wt% NH4F based 
electrolyte (reprinted) [353].  

TNTs have been synthesized using electrolytes that do not include fluoride 

ions. Hahn et al. [357] employed anodization techniques using perchlorate 

and chloride-containing electrolytes to produce TNT with an enhanced aspect 

ratio. The anodization process involved the utilization of electrolytes 

containing oxalic, formic, or sulfuric acid electrolytes with the inclusion of 
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chlorine ions. Electrolytes that are chlorine-based and do not contain fluoride 

offer a distinct benefit in comparison to electrolytes that incorporate fluoride. 

The utilization of a fluoride-free electrolyte has been observed to significantly 

expedite the formation of long TNT molecules compared to fluorine-based 

media. For instance, the time required for this process is reduced from 17 

hours to just 10 minutes, resulting in a thousand-fold increase in the rate of 

TNT formation [358]. The rapid evolution of bromide-based solvents in TNT 

was observed, although the mechanisms behind self-organization and 

shooting alignment remained unclear [359]. The utilization of previously 

employed electrolytes for anodization has also demonstrated favorable 

outcomes, leading to improved nanostructures [360]. The utilization of 

electrolytes for a subsequent application demonstrated an enhancement in 

pore diameter, accompanied by a reduction in wall thickness, resulting in a 

convergence towards a higher chemical etching rate. The observed 

enhancement in electrolyte conductivity can be ascribed to its utilization in 

subsequent anodization processes. As a result, it enhances the rates of 

chemical reactions and contributes to the improved formation of TNT. [361] 

The dissolution rate of metal oxides and the size of pores are influenced by 

different current densities. The rate of electrochemical etching, power 

consumption, and electric field intensity are all directly proportional to the 

current density. Pits exhibit a tendency to enlarge before the formation of 

channels, which subsequently partition the pores. The increase in Ti foil 

current density is accompanied by a corresponding rise in the pore size of 

TNT. Consequently, altering the current density has the potential to result in 

diverse tube widths [362]. The presence of an aqueous electrolyte facilitates a 

convenient pathway for the flow of electric current. Hence, it can be inferred 

that the current density in this particular scenario is greater compared to the 

organic solution [363]. According to the research findings presented in 
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reference [364], it has been observed that the formation of TNT (titanium 

nanotubes) is not possible during anodization processes lasting less than 5 

minutes. However, after the 10-minute mark, the formation of nanotubes 

begins. Increases in solution temperature have been found to enhance the 

development of pores. This phenomenon can be attributed to the inverse 

relationship between temperature and the viscosity of the electrolyte, which 

leads to an accelerated etching process. When the rate of the etching process is 

increased, the oxide layer experiences a more rapid degradation, leading to 

the formation of pores. The dispersion of fluoride ions was observed to 

decrease at lower temperatures, leading to a corresponding reduction in the 

rate of etching. At lower temperatures, the development of consistent holes 

was not observed due to the sluggish etching rate of the oxide layer [365, 366]. 

The simultaneous optimization of applied voltage and time scale has a 

significant positive impact on the outcomes of anodization. When the 

potential applied is below 50V, the porous oxide undergoes a self-organized 

process, resulting in a densely packed texture. The process of anodization 

over a brief duration yields a structured arrangement of tubular oxide film, 

characterized by a length on the order of a few hundred nanometers and a 

diameter on the order of a few tens. Ripples emerged at the interconnectivity 

junction of these nanotubes. However, over time, these ripples gradually 

vanished due to the dissolution of TiO2. Once the applied voltage reaches or 

exceeds 50 V, the layer undergoes a transformation into a localized burst 

morphology, resembling the appearance of coral reefs as depicted in Figure 

2.20 (a, b). The formation of an ordered array structure at higher potentials 

has been observed [367]. Bio-sensitive TiO2 hexagonal nanotubes are 

synthesized on Ti6Al4V and Ti6Al7Nb alloys using organic ethylene glycol and 

glycerol solutions. The annealed Ti6Al4V sample at a temperature of 5500C 

demonstrated the presence of a homogeneous and evenly distributed oxide 
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layer consisting of both rutile and anatase phases. The sample that was 

treated with glycerol exhibited a higher degree of bio-sensitivity. [368] 

Figure 2. 20  SEM image of TiO2 ‘coral reefs’ nanotube structures formed at 
50V in CH3COOH+0.5wt% NH4F solution a) inside and b) outside 

(reprinted) [367] 

2.6  Anodized TiO2 as promising Anode of LiBs 
The process of electrochemical anodization of titanium leads to the formation 

of nanostructured titanium dioxide, which provides the ability to adjust the 

dimensions of the resulting structure. The utilization of a well-aligned and 

self-organized TiO2 nanostructure array presents a promising opportunity for 

its application as a potential anode material in Lithium-ion Batteries (LiBs). 

The utilization of nanostructures is advantageous due to their high surface 

area, which facilitates the desired electrochemical properties. This is achieved 

by reducing the pathway for Li+ ions, enhancing ionic conductivity, and 

providing structural stability during Li+ insertion and deinsertion. 

Consequently, the reduction of the polarization effect at the anode occurs, 

leading to an increase in the discharge capacity with a high charge. [346] 

The investigation conducted by S. Ivanov and colleagues focused on the 

characterization of amorphous and crystalline TiO2 nanotubes prepared 

anodically. The study involved conducting electrochemical analyses in two 

distinct electrolyte environments: a solution consisting of 1 M LiPF6 in 

ethylene carbonate/dimethyl carbonate (EC: DMC), and a solution containing 
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1MLi[TFSI] in 1-buthyl-1-methyl pyrrolidinium, (trifluoromethyl) 

sulfonylimide ([BMP][TFSI]). The latter scenario exhibited a slightly greater 

electrochemical efficiency as a result of its inert nature towards the anode 

surface and exceptional stability. In contrast, the initial type of side reaction 

exhibits instability when exposed to water. Both the amorphous and 

crystalline materials exhibited a significant charge/discharge capacity ranging 

from 180-200 mAhg-1, which can be attributed to the presence of an open 

hierarchal structure. The amorphous samples demonstrated complete 

retention of capacity, whereas a decrease in capacity was observed in the 

crystal structure. The presence of surface defects resulting from heat 

treatment can be attributed to this phenomenon.[369]. In a study conducted 

by Li et al., it was observed that the synthesis of highly stable nanotubes can 

be achieved through the utilization of ionic liquid (IL) during anodization, as 

opposed to the conventional use of NH4F, EG (AF) based electrolytes. The 

presence of microstructural cracks on the calcined anatase crystal TiO2 

nanotubes, as depicted in Figure 2.21 (a,b), can be attributed to the 

carbonaceous product. The rapid decomposition of the unstable AF 

electrolytes, which forms a composite with the anode, is the underlying cause. 

The electrochemical behavior of IL nanotube products exhibited remarkable 

performance, as evidenced by their capacity retention of over 1200 cycles. 

Throughout these cycles, the samples remained intact with minimal material 

loss, which can be attributed to their high conductivity and consequent slow 

decomposition rate. In contrast, it can be observed that AF-based products 

experience a decline in capacity after approximately 380 cycles, which may 

suggest a gradual breakdown of their structural integrity. [370] 
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Figure 2. 21 Cross-section of (a) ILNTs and (b) AFNTs. Insets in (a) and (b): 

low- magnification side views showing tube lengths (reprinted) [370]. 

The detrimental consequences of carbon contamination in nanotube 

structures are swiftly evident. The authors, R. Kirchgeorg et al., have 

successfully fabricated a self-organized nanotube array characterized by a 

high degree of order and a tube length of 32 µm. However, this array 

demonstrated a lower insertion efficiency. The decrease in efficiency can be 

attributed to the longer tube, as the increased length results in a higher level 

of carbon contamination. The phenomenon known as the double layer effect 

involves the presence of a nanograss coating that is responsible for the 

generation and distribution of surface charges. The dissolution methods 

employed to assess the carbon content involve the utilization of a mixture 

comprising ethylene glycol and dimethyl sulfoxide, as well as an aqueous 

solution of Na2SO4. These approaches have resulted in a respective increase in 

charge of 33% and 17%.[371] 

In a study conducted by Ryu et al., it was demonstrated that amorphous TiO2 

nanotubes exhibit a more efficient mechanism for Li+ ion intercalation 

compared to the crystalline anatase structure. This enhanced performance can 

be attributed to the amorphous nanotubes' ability to accommodate a greater 

amount of lithium per TiO2 unit (x=1), whereas anatase can only 
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accommodate a maximum of 0.5 lithium ions. The phenomenon of the initial 

irreversible capacity can be attributed to the occurrence of side reactions 

involving water molecules and the partial crystallization of trapped Li+ ions. 

Furthermore, amorphous TiO2 nanotubes exhibit several advantages over 

anatase nanotubes, including the absence of inherent phase transition strain, 

high-rate capability, desirable cycle performance, and superior reversible 

charge/discharge capacity. These characteristics further support the notion 

that amorphous TiO2 nanotubes provide a facile pathway for Li+ 

insertion/deinsertion. However, the presence of dispersed spatial defects on 

the amorphous surface results in reduced electronic conductivity and 

promotes the formation of the anatase structure. Furthermore, the extended 

durability of bulk nanotube structures is not well understood [372]. D. Guan's 

study [373] provides additional support for the aforementioned argument by 

demonstrating the high lithium ion insertion capacity of amorphous TiO2 

nanotubes. The amorphous TiO2 nanotubes, prepared anodically, exhibited a 

notable specific capacity of 533 µAhcm-2 at an applied current density of 400 

µAcm-2. Furthermore, the nanotubes demonstrated a capacity retention of 

77% after undergoing 50 cycles, as depicted in Figure 2.22. This phenomenon 

can be attributed to the high diffusion coefficient of lithium and the structural 

stability exhibited by the amorphous state. In contrast, the anatase phase and 

the mixed anatase-rutile phase exhibited relatively subpar performance. The 

underlying causes of certain crystal defects in anatase. The application of 

voltage plays a significant role in shaping the morphology of nanostructures, 

and it also serves as an important parameter for determining electrochemical 

behavior. The formation of a nanotube array film through sequential 

anodization at 20 V and subsequent annealing results in a film that exhibits 

satisfactory cyclability. However, it displays a relatively low initial capacity of 

180 mAhcm-3, which can be attributed to the narrow opening of the 

nanotubes. The observed phenomenon of enhanced intercalation capacity is 
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attributed to the application of higher voltages, specifically 40 V and 60 V. 

However, when subjected to significantly higher voltages (80 V and 100 V), 

the tube wall experiences erosion and exhibits a collapsed morphology, 

resulting in poor cyclability [374]. Nanotubes that exhibit a high degree of 

order consistently provide a convenient pathway for the mechanism of 

lithium intercalation, resulting in improved reversible capacities. This 

correlation is particularly evident when the nanotubes possess thicker walls. 

In their study, W. Wei et al. successfully synthesized a tubular nanostructure 

with a length of 9 µm. This nanostructure exhibited a high-rate capability of 

96 mAhg-1 (0.24 mAhcm-2) when subjected to a two-step annealing process. 

The battery underwent 500 cycles at a rate of 0.1 C, demonstrating 

outstanding performance with a mere 6% initial capacity loss. This can be 

attributed to the battery's stable architecture, which effectively absorbs the 

volume strains that occur during the process of intercalation and 

deintercalation. [375] 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. 22 Specific discharge capacity versus cycle number for the 
amorphous TiO2 nanotube arrays (solid squares), anatase TiO2 nanotube 

arrays (circles), and TiO2 nanotubes of mixed phases (solid triangles), cycled 
at a current density of 400Acm-2. (reprinted) [373]. 
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The relationship between specific surface area and discharge capacities has 

been extensively documented (see Figure 2.23). In addition, nanostructures 

exhibit a greater specific surface area compared to their bulk counterparts. 

The relationship between specific surface area and calcination temperature, as 

well as crystal structure, has been extensively demonstrated. The calcined 

nanotube at a temperature of 3000C exhibited a significantly higher specific 

surface area of 78 m2/g compared to the amorphous calcined products at 400 

0C (70 m2g-1) and 5000C (57 m2g-1). Furthermore, the figure associated with 

certain crystal defects demonstrates that 3000C calcined nanotubes exhibit 

higher discharge capacities at various cycles compared to other products. The 

conductivity of TiO2 nanotube layers can be enhanced by annealing at 

temperatures ranging from 4500C to 5500C. However, annealing at 

temperatures exceeding 550 ºC leads to a notable reduction in conductivity. 

This decrease in conductivity can be attributed to the formation of the rutile 

phase, which has been demonstrated to exhibit lower electrochemical 

efficiency. Furthermore, it should be noted that extended exposure to elevated 

temperatures within this range can also be attributed to increased 

conductivity, as stated in reference [376].  

 
 
 
 
 
 
 
 
 
 
 

Figure 2. 23 A study of the discharge capacities of anatase TiO2 nanotube 
arrays annealed for three hours at 300, 400, and 500°C in nitrogen, based on 

the specific surface area of the nanotubes (reprinted) [376]. 
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The conductive properties of TiO2 nanotube arrays can be significantly 

influenced by the appropriate annealing atmosphere, even with minor 

changes in factors such as morphology, size, and valence band structure. The 

sample was subjected to annealing in a reductive environment consisting of 

5% H2 and 95% Ar. This process resulted in a controlled expansion of volume, 

which was effectively mitigated due to the presence of a facile lithium-ion 

intercalation/deintercalation mechanism. The generation of a suitable quantity 

of oxygen bubbles serves to mitigate the repulsive forces between lithium 

ions, which in turn leads to the distortion of the c-length of the unit cell. This 

distortion plays a crucial role in significantly enhancing the high-rate 

capability, as demonstrated in reference [377]. The carbon-modified TiO2 

nanostructure, as reported by F. Mole et al., is achieved through the presence 

of a combination of 16% CH4 and 20% H2 in the annealing environment. The 

charge capacitance of this double layer nanostructure exhibited a significant 

increase when optimized at 40 V [378]. The electrochemical performance of Ar 

annealing was found to surpass that of air, exhibiting a high initial discharge 

capacity of 227.9 mAhg-1, notable capacity retention, enhanced rate capability, 

and cycle stability. Notably, the annealing of TiO2 at 4500C resulted in an 

anatase crystal structure, which was determined to be the most beneficial 

among other crystal structures for TiO2. The primary advantage of the sample 

with a carbon content of 5.22% is its propitious nature compared to the air 

annealed sample. The absence of electrochemical depth was observed when 

the annealing temperature was increased to 6000C and 8000C, resulting in the 

disappearance of the anatase crystal [379]. 

 

2.7  Summary 
The literature reviewed in this study presents various methodologies for 

synthesizing nanostructured TiO2. However, an examination of the significant 
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factors involved in fabrication methods will aid in addressing the challenges 

that arise post-synthesis, specifically in terms of cost efficiency, structural 

integrity, electrochemical performance, and environmental sustainability. 

Anatase titanium dioxide (TiO2) exhibiting various nanostructures has been 

developed to address several limitations, thereby enhancing its 

electrochemical performance and ensuring structural stability. The 

forthcoming chapter will present a straightforward method for producing 

anatase TiO2 nanostructures, drawing upon the knowledge and findings 

gathered from the existing literature. 
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Chapter-03 

Materials and Methods 

3.1  Overview 

Figure 3. 1 Flow Chart of Working Procedure. 
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The comprehensive methodology employed in this thesis encompasses 

several key stages, namely material fabrication, characterization, battery 

assembly, and electrochemical measurements. All of these elements are 

depicted in a flow chart, as shown in Figure 3.1. This flowchart aims to 

enhance the understanding of the methodology employed in the thesis. 

3.2 Chemicals and Instruments: 

The chemicals and instruments utilized in this thesis are enumerated in Table 

3.1 below. 

Table 3. 1 Chemical and Instruments 

Chemical/material/instrum
ent name 

Formula Grade Reason 

Lithium Cobalt Oxide LiCoO2 100% Cathode material 

Battery Electrode Separator Battery grade PVC 
100% As separator 

Pure Titanium Foil Ti 99.99% As for the fabrication of 
anode material 

Platinum Plate Pt 99% Electrode for Anodization 

Li-Battery grade electrolyte LiPF6 100% As electrolyte 

Ethanol C2H5OH 100% Cleaning Agent 

Acetone CH3COCH3 100% Cleaning Agent 

Deionized Water H2O 100% Cleaning Agent 

Ammonium Sulphate (NH4)2SO4 100% Electrolyte Solute for 
Anodization 

Ammonium Fluoride NH4F 100% Electrolyte Solute for 
Anodization 

Ethylene Glycol (CH₂OH)₂ 100% Electrolyte Solute for 
Anodization 

Weight Balance Weight Measuring Purpose 

Magnetic Stirrer For Making Homogenous Mixture 

DC Power Supply For DC Voltage Supply 
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3.2.1 Pure Ti Foil 
The parent material of this thesis is a pure titanium foil with a purity level of 

99.7%. The foil was imported from Suen Studio Co. The foil has a thickness of 

0.1 mm and a width of 200 mm. Figure 3.2 depicts the titanium foil that was 

utilized in the present thesis. 

 

 

 

 

 

Figure 3. 2 Pure Ti foil. 

3.2.2 Pt Plate 
Platinum plates, exhibiting a purity level of 99%, were procured from Suen 

Studio Co. These plates were subsequently utilized as cathodes for the 

purpose of anodization, as depicted in Figure 3..3. The plate possesses 

dimensions of 10mm in length, 10mm in width, and 0.1mm in thickness. 

 

 

 

 

Figure 3. 3 Pt plate. 

Furnace Heat Treatment Purpose 

Coin Cell Battery Case For Assembly Purpose 

Battery Crimper Machine For Assembly Purpose 

Battery Tester For Electrochemical Performance Test 

Multimeter For Voltage and Current Measurement 
Purpose 
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3.2.3 Ethanol (C3H5OH) 
The 95% pure laboratory-grade ethanol utilized in this thesis for the initial 

cleaning of both the Ti foil and Pt plate samples was procured from Dalian 

Future Int. Co., China (refer to Figure 3.4). 

 

 

 

 

 

 

Figure 3. 4 Ethanol. 

3.2.4 Acetone (CH3COCH3) 
Acetone was employed as the cleaning agent in the subsequent step of the 

sample purification process, which was obtained from a local market as 

depicted in Figure 3.5. 

 

 

 

 

 

 

 

 

Figure 3. 5 Acetone. 
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3.2.5 Deionized Water 
The deionized battery-grade water, which was obtained from a local market, 

was utilized for the subsequent third step cleaning process. This involved 

rinsing both the cathode and anode after each anodization, as well as 

preparing the anodization solution. 

3.2.6 Ammonium Sulphate ((NH4)2SO4) 
The primary solute utilized in the anodizing electrolyte is Ammonium 

Sulphate ((NH4)2SO4), which was obtained from Suren Studio Co., China, 

with a purity level of 99% as depicted in Figure 3.6. 

 

 

 

 

 

 

Figure 3. 6 Ammonium Sulphate. 

3.2.7 Ammonium Fluoride (NH4F) 
An additional electrolyte solute, namely Ammonium Fluoride (NH4F), is 

essential in a minimal quantity but serves as the primary precursor for the 

formation of nanotubes. This particular solute was procured from Suren 

Studio Co., China, as depicted in Figure 3.7. 

Figure 3. 7Ammonium Fluoride. 
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3.2.8 Ethylene Glycol 
The inclusion of an extra solute, specifically Ethylene Glycol (CH₂OH)₂, is 

necessary in a limited amount as it acts as the key precursor for the generation 

of nanostructures in figure 3.8. 

 

 

 

 

Figure 3. 8 Ethylene Glycol. 

3.2.9 Weight Balance 
A precision weight balance was employed in order to quantify the various 

weight percentages of solutes present in the electrolyte solution. In this thesis, 

the SCIENTECH precision electronic weight balance (shown in Figure 3.9) 

was utilized. The maximum precision readability of this instrument ranges 

from 0.01gm to 0.001gm for weights ranging from 40 gm to 400 gm, 

respectively. Through the utilization of this apparatus, we conducted 

measurements on the concentration of NH4F, yielding a value of 0.5 weight 

percent. Additionally, we determined that (NH4)2SO4, with a mass of 13.2 

grams, is equivalent to a molar concentration of 1 mole per liter in a 100 

milliliter aqueous solution. 

 

 

 

 

 

 



119 
 

 

 

 

 

 

 

 

 

Figure 3. 9 Precision weight balance. 

3.2.10 Magnetic Stirrer 
In this study, a Yaeccc brand magnetic stirrer hotplate, specifically the '78-1 

Magnetic Stirrer Hotplate' model, was employed to facilitate the attainment of 

a uniform mixture of solutes within the electrolyte. The specifications can be 

found in Table 3.2, which is accompanied by Figure 3.10. 

Table 3. 2 Specifications of Magnetic Stirrer 

AC 220V 50Hz  Power 25 W 
Heat Power 150 W  Speed 2400 rpm 

 

Figure 3. 10 Magnetic stirrer. 
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3.2.11 DC Power Supply 
In order to obtain a direct current (DC) voltage supply for the process of 

anodization, a DAZHENG brand DC power supply, specifically the PS-3050 

model as shown in Figure 3.11, was utilized. 

 

 

 

 

 

 

Figure 3. 11 DC power supply. 

3.2.12 Furnace 
The furnace is a necessary requirement for the annealing process. The 

fabrication process employed in this study involves the utilization of a 

furnace for the annealing step. The electric furnace utilized in this study, 

manufactured by Noberthem Co., is depicted in Figure 3.12. It possesses a 

maximum temperature capability of 30000C and was employed for the 

purpose of annealing the anodized samples. The samples underwent a heat 

treatment for a duration of 2 hours at a temperature of 5500C within the 

furnace. 

 

 

 

 

 

Figure 3. 12 Electric furnace. 
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3.2.13 X-Ray Powder Diffraction (XRD) 
X-ray diffraction data were acquired using the Empyrean, PANalytical 

machine from the Netherlands (see Figure 3.13). 

 

Figure 3. 13 Empyrean, PANalytical (Netherlands) XRD machine. 

3.2.14 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray 
(EDX) Machine 

SEM images and EDX spectra were taken using JSM 7600F JEOL (Japan) SEM-

EDX machine, Showed in Fig.3.14. 

 

 

 

 

 

 

 

 

Figure 3. 14 JSM 7600F JEOL (Japan). 
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3.2.15 Lithium Hexa Fluoro Phosphate (LiPF6) 
In this thesis, the battery grade electrolyte utilized during battery assembly 

was Lithium Hexa Fluoro Phosphate (LiPF6), as illustrated in Figure 3.15. The 

product was sourced from Xiamen Tmax Battery Equipments Ltd., a company 

based in China. The specifications are presented in Table 3.3. 

Figure 3. 15 Lithium Hexa Fluoro Phosphate. 

Table 3. 3 Specifications of LiPF6 

Organic Solvent EC+EMC; 3:7 in volume 

Chromaticity <50 Hazen 

Moisture ≤20ppm 

Free Acid (HF) ≤50ppm 

Density 1.20±0.03g/ml @ 25oC 

Electrical Conductivity 7.4±0.5mS/cm 

Chlorine (Cl) <1ppm 

Sulfate (SO4) <10ppm 

Potassium (K) <10ppm 

Sodium (Na) <10ppm 

Calcium (Ca) <10ppm 

Iron (Fe) <6ppm 

Lead (Pb) <5ppm 
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3.2.16 Coin Cell Battery Case 
The coin cell battery CR2032 coil cell cases, along with spacer and wave 

springs (as shown in Figure 3.16), were procured from Xiamen TOB New 

Energy Company Ltd. in China. The diameter of the cases is 20 mm, while 

their thickness measures 3.2 mm. 

 

Figure 3. 16 CR2032 Coin cell battery case. 

3.2.17 Battery Crimper 
In order to secure the upper and lower-case components, which include the 

cathode, anode, separator, electrolyte, spacer, and wave spring, a crimping 

machine (Figure 3.17) was employed. The operational range of the machine 

spans from 0 to 250 pounds per square inch (psi). 

 

 

 

 

 

 

 

Figure 3. 17 Battery crimper. 
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3.2.18 Battery Tester 
The electrochemical testing in this study utilized the LAND 2001A battery 

tester, as shown in Figure 3.18. The data analysis was conducted by 

synchronizing a personal computer equipped with Land software with the 

tester. 

 

Figure 3. 18 LAND CT2001A. 

3.3 Experimental Procedure 
The experiment can be divided into four distinct sections. They are 

 Fabrication of Nanostructure Anatase TiO2 

 Characterization 

 Battery assembly 

 Electrochemical Performance Test 

3.3.1 Fabrication of Nanostructure Anatase TiO2 
a) Rinsing 

In this study, a high purity titanium foil with a purity of 99.6% was subjected 

to oxidation to produce nanotube anatase titanium dioxide (TiO2) using the 

anodization technique. The anodization process involved the use of a 

platinum plate as the cathode. Prior to the process of anodization, the 

samples, particularly titanium foils, underwent a preliminary cleaning 

procedure involving immersion in distilled water and detergent solution for a 
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duration of 30 minutes. Subsequently, the samples underwent a 10-minute 

cleaning process in a solution consisting solely of ethanol. Subsequently, the 

samples underwent a final rinsing process through immersion in acetone for a 

duration of 20 minutes. Following this, the samples were subjected to a 

drying procedure at a temperature of 105oC for a period of 24 hours. The 

specimens were prepared for the process of anodization. 

b) Anodization 

Nanotube TiO2 electrodes were manufactured using pure titanium foils 

(99.7%) with a thickness of 0.10 mm. The Ti samples underwent a series of 

cleaning steps, including ultrasonic cleaning in distilled water, ethanol, and 

acetone, followed by air drying at room temperature. The process of 

electrochemical anodization was conducted under ambient conditions using a 

custom-made cell featuring a two-electrode setup. The anodization method 

involved the utilization of a DAZHENG brand, model PS-3050 DC power 

supply to maintain a consistent voltage. Titanium foils with a surface area of 

25.0 cm2 were utilized as anodes, while a platinum plate with an area of 1.0 

cm2 was employed as the cathode. The separation distance between the 

anode and cathode was consistently maintained at a value of 2.cm. The 

solution contained electrolytes consisting of 0.5g of NH4F dissolved in 13.2g of 

1M (NH4)2SO4, together with varying concentrations of ethylene glycol (EG). 

These concentrations were 10% (electrolyte type 1), 20% (electrolyte type 2), 

30% (electrolyte type 3), and 50% (electrolyte type 4). The potential was 

incrementally raised from 0 V to 32 V over a period of time, and thereafter 

maintained at this level for duration of 2 hours while maintaining a negligible 

current flow. The confirmation of homogenous mixing of the solutes in 

solution and the appropriate motions of the ions was achieved by utilizing a 

magnetic stirrer operating at an average speed of 400 revolutions per minute 

throughout the whole anodization time. Following the process of anodization, 
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the initial grey appearance of the anodized section of titanium foils 

underwent a transformation, resulting in a bluish aesthetic. Following the 

process of anodization, the samples underwent a 10-minute washing 

procedure using deionized water, and air drying at room temperature. 

Subsequently, all specimens were subjected to a cleansing process using 

distilled water, followed by their placement in a furnace for the purpose of 

calcination at a temperature of 550ºC for a duration of 2 hours. The entire 

procedure is illustrated in Figure 3.19.  

 

 Figure 3. 19 Visual representation of fabrication steps of anatase TiO2 
nanostructure. 
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The furnace yielded four varieties of anatase TiO2 as the end products. These 

variants include 10% ethylene glycol (EG) (sample a), 20% ethylene glycol 

(EG) (sample b), 30% ethylene glycol (EG) (sample c), and 50% ethylene glycol 

(EG) (sample d). The assortment of products is visually presented in Figure 

3.20 (a-e). 

 

Figure 3. 20 Anodized anatase TiO2 of (a) 10% (electrolyte type 1), (b) 20% 
(electrolyte type 2), (c) 30% (electrolyte type 3) and (d) 50% (electrolyte type 4) 

and (e) Pure Ti substrate. 

c) Growth mechanism of nanostructured oxide layer via Anodization 

The initiation of the dissolution process of the oxide layer occurs concurrently 

due to the influence of the field-assisted high polarization effect on this layer. 

Consequently, a significant polarization effect leads to the induction of Ti4+ 

cations via the breakage of Ti-O bonds. In contrast, the process of hydrogen 

assessment is observed at the cathodic terminal, as indicated by equation 

Eq.(3.1). 

8H3O+ + 8e- → 4H2 + 4H2O         Eq.(3.1) 
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Dissolution commences at the anode upon the application of voltage, 

resulting in the generation of Ti4+ ions as described by Equation (3.2). In 

addition, when water molecules undergo deprotonation, they dissociate into 

hydroxide (OH-) or oxide (O2-) ions, both of which are present in the 

electrolyte. The migration of oxygen anions occurs from the oxide/electrolyte 

interface to the metal surface, while Ti4+ cations move from the 

metal/electrolyte contact to the oxide/electrolyte interface. Therefore, the 

formation of the oxide layer occurs in accordance with Equation (3.3). The 

presence of an electric field facilitates the phenomenon of ion transfer. 

Ti→ Ti4+                         Eq.(3.2) 

Ti(OH)4 → TiO2 + 2H2O                     Eq.(3.3) 

Introducing F- species initiated the chemical attack on the oxide coating, 

leading to the beginning of pores. Initially, a complex ion is generated 

through the interaction of Ti4+ ions and F- species, as represented by 

equations Eq.(3.4) and Eq.(3.5). 

Ti4+ + 6F- →[TiF6]2-                      Eq.(3.4) 

TiO2 + 6HF− → [TiF6]2− + 2H2O +2H+                                                Eq.(3.5) 

Ultimately, the induced chemical attack carried out by the complex ion on the 

oxide layer leads to the start of pores. The depiction of the entire system may 

be observed in Figure 3.20 (a-e). 

The chemical assault of [TiF6]2− induces the formation of minuscule 

depressions on the oxide layer, as depicted in Figure 3.21(c). The formation of 

these pits can be attributed to the interaction between chemical agents and an 

electric field. As the anodization time progresses, the pits undergo a widening 

process and then transform into pores, as depicted in Figure 3.21(c). 

Eventually, these pores further develop into nanotubes, as illustrated in 

Figure 3.21(d). The production of nanotubes can be understood as a dynamic 
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interplay between two competing reactions: oxide synthesis and chemical 

etching of the oxide layer. A stable nanostructure layer is established when 

the rates of both processes are equivalent. The cause of a high oxidation rate 

resulting in a thick layer of oxide is attributed to an increased anodization 

voltage [145]. 

3.3.2 Characterization 
The samples were subjected to characterization using X-Ray Powder 

Diffraction (XRD), Scanning Electron Microscopy (SEM), and Energy 

Dispersive X-ray (EDX) techniques at Bangladesh University of Engineering 

and Technology (BUET). 

a) XRD 

The crystallographic information of various anatase TiO2 samples, namely 

sample 2, sample 4, sample 6, sample 8, and sample 9 (consisting of pure Ti 

substrate), was obtained through the utilization of the X-Ray Powder 

Diffraction (XRD) technique. The technique employed in this study is 

essentially a nondestructive approach, wherein monochromatic x-rays are 

directed onto the sample as depicted in Figure 3.21. Monochromatic X-rays 

are generated using a cathode, followed by subsequent filtration and 

collimated intensification. The sample is subjected to focused X-ray beams. 

When the interactions between X-rays and a sample result in the formation of 

a constructive interference pattern with a diffracted ray, this phenomenon can 

be understood in terms of Bragg's Law. 

     nλ=2d sin θ    Eq: 3.6 

In the context of this study, it is assumed that the variable "n" represents an 

integer value. Additionally, the symbol "λ" denotes the wavelength of x-ray 

radiation that results in the occurrence of constructive interfaces. The variable 

"θ" represents the incident angle, while "d" represents the lattice spacing,  
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which is a unique characteristic specific to each individual lattice. 

Figure 3. 21 Working principle of XRD. 

Subsequently, the aforementioned x-rays are quantified, and the lattice 

spacing can be readily ascertained through the utilization of the prescribed 

equation. In order to account for the varied and disorganized arrangement of 

the samples, scanning is conducted at an angle of 2θ. In our analysis, we also 

examined the 2θ range from 100 to 900 with a step size of 0.05º. We utilized Cu 

Kα radiation (Empyrean, PANalytical- Netherlands) with a wavelength of ƛ= 

1.5406Å. 

b) SEM 

The scanning electron microscope (SEM) was utilized to conduct a 

morphological analysis of both as-prepared anodized TiO2 and anatase TiO2. 

The scanning electron microscopy (SEM) is a microscopic imaging technique 

that utilizes a series of focused electron beams to generate visual 

representations of specimens. The analysis involves the activation of high-

energy, focused electron beams on the surface of the specimen. The signals 

obtained as a result of electron-surface interaction provided insights into 

various aspects of the surface, including its texture (morphology), crystalline 

structure, orientation, and chemical composition. In practice, when high-
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energy electrons collide with the surface of the sample, they undergo 

deceleration, resulting in the generation of signals that consist of secondary 

electrons. The generation of scanning electron microscopy (SEM) images is 

attributed to the presence of secondary electrons, as well as backscattered 

electrons (BSE) and diffracted backscattered electrons (EBSD). Furthermore, 

the X-ray diffraction resulting from electron-electron interactions does not 

have any effect on volume. This technique is classified as a nondestructive 

testing method. The operational mechanism of the scanning electron 

microscope (SEM) is visually depicted in Figure 3.22. In this experiment, 

scanning electron microscopy (SEM) images were acquired using a JSM 7600F 

instrument manufactured by JEOL (Japan). The images were obtained at an 

accelerating voltage of 5.0 kilovolts (KV) and at various magnifications, 

including 5000x, 10000x, 20000x, 30000x, and 50000x. 

 

Figure 3. 22 Working Principle of SEM. 

c) EDX 

In Figure 3.23, the electron beam impinges upon the inner shell of an atom, 

resulting in the ejection of an electron from the shell. This process creates a 

positively charged electron hole, which is the fundamental principle 

underlying the functioning of EDX analysis. When an electron is displaced, it 
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is attracted by another electron from an outer shell to fill the resulting 

vacancy. The discharge of this energy difference can manifest as an X-ray 

emission when the electron transitions from the outer shell, characterized by 

higher energy levels, to the inner shell, characterized by lower energy levels, 

within the atom. X-ray emissions are specific to the element and its transition. 

The X-rays produced during the procedure are detected by a silicon drift 

detector, which subsequently analyzes and interprets the signal using 

specialized software. Various methods can be employed to present chemical 

information, such as elemental mapping and line scanning. In this manner, X-

ray technology can be employed for the purpose of identifying individual 

elements present within a given sample. EDX spectra were additionally 

acquired using the JSM 7600F instrument manufactured by JEOL (Japan) in 

this thesis. Electrons were stimulated within the energy range of 0keV to 

10keV. 

 

Figure 3. 23 Working Principle of EDX. 

3.3.3 Coin Cell Battery Assembly 
The assembly process involved the utilization of a CR2032 coin cell battery 

case set. The battery case comprises various components, including upper and 

lower cases, a spacer, and a wave spring. The anatase titanium dioxide (TiO2) 

samples and the aluminum sheet coated with lithium cobalt oxide (LiCoO2) 

were subjected to die punching with a diameter of 18 mm in order to achieve 
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a precise fit within the cases. The PVC separator used in battery 

manufacturing was also subjected to a cutting process, resulting in a 

reduction to a length of 20 mm, following the same procedure. Subsequently, 

each layer was sequentially positioned between the cases in accordance with 

the diagram depicted in Figure 3.24. Both sides of the separator were 

observed to contain small droplets of electrolyte. The electrolyte used in the 

experiment consisted of a 1M concentration of LiPF6 dissolved in a mixture of 

ethylene carbonate (EC) and diethylene carbonate (DEC) at a volume ratio of 

3:7. The crimping process is ultimately executed at a pressure of 

approximately 100 pounds per square inch (psi) utilizing a battery-powered 

crimping machine. This process involves the utilization of four distinct types 

of batteries, namely B-1 and B-2. B-3 and B-4 were constructed using sample 

b, sample c, sample d, and sample e, respectively. 

 

 

 

 

 

 

 

Figure 3. 24 CR2032 Coin Cell Battery Case. 

3.3.4 Electrochemical Performance Test 
The electrochemical performance tests were conducted using a three-step 

procedure. In the initial stage, an assessment was conducted on the discharge 

profiles of the first cycle. The charge and discharge profiles of the second, 

fifth, eighth, and tenth cycles for all batteries were examined. Based on the 

findings of these two analyses, battery has undergone deep cycling. 
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Chapter-04 

Results and Discussions 
4.1  Introduction 
The selection of anode material plays a critical role in achieving optimal 

performance in lithium-ion batteries (LIBs). The morphological composition 

of its anode mostly influences the effectiveness of a lithium-ion battery (LIB). 

Nanomaterials have inherent advantages over bulk materials in terms of their 

ability to hold more charges. Furthermore, there exists a correlation between 

crystallinity and storage capacity. The crystal phase exhibits superior rate 

capability and pseudocapacitive behavior compared to the amorphous phase. 

As previously stated, transition metal oxides have emerged as highly viable 

options for serving as negative electrodes in lithium-ion batteries (LIBs). In 

the context of this thesis, the selection of TiO2 as the primary emphasis is 

motivated by its numerous favorable characteristics. 

This thesis aims to elucidate the nanotube of anatase TiO2 via the anodization 

technique. Anatase has been selected as the preferred crystal phase of TiO2 

owing to its notable electrochemical reactivity when compared to other 

crystal phases. Four different variants of nano-structured anatase TiO2 have 

been successfully produced. The many variants under consideration include 

the 10% (electrolyte type 1) (sample b), 20% (electrolyte type 2) (sample c), 

30% (electrolyte type 2) (sample d), and 50% (electrolyte type 4) (sample e). In 

order to substantiate the methodology employed in this thesis, an array of 

analytical techniques including X-ray diffraction (XRD), scanning electron 

microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX) were 

utilized to perform comprehensive characterizations of the synthesized 

nanomaterials. In addition, electrochemical performance tests were conducted 

and briefly examined in chapter 3. The primary aims of this chapter are to 
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compile the results obtained from various physiological and electrochemical 

tests, to identify the underlying causes of different unique structures and their 

potential structural assessments, and to establish connections between distinct 

structures and their electrochemical performances in lithium-ion batteries 

(LIBs). 

4.2   XRD Analysis 

Figure 4. 1 XRD patterns of different NT-TiO2 along with pure Ti. 

The phase purity and crystallinity of Ti and different nanostructured TiO2 

were examined by X-ray diffraction (XRD) technique (Fig.4.1). The crystal 

structure of TiO2 was tetragonal body centered from space group I41/amd 

with lattice parameter a = 3.79 Å, c = 9.51 Å for sample b, sample c, sample d 

and sample e. These data confirm the anatase phase of TiO2. The values were 

also precisely matched with standard data (JCPDS Card no. 21-1272).   But, 

more prominent peaks of anatase are observed at diffraction 2θ angles of 

39.910 (101 plane), 52.770 (012 plane) and 70.4190 (013 plane). The purity of Ti 



136 
 

is demonstrated by the absence of any impurity phases within the 

diffractometer's detection range. Furthermore, it is evident from the XRD 

pattern that no other diffraction peaks related to the oxide phase are seen. Ti's 

XRD pattern possesses strong intensity and distinct peaks. 

After calcination process at 5500C at 2 hours, three additional diffraction 

peaks are observed at 2θ = 22.870, 25.360 and 27.500 respectively. But as in 

crease the Ethylene Glycol(EG) in the solution the number of peaks are 

reduced and in 50% EG electrolyte these additional peaks are vanished. It 

means the increasing percentage of EG in the solution are hampered the 

anodization process. Plugging these diffraction data in following Scherrer’s 

formula (Eq.(4.1)), we calculated the average crystal sizes for all samples 

shown in Table 4.1. 

                               D = 0.9×λ/Bcos(θ)                                                 Eq.(4.1) 

where, 

λ = X-ray wavelength in nanometers; 

B = Full width at half maximum (FWHM) of peaks at 2θ; 

θ = The angle between the incident and diffracted beams in degree; 
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Table 4. 1 Crystal Size for all samples 

Sample 
No 

 
Crystallographic Data for Pure Ti 

Average 
Crystal 

Size 
(nm) 

 
a 

2θ 35.90 38.14 39.92 47.30 52.77 62.78 70.42  
38.27 B 0.22 0.32 0.23 0.20 0.26 0.22 0.33 

D 40.42 28.01 38.76 46.31 36.18 46.02 32.16 
  

Crystallographic Data for 10% EG (Electrolyte Type 1) 
 

 
b 

2θ 22.87 25.37 27.51 36.21 38.47 40.23 47.61 53.06 63.07 70.71  
65.66 B 2.07 0.36 0.44 0.16 0.16 0.10 0.10 0.09 0.13 0.09 

D 4.21 24.39 20.09 56.26 58.35 89.19 92.14 111.45 80.33 120.18 
  

Crystallographic Data for 20% EG (Electrolyte Type 2) 
 

 

 
c 

2θ 25.30 27.48 36.16 40.18 47.57 53.01 63.01 70.67 63.07 70.71  
81.06 B 0.31 0.37 0.16 0.11 0.10 0.08 0.12 0.08 0.13 0.09 

D 28.40 23.91 56.67 85.59 95.77 113.10 82.88 123.76 80.33 120.18 
  

Crystallographic Data for 30% EG (Electrolyte Type 3) 
 

 

 
d 

2θ 25.47 27.64 36.35 38.63 40.36 47.76 53.21 63.14 70.79  
25.70 B 1.93 0.64 0.34 0.40 0.33 0.26 0.30 0.27 0.34 

D 4.55 13.68 26.63 22.43 27.81 36.62 31.50 37.04 31.09 
  

Crystallographic Data for 50% EG (Electrolyte Type 4) 
 

 

 
e 

2θ 36.24 38.50 40.27 47.65 53.09 63.08 70.73  
59.59 B 0.18 0.21 0.19 0.14 0.16 0.15 0.13 

D 51.22 42.90 46.98 67.13 61.41 66.44 81.03 
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4.3  SEM & EDX Analysis 
 

 

Figure 4. 2 High magnification SEM image and EDX spectra of I (10% EG 
electrolyte Type 1). 

The plan-view SEM images and EDX spectra of NT-TiO2 prepared in 

different electrolytes for 2h and after calcination at 5500C for 2h has been 

shown in different figures. Non-uniform NT-TiO2 arrays were grown by 

anodization in all four different electrolyte solutions, and all the NT-TiO2 

arrays were observed clearly underneath the Ti substrates. Different 

structured were observed on the electrode surfaces that were anodized in 

electrolytes containing 10 vol%, 20 vol%, 30 vol% & 50% of EG in Fig.4.2, 

Fig.4.3, Fig.4.4 & Fig.4.5 respectively.  

In Fig.4.2 (a), the electrochemical anodization of titanium at 10% EG 

electrolyte type 1 leads to the formation of an ordered nanotubular array on 
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the titanium surface. The nanotubes are compact in this area. For the 

elemental characterization of the obtained nanotube layers, energy dispersive 

X-ray analysis is conducted using an acceleration voltage of 10 kV. The 

characteristics of the emitted X-rays from the anodized subtrate produced at 

different condition are presented in the figure 4.2 (b-c). The EDX spectrum 

indicates the presence of the TiKa peak at 4.508 keV and O peaks at 0.525 keV 

as well as C peak at 0.277 keV in the anodized sample. The obtained mass 

percentages of Ti is 55.30% and O is 42.44% and atom percentage of Ti, O & C 

is 28.93%, 66.81% & 4.26%. In this analysis, another peak of carbon is found at 

0.277 keV with the percentage of C is 2.04%. 

 

Figure 4. 3 High magnification SEM image and EDX spectra of (20% EG 
electrolyte Type 2) 

On the contrary, earth crust like textures was appeared in the figure 4.3 (a). 

The EDX spectrum indicates the TiKa peaks at 4.508 keV, O peaks at 0.525 
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keV and C peak at 0.277 keV with the mass and atom percentages of Ti, O & C 

are 89.89%, 8.62% & 1.49% and 73.89%, 21.22% & 4.89% respectively shown in 

figure 4.3 (b-c).  

In contrast, the image 4.4 (a) depicted the presence of textures resembling 

those found in the Mars surface. The energy-dispersive X-ray (EDX) spectrum 

reveals the presence of peaks corresponding to titanium (TiKa) at 4.508 keV, 

oxygen (O) at 0.525 keV, and carbon (C) at 0.277 keV. The mass and atom 

percentages of Ti, O & C are reported as 63.81%, 34.38% & 1.81% and 36.68%, 

59.17% & 4.16% respectively. These values are depicted in figure 4.4 (b-c). 

 

Figure 4. 4 High magnification SEM image and EDX spectra of (30% EG 
electrolyte Type 3) 
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On the other hand, image 4.5 (a) exhibited the existence of textures that bear 

resemblance to those observed on sand surface. The energy-dispersive X-ray 

(EDX) spectrum exhibits discernible peaks that correspond to titanium (TiKa) 

at 4.508 keV, oxygen (O) at 0.525 keV, and carbon (C) at 0.277 keV. The 

indicated values can be observed in Figure 4.5 (b-c). 

 

Figure 4. 5 High magnification SEM image and EDX spectra of (50% EG 
electrolyte Type 4) 

From the above, it is clear that the nanotube is formed only in the 10%EG 

Electrolyte Type 1. So, battery is assembled only from 10% EG Electrolyte 

Type 1 sample and electrochemical performance is measured further. 

 

 

 



142 
 

4.4   Electrochemical analysis of Anatase TiO2 Nanotubes as 
anode of LIBs: 

The galvanostatic charge-discharge cycle is carried out to measure the 

electrochemical performance of the as-prepared anatase TiO2 nanotubes 

anode. 

 

 Figure 4. 6 Change of Current and Voltage with respect to time from 1-20 
Charge-Discharge cycles. 

Figures 4.6 and 4.7 show the changes in current and voltage with respect to 

time. The cut-off voltage ranges are -4V-3.8V. From figure 4.6, it is shown that 

at the beginning of the cycling, the voltages remain 2.5V. However, as the 
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cycling moves forward, the voltage increased, and after 20th cycle the voltage 

is decreased. 

On the other hand, in figure 4.7 from the voltage & current both are increased 

and at the end of the 40th cycle of the charge-discharge process, the voltage is 

found to be 4.2V. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 7 Change of Current and Voltage with respect to Time from 21-40 
Charge-Discharge cycles. 
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One of the most important analyses carried out to forecast cell failure is 

differential capacity analysis. Figure 4.8 depicts a variation of dQ/dV with V 

up to 40 charge-discharge cycles. From Figure 4.8 it’s evident that from 21 

cycles the cell gradually starts to fail. 

 

Figure 4. 8 Change of dQ/dV with respect to voltage from 01-40 cycles. 
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The actual electrochemical performance of the LIB is shown in different 

figures, whereas the prepared anatase TiO2 nanotubes disc is used as an 

anode. 

 

Figure 4. 9 Change of Specific capacity and columbic efficiency during 01-20 
charge-discharge cycles with 1C current rating. 

Figure 4.9 depicts the variation of specific capacity and columbic efficiency 

with 1-20 galvanostatic charge-discharge cycles Figure 4.10 shows the 

variation of specific capacity and columbic efficiency with 21-40 galvanostatic 

charge-discharge cycles.  

First cycle charge-discharge capacities are 550 mAhg-1 and 400 mAhg-1, 

respectively, with columbic efficiency 75.75%. Higher initial capacities are 

ascribed to gel-like SEI layer formation by electrolyte decomposition. The low 

columbic efficiency is attributed to unstable SEI formation, low reversible 

capacity, and electrolyte decomposition. However, in the subsequent 2nd 

cycle, the charge-discharge capacity drastically reduced to 500 mAhg-1 and 

360 mAhg-1, respectively, due to the amorphous Li2O formation, which 
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required a huge amount of lithium and caused the loss of lithium [241]. The 

increased columbic efficiency of 75.4% in the 2nd cycle is attributed to stable 

SEI layer formation. However, the cell shows instability with fluctuating 

columbic efficiency attributed to the larger volume expansion and 

pulverization effect of the anode. At 27th cycle the columbic efficiency is as 

high as 120%. This phenomenon is typical for transition metal oxide, 

popularly known as pseudo capacitance. At 40th cycle, charge-discharge 

capacities are found to be 375 mAhg-1 and 325 mAhg-1, respectively, and at 

this cycle, the columbic efficiency is 80% 

 

Figure 4. 10 Change of specific capacity and columbic efficiency during 21-40 
charge-discharge cycles with 1C current rating. 
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4.5   Photo Activity Test 
The photocatalytic activity of anatase TiO2 nanostructure anode sheet was 

measured using methylene blue (MB) dye solutions. The material is shown 

the photo activity behavior. The findings indicate that higher concentrations 

of ethylene glycol do not result in a corresponding rise in photocatalytic 

activity. The blank sample also exhibited photocatalytic activity but showed 

very low dye degradation (46%) in 4 hours (Figure 5.3.1-5.3.2). This result 

confirms that the nanostructured anatase TiO2 sheet was successfully 

fabricated and demonstrated excellent methylene blue degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 11 The photocatalytic degradation of MB dye by using different 
types of anatase TiO2 nanotube anode sheets. 
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Figure 4. 12 The absorption spectra of MB dye solution on (a) 10% EG 
electrolyte Type 1, (b) 20% EG electrolyte Type 2, (c) 30% EG electrolyte Type 

3, (d) 50% EG electrolyte Type 4 at various times of sunlight irradiation. 

So, this material is also used for energy harvesting research purpose. It is a 
dual functional material. 

4.6   Comparison of our works with previous 1D Anatase TiO2 

Study 
The comparison between our work with previous work is given below: 

 Table 4. 2 Comparison of our work with previous work 

Compare Cycle 
No. 

Unit Our 
Work 

Previous 
Work 

Reference 
Number 

Charge Capacity   
1st 

mAhg-1 550  290  
[305] 

          
Discharge Capacity mAhg-1 400  239 
Columbic Efficiency % 75 82 

Charge Capacity   
Last 

mAhg-1 375 238  
[305] Discharge Capacity mAhg-1 325 198 

Columbic Efficiency % 80 98 
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In the comparison it is noted that, for our work, last cycle is 40th cycle and 
previous work, last cycle is 20th cycle. 

4.7   Summary 
In this chapter, after the anodization and calcination process, the nanotube of 

anatase TiO2 is found in the 10% EG Electrolyte Type 1. The surface 

morphology and electrochemical performance of the as-prepared anode are 

also evaluated. The battery exhibits excellent charge-discharge capacity of, of 

550 mAhg-1 and 400 mAhg-1 respectively with 75.25%. At 40th cycle, 375 

mAhg-1 and 325 mAhg-1 with 80% columbic efficiency of charge-discharge 

capabilities were discovered. This effect, also known as pseudo capacitance, is 

typical of transition metal oxide. 
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Chapter-05 

Conclusion and Further Study 
 

5.1   Conclusion 
This thesis represents a facile fabrication of nanotube anatase TiO2 (NT-TiO2) 

via electrochemical anodization by different percentage of EG in of Ti foils 

(99% pure) by different percentage of EG in the electrolyte. After that at 5500C 

for 2h calcination is performed. Four different types of distinct geometry have 

been appeared. After surface morphology analysis, the anatase TiO2 nanotube 

is found in the 10% EG electrolyte Type 1. The battery is assembled only for 

10% EG electrolyte Type 1 (sample b). Assessments of these NT-TiO2 products 

as anode showed propitious outcomes. They provide high surface area which 

allow higher electrode/electrolyte interface. As consequence, lithium storage 

capacity has greatly enhanced than bulk amorphous TiO2. The improvement 

in storage capacities, rate performances and cyclabilities were in different 

extents for four various batteries. Several outcomes are enumerated below: 

 The cut-off voltage ranges are -4V-3.8V. It is shown that at the 

beginning of the cycling, the voltages remain 2.5V. However, as the 

cycling moves forward, the voltage increased, and at the end of the 

40th cycle of the charge-discharge process, the voltage is found to be 

4.2V. 

 From 21 cycles the cell gradually starts to fail. 

 The battery exhibits excellent charge-discharge capacity of 550 mAhg-1 

and 400 mAhg-1 respectively with 75.75% columbic efficiency. 

 At 27th cycle the columbic efficiency is as high as 120%. This 

phenomenon is typical for transition metal oxide, popularly known as 

pseudo capacitance. 
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 At 40th cycle, charge-discharge capacities are found to be 375 mAhg-1 

and 325 mAhg-1, respectively, and at this cycle, the columbic efficiency 

is 80% 

5.2   Limitations 
This study focuses on the fabrication and thorough analysis of a high-capacity 

anode. However, it is essential to note that certain limits were found in this 

investigation. The limitations of this study are as follows: 

 The cathode material utilized in our thesis consisted of LiCoO2 sheets, 

which were procured from China. The voltage of the produced 

lithium-ion battery system (LIBS) decreased due to a decrease in the 

quantity of active components present on the sheet. 

 The thermal oxidation furnace employed in the experiment exhibited 

signs of aging, resulting in a less than optimal temperature control. 

Furthermore, the occurrence of abrupt power outages further impeded 

the consistent oxidation process. 

 The electrolyte used in the study was LiPF6 which is photosensitive 

and volatile in nature. In an open environment, the electrolyte 

decomposes easily. Handling the electrolyte in an open environment 

was one of the major challenges of this study. 

 For assembly and testing, a moisture-free atmosphere is necessary for 

lithium-ion batteries (LIBs). The highest quality LIB is produced in a 

highly regulated, moisture-free environment in an inert atmosphere 

glovebox system. Due to a lack of a glove box facility in our lab, we 

were unable to construct LIB in a moisture-free environment, which 

had an adverse influence on the battery's electrochemical performance.  
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5.3   Further Study 
In this work, the fabrication of NT-TiO2 was conducted through the utilization of an 

anodization procedure. The interior texture of nanotubes is significantly influenced 

by several parameters during the process of anodization. These parameters 

encompass the applied voltage, time, temperature, electrolyte composition, agitation, 

and the surface state of both the cathode and anode. The dimensions and shape of 

nanotubes can be adjusted by modifying these factors. Several significant 

improvements and points should be considered for future pursuit of this thesis work. 

They are: 

 In electrolyte the percentages of Ethylene Glycol can be increased. The 

other contents ratio like 1M (NH4)2SO4, 0.5 wt% NH4F can be altered. 

 Applied voltage can be altered. 

 Anodization period can be varied. Long duration is suggested be 

applied in presence of EG. 

 Surface of Ti foils can be annealed before anodization. 

 Battery performance analysis can be carried at low and higher current 

rate like 0.1C, 0.25C, 2C, 3C etc. for gather more deep insight in 

performance evaluation. 
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