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Abstract 
In general, the energy density capacity of the Li-S battery is exceptional, reaching a value of 

2600 Wh kg-1, nearly five times higher than that of the lithium-ion battery. However, the 

application of this technology faces a lot of challenges because of the polysulfides shuttle effect 

and redox reaction that results in the kinetic capacity loss of the electrode material. In this 

current study, anatase phase TiO2 nanotubes with a size of approximately 18.3 nm were 

fabricated by the hydrothermal technique as a multifunctional additive in three different forms: 

TiO2 nanotubes, nickel oxide decorated TiO2 nanotubes (NiO/TiO2), and nickel metal-modified 

TiO2 nanotubes (Ni/TiO2). These materials were deposited onto carbon fibre paper to fabricate 

cathode materials. It should be noted that TiO2 has a high polarity nature and acts as a good 

adsorbent for polysulfides, but the material is characterized by poor electron conductivity and 

catalytic activity. After decoration with NiO nanoparticles, TiO2 can demonstrate improved 

ability for chemisorption and oxidation-reduction of polysulfides. Nickel metal nanoparticles 

decoration improves electronic conductivity and facilitates interfacial reaction. According to all 

analyzed cells, the one that contains Ni/TiO2 electrode provides a superior energy output with 

a specific capacity of 1285 mAh g-1 and after 100 cycles, obtained 1095 mAh g-1 at the sulfur 

load of 4 mg cm-2 under 0.2 C discharge rate. It was observed that the same cell maintains 

distinguished charge-discharge plateaus without polarization after 100 cycles. The minimum 

transfer resistance of 14Ω and maximum Li2S nucleation of 746 mAh g-1 have been achieved 

by using Ni/TiO2. 
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1  Chapter One – Introduction 
       The rapid growth of the renewable energy sector and the onset of electric vehicle 

technology have set off a chain reaction in the pursuit of improved energy storage solutions. 

We seek energy storage solutions that offer higher energy density values, longer cycle life, and 

greater safety. Current lithium-ion batteries (LIBs) have achieved their peak in general 

application capabilities in terms of their theoretical limit for a given capacity and energy 

density[1-3]. The need for alternative battery technologies has therefore become a prominent 

trend in materials science. 

       Lithium sulfur batteries (Li-S batteries) have been identified as one of the promising 

alternatives for the next generation of storage batteries because of the high theoretical specific 

capacity (approximately 1675 mAhg-1) and energy density of about 2600 Wh/kg, significantly 

higher than that of conventional LiBs [3]. Sulfur, the active component of the cathode in Li-S 

batteries, is abundant in nature, very cheap, and eco-friendly. This further adds to the attraction 

of this technology [1]. These merits make Li-S batteries a promising candidate for applications 

ranging from storage to the highly competitive domains of portable electronics and electric 

vehicles. Despite the theoretical merits of Li-S batteries, there have been many challenges in 

the practical implementation of the technology. 

       The realization of Li-S batteries faces several challenges in terms of material 

characteristics. For example, sulfur and the product of a chemical reaction that takes place 

during the processes of a battery, lithium sulfide (Li2S), have very low electrical conductivity 

[3-5]. This low conductivity makes the use of conductive additives necessary in the cathode. 

These additives may add to the weight of the cathode[3, 4]. A second significant problem is 

known as the “polysulfide shuttle effect.” In the redox reaction process of Li-ion batteries, 

intermediate lithium polysulfides (Li2Sx, 4 ≤ x ≤ 8) dissolve in the electrolyte between the 

electrodes [1, 3]. This results in the loss of active material, self-discharge, and fast capacity 

depletion, together with low coulombic efficiency. These factors also include the dissolution 

or migration of polysulfides in the creation of electrically insulating layers on the lithium anode 

surface[3-5].  Additionally, the high volumetric expansion of sulfur (80%) that takes place in 

the lithiation process creates a high degree of stress in the cathode material. The growth of 

lithium dendrites in the battery cycle also poses a serious safety risk of a short circuit or thermal 
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runaway. All in all, the problems mentioned above have been identified to affect the cycle life, 

efficiency of energy conversion, and application of Li-S batteries[3, 5]. 

        To overcome these challenges, there has been significant research on the development of 

highly advanced cathode material designs. Graphene, CNTs, and porous carbon have been 

extensively used as sulfur hosts to improve conductivity properties to effectively confine 

polysulfides[1, 6]. These offer high surface area values and a conductive network to promote 

sulfur utilization and rates of reaction[7, 8]. Metal oxides (such as TiO2, MnO2, NiO) and metal-

organic frameworks (MOFs) have also been proposed as polar hosts or interlayers to 

chemically adsorb polysulfides [9]. Conductive polymers, including polypyrrole and 

polyaniline, have also been investigated for their capability of sulfur encapsulation and 

flexibility enhancement of electrodes[10]. The hybrid nanostructures comprising combinations 

of carbon material with metal oxides/conductive polymers have shown evidence of synergism, 

providing advantages in terms of polysulfide retention capability, catalysis, and strength [9].  

      Within the context of these strategies, TiO2 nanocomposites have received immense 

attention for their unique combination of chemical stability, high polysulfide adsorption 

capacity, and flexibility in forming nanostructures [11-14]. Based on these strategies, one 

promising candidate for the advancement of Li-S batteries would be the application of anatase 

TiO2 nanotubes. The one-dimensional nature of these nanotubes enables a high surface area for 

the accommodation of active polysulfides [13].  

       Anatase TiO2 nanotubes demonstrate some unique merits for the application of the cathode 

additive in Li-S batteries. The one-dimensional nanoscale structure of the TiO2 nanotubes 

enables a higher surface area that provides more sites for the adsorption of polysulfides [15-

19]. Additionally, the tubular structure enables the material to cope well with the volume 

change process in the lithiation and delithiation cycles [16, 17]. 

        Moreover, NiO nanoparticles decoration of the TiO2 nanotubes brings in new 

functionalities. NiO is a transition metal oxide exhibiting high Lewis acidity. It has the 

capability to form strong chemical bonds with polysulfide ions, further lowering their 

dissolution & migration [20, 21]. Furthermore, NiO also possesses catalytic functionality in 

terms of increasing the redox reaction between polysulfides. This further improves the overall 

kinetics of the reaction in the cathode. The combination of TiO2 and NiO provides a strong 

synergistic effect in terms of confining the polysulfides both physically and chemically [22], 

[23]. The addition of metallic Ni nanoparticles tackles the problem of low electronic 



14 
 

 

conductivity in both sulfur and metal oxides. Ni nanoparticles act as high-conductivity channels 

to ensure efficient electron transfer in the cathode composition[20]. Additionally, the 

coexistence of Ni and NiO may also form more catalytic interfaces, thereby facilitating the 

reversible absorption and desorption of polysulfides. In summary, the ternary TiO2 -NiO/Ni 

nanocomposite possesses the merits of strong adsorption capability of polysulfides, high 

catalytic activity, and high electrical conductivity. This provides a holistic solution to the 

complex issues in Li-S batteries [21]. 

Although titanium dioxide has received significant attention due to its polar characteristics, it 

has not found extensive use in batteries due to its low electronic conductivity and limited 

kinetic performance. In this study, three anatase phase TiO2 nanotube-based additives with an 

average nanotube diameter of approximately 18.3 nm were synthesized via hydrothermal 

synthesis, which led to the formation of TiO2 nanotubes. The TiO2 nanotubes were then 

modified with NiO and Ni nanoparticles. These materials were specifically designed to have 

double functionality of lithium polysulfide immobilization and promotion of conversion 

reactions at the same time under the condition of high sulfur mass content. They were tested 

as active cathode components in the form of composite electrodes, incorporated into carbon 

fibre paper substrates. Though the cathode TiO2 has shown decent capacity to absorb lithium 

polysulfides, its efficiency was hampered by low conductivity and low activity towards 

catalysis. However, the electrode with NiO/TiO2 has improved ability for chemical adsorption 

and redox reaction, while Ni/TiO2 improved conductivity and reaction rates. 

1.1  Problem Statement 

       The scaling-up of lithium sulfur batteries is challenged by issues of polysulfide shuttling, 

low redox reaction rates, low electrical conductivity, and sulfur loading. While TiO2 nanotube-

containing lithium sulfur batteries benefit from polar adsorption sites, their low electrical 

conductivity is a drawback. The use of TiO2 nanotubes decorated with Ni/NiO can improve 

adsorption, conversion, and electrical conductivity. However, questions remain on how much, 

where, and in what form of Ni/NiO and TiO2 should be used. There are also no scalable 

preparation methods, and very limited work describes Li-S battery performance above 400 

Wh/kg operation with sulfur loading above 2 mg/cm2. There, hence, appears a challenge in 

developing a rationally designed, scalable Ni/NiO@TiO2 composite host that can be used to 

facilitate Li-S batteries with high energy and long-term stability. 
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1.2 Scope of Study 

           This research aims to synthesize, optimize, and investigate Ni/NiO decorated anatase 

TiO2 nanotube-based multifunctional host materials for lithium sulfur batteries. This research 

encompasses the development of the composite structure using both hydrothermal and thermal 

processing, as well as a thorough analysis of morphology, structure, and surface properties 

using common analytical techniques. This research also aims to investigate the electrochemical 

properties, stability, and resistance to polysulfide leakage for practical sulfur loadings above 2 

mg/cm2. Prototype cell tests are also performed to check the validity of achieving energy 

densities above 400 Wh/kg. This research, however, does not cover the development of 

optimized electrolytes, separators, and integration with battery packs, as it will primarily focus 

on host-sulfur interactions related to the composition and structure of battery components. 

1.3 Objectives of the Study 

          The primary aim of this research work is to design and optimize Ni/NiO-modified TiO2 

nanotube composites for improved performance of Li-S batteries. The research aims to 

optimize the loading, distribution, and phase composition of Ni/NiO on TiO2 nanotube 

structures and identify structure-property correlations. It also aims to develop high-

performance Li-S batteries that can function with sulfur loading over 2 mg/cm2. Furthermore, 

this research work aims to develop scalable processes for the mass production of 

nanocomposite materials, as well as design a lithium sulfur battery prototype that can provide 

energy densities over 400 Wh/kg. 

1.4 Study Significance 

         On a scientific basis, this work promotes a deeper comprehension of the role of Ni/NiO 

composition and distribution over TiO2 nanotubes in relation to polysulfide adsorption and 

catalytic conversion, in addition to offering fundamental insights for efficient design strategies 

for sulfur host materials with versatile properties. On a technological basis, it contributes to 

further advancements in high-loading Li-S batteries with a stable Li-S cathode meeting 

commercial performance benchmarks in a composite host that combines adsorption 

capabilities, catalytic properties, and electrical conductivity. 

1.5 Structure of the Thesis 

This thesis is organized into five chapters. Chapter One presents the introduction, which covers 

the background of lithium-sulfur batteries, the problem statement, scope of study, objectives, 

and significance of the study. Chapter Two provides a review of the relevant literature on Li-S 
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battery challenges, cathode host materials, and the role of TiO2 and Ni/NiO-based 

nanocomposites in improving battery performance. Chapter Three describes the materials, 

synthesis methods, and characterization techniques used in this study, including hydrothermal 

synthesis and the various analytical tools employed. Chapter Four presents and discusses the 

experimental results, covering the structural, morphological, and electrochemical performance 

of the synthesized TiO2, NiO/TiO2, and Ni/TiO2 composites. Chapter Five concludes the thesis 

by summarizing the key findings, drawing conclusions, and offering recommendations for 

future research. 
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2 Chapter Two – Literature Review 

2.1 Polysulfide Shuttle Effect and Kinetic Challenges in Lithium- 

Sulfur Batteries 

2.1.1 Polysulfide Shuttle Effect: Mechanism and Impact 

            The Polysulfide Shuttle Effect occurs because the lithium polysulfides formed react to 

dissolve in and diffuse into the electrolyte solution due to their chemical nature during the cycle 

of the battery cells. The dissolved species move from the positive electrode to the negative 

electrode, where parasitic chemical reactions occur involving lithium metal [24, 25]. The 

shuttle process involves a series of steps: the formation of long-chain polysulfides, their release 

from the sulfur host, dissolution in the electrolyte solution, transport to the anode side, and the 

subsequent chemical reaction with lithium [26]. The extent to which the shuttle effect occurs 

depends upon the polysulfide species solubility, size, and mobility, and the key species to affect 

the shuttle effect has been discovered to be Li2S4 based on its favorable solubility and mobility 

characteristics [27-29]. 

2.1.2 Strategies for shuttle suppression 

           Below is a list of strategies for shuttle suppression. 

 i. Physical confinement of sulfur and or polysulfides in cathode host matrices and interlayers 

[24, 30]. 

ii. Chemical adsorption based on the high affinity of certain materials towards LiPSs, for               

instance, Mn3O4 and functionalized separators [31, 32]. 

iii. Catalytic conversion to enhance the rate of polysulfide redox reactions and minimize their 

presence in solutions [33]. 

iv. Electrolyte engineering to restrict the solubility of polysulfides or facilitate their selective 

transport [34, 35]. 

2.1.3 Kinetic Challenges Associated with Lithium Sulfur Batteries 

            The redox reactions in these batteries, and the deposition of lithium sulfide (Li2S), 

naturally involve low kinetics. The low kinetics are reflected in high polarization, low sulfur 

utilization efficiency, and limited rate capability [29, 36]. For the lean electrolyte/solvent 

conditions, activation polarization, associated with the low interfacial transfer rate, is found to 
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be a major hindrance to kinetics [35]. The kinetics are also hindered by the Li2S crystallization 

process, while methods for the enhanced deposition of amorphous Li2S have shown promise 

in facilitating redox reactions [36]. 

2.1.4 Advances in Kinetic Enhancement 

            Current research focuses on, firstly, catalyst design, in the form of metal oxides, 

selenides, and two-site catalysts, to lower the energy activation and facilitate both the solid-

electrolyte interphase reaction (SRR) and the sulfur evolution reaction (SER)[37, 38]. 

Secondly, he designed separators and cathode structures to work in a synergistic manner to 

improve lithium-ion and polysulfide utilization [39]. Thirdly, redox mediators/electrolyte 

additives to improve fast electron and ion transport [34, 35]. 

2.2 Metal oxide nanostructures (1D, 2D, 3D, nanospheres, 

nanoparticles, nanotubes) and applications. 

          Metal oxides, such as TiO2, ZnO, and their counterparts, exhibit a wide range of 

morphologies: 1D, 2D, and 3D architecture, nanospherical, nanoparticulate, and nanotubular 

structures, and each has proven to offer unique properties in terms of applications in energy 

storage, catalysis, and sensing. 

2.2.1 General applications of metal oxide nanostructures  

2.2.1.1 One-dimension (1D) nanostructures (nanotubes, nanowire and nanorods) 

             The properties of the resultant 1D metal oxides include large surface area, anisotropic 

conduction of ions and electrons, and improved mechanical stability. The applications of the 

properties include gas sensors, EC devices, LEDs, supercapacitor electrodes, and 

nanoelectronics because the properties can be tailor-made through proper control of their 

morphology [40, 41]. 

2.2.1.2 Two-dimensional (2D) nanostructures (nanosheets and nanoplates) 

              The large surface area to volume and availability of active sites make two-dimensional 

metal oxides promising materials in the applications of optoelectronics, sensors, and 

electrochemical energy storage. The two-dimensional structure of metal oxides allows them to 

exhibit properties that are not present in their three-dimensional counterparts due to their 

extremely thin dimensions [42-44]. 
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2.2.1.3 Three-dimension (3D) Nanostructures (Hierarchical, Porous and Branched) 

             The resulting 3D architecture, designed through the combination of 1D and/or 

2D components, offers a conduit structure for efficient ion/electron transport and high 

surface area properties applicable to batteries, supercapacitor electrodes, and catalysts 

[42, 45]. 

2.2.1.4 Nanospheres and Nanoparticles  

             Metal oxide nanospheres and nanoparticles find applications in catalysis, gas 

sensors, energy applications, and biomedical fields because of their size controllability, 

high reactivity, and surface chemistry properties [45]. 

2.2.2 Uses of metal oxide nanostructures in lithium sulfur batteries. 

2.2.2.1 Polysulfide Adsorption and Shuttle Suppression 

            Nanostructured metal oxides, such as TiO2, NiCoO2, and MgO, are excellent 

hosts/conduction interlayers. The materials chemistry strongly absorbs lithium polysulfides, 

thus preventing the shuttle effect [47, 48]. 

2.2.2.2 Improving Conductivity and Catalysis 

              Hybrid architectures, for example, metal oxide/C nanotube composites, overcome the 

issue of low electrical conductivity in metal oxides and offer active sites for the conversion of 

polysulfides, thereby ensuring faster rates and stable cycling [48]. 

2.2.2.3 Morphology-dependent performance 

             Below is a list of nanostructures with respect to performance. 

i. 1D Nanostructures (nanotubes, nanowires): Assist in fast electron/ion transport and 

polysulfide confinement [41, 49]. 

ii. 2D Nanostructures: Employed in the separator domain or coating layers to inhibit the 

diffusion of polysulfides, while ensuring the transport of ions [42, 43]. 

iii. 3D architecture: Provide interlaced networks for high sulfur capacity, fast electron/ion 

transfer, and high adsorption density [48].  

iv. Nanospheres and nanoparticles: These morphologies both encase sulfur and enhance the 

chemical adsorption to improve sulfur utilization and inhibit volume expansion [50]. 
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2.3 Types and Forms of Titanium Dioxide (TiO2) 

2.3.1 Titanium Dioxide (TiO2) 

             Titanium dioxide (TiO2) is a popular and well-studied material, known for its stability, 

availability, and applications. The properties and performance of TiO2 are characterized by the 

presence of its crystalline phases (forms), size, and shape of the particles.  

2.3.2 Phases of Titanium Dioxide TiO2  

           Below is a list of different phases of titanium dioxide. 

 i. Anatase: Tetragonal, band gap ~3.2 eV: Highly reactive and is usually the most preferred 

form used in many applications. More stable at the nanoscale and can be transformed to rutile 

at relatively higher temperatures (~700°C)[51-53]. 

ii. Rutile: Tetragonal, band gap ~3.0 eV: Most stable phase in terms of thermodynamics in the 

bulk state. Most commonly employed in the form of a white pigment and in photocatalysis, but 

less active than the anatase phase in photocatalysis processes [51-53].  

iii. Brookite: Orthorhombic band gap ~ 3.4eV: Less common and less stable than anatase and 

rutile, but in some instances having the same or even higher photocatalytic activity [51]. 

iv. TiO2 (B) and Other Forms: TiO2 (B) is a metastable phase of monoclinic structure and has 

been investigated mostly concerning batteries and photocatalysis [52]. Other TiO2 forms 

include the Amorphous TiO2 and the Magnéli phases of TiO2n-1[54].  

2.4 TiO2 Nanotubes: Synthesis Routes, Phase Control, Defect 

Introduction, and Properties. 

          TiO2 Nanotubes (TNTs) have attracted many researchers because of their unique 

structures and possible applications in the fields of photocatalysis and energy conversion. 

Structure and applications of TiO2 Nanotubes depend on the methods for preparing TNTs and 

its phases. 

2.5 Synthesis Methods 

          Firstly, the hydrothermal process involves treating TiO2 precursors in basic solutions at 

higher temperatures, followed by an acid wash and annealing process. The nanotube structure, 

dimensions, and quality of the tubes and the crystals formed are controlled through the process. 

The process requires an acid wash to remove Na+ ions to attain pure nanotubes, and the 
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annealing temperature, crucial in forming the nanotube structure, is carried out at temperatures 

in the range of 400-600 degrees Celsius; temperatures higher than 600 degrees Celsius lead to 

decomposition of the nanotubes and anatase-to-rutile transformation.[55-57].  

The anodization of titanium foil in the presence of fluoride electrolytes leads to the growth of 

well-ordered, vertically aligned TNTs. The process allows control of the diameter, height, and 

thickness of the tubes in accordance with the applied voltage and electrolyte concentration. The 

anodized TNTs outperform the hydrothermal tubs in terms of orderliness, hydrophilicity, and 

photoelectrochemical properties[58-60]. Other methods that can be employed to produce TNTs 

include template-assisted methods and the sol-gel process, but their occurrences are less 

frequent [61]. 

2.5.1 Phase Engineering 

           Phase engineering encompasses the regulation of the crystalline phase of TNTs, namely 

anatase, rutile, brookite, and the amorphous phase, because the phase has a great effect on the 

electronics and the catalytic properties: 

i. Anatase phase is preferable in the applications of photocatalysis and energy storage because 

of its large surface area and suitable band structure [58] 

ii. Biphasic/hybrid phrases (e.g., anatase/rutile, and amorphous/anatase) are possible and 

represent a means to improve the performance [11, 55]. 

iii. Atmospheric control (air, N2, H2) in the annealing process offers an additional capability to 

adjust the phase composition and density of defects [62]. 

2.6 Nickel-Based Materials: Nickel Oxide (NiO), Metallic Ni Systems 

          Nickel-based materials have varying structures and properties. These make them useful 

for use in the fields of catalysis, energy storage, sensing, and environmental applications. This 

is a highlight of the synthesis, structure, and properties of NiO, metallic Ni, and hybrid systems 

of Ni and NiO. 

2.6.1 Nickel Oxide 

           Nickel Oxide (NiO) is known to be an extrinsic semiconductor with a cubic structure. 

NiO nanomaterials can be prepared using several different techniques, among which sol-gel, 

hydrothermal, green, and microfluidic processes are a few. Through these processes, the size, 

shapes (nanoparticles, nanosheets, nanowires), and crystalline nature[63].                                          
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Also, nickel oxide nanoparticles have a high surface area, chemical stability, and good 

electrochemical and photocatalytic properties. They have been used in batteries, 

supercapacitors, sensors, and antimicrobial applications. Morphology and the method of 

preparation of NiO nanoparticles greatly influence their properties, and nanosheets with a 

porous structure are found to have better electrochemical properties [64]. 

2.6.2 Metallic Ni (Nickel Nanoparticles 

            Ni metallic nanoparticles are usually produced by reduction processes (for example, by 

γ-radiation, chemical reduction), and the sizes vary from several nanometers to several hundred 

nanometers. Surface oxidation can result in the formation of thin layers of Ni [65]. Also, it is 

ferromagnetic, highly conducting, and a good catalyst. It is used as a catalyst, magnetic 

material, or as the active component of energy storage devices. Surface passivation using Ni 

can potentially improve the reversibility of the electrochemical processes [66]. 

2.7 Integration Strategies and Synergistic Effects for Decorated Systems 

          Decorated systems, where one material is integrated or 'decorated' with another, are very 

important for the enhancement of the functionality of materials. The manner of material 

integration, or strategies, is very important for the pursuit of new functionality. 

2.8 Challenges and Future Directions: Optimization, Scalability, and 

Interfacial Engineering of TiO2 Nanotubes Decorated with NiO/Ni 

          TiO2 nanotubes (TNTs) functionalized with a NiO/Ni catalyst possess immense potential 

as a catalyst in photocatalysis, electrocatalysis, and energy systems. There are, however, 

numerous issues hampering their practical application.  To reach optimal performance, it needs 

precise adjustment of NiO/Ni compositions, particle size, as well as their distribution on TNTs. 

Overloading of NiO could cause particle aggregation, hence decreasing catalytic surface area 

and charge separation efficiency [67]. Secondly, NiO nanoparticles can increase the TiO2 

bandgap, which enhances the absorption of visible light and reduces recombination rates. The 

ratio of NiO to TiO2 needs to be optimized. Finally, Stability and Reusability: High stability 

and reusability of catalysts from different cycles are critical. There are a few studies that show 

relatively good stability, but long-term stability in rough conditions has been a point of concern 

[68]. 

          Anatase TiO2 nanotubes modified with NiO and Ni nanoparticles represent a promising 

multifunctional additive material for Li-S battery cathodes, capable of addressing several 
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critical challenges simultaneously, including low electrical conductivity, the polysulfide shuttle 

effect, and poor cycling stability. The polar surface of TiO2 nanotubes provides strong chemical 

adsorption sites for lithium polysulfides, while NiO nanoparticles enhance redox catalytic 

activity, and metallic Ni nanoparticles significantly improve electron transport throughout the 

cathode. Together, these components create a synergistic composite system that improves both 

the kinetics and the long-term stability of Li-S batteries. However, realizing the full potential 

of this composite requires further attention to interface engineering between TiO2, NiO, and Ni 

phases, the development of scalable and reproducible synthesis routes, and the design of 

multifunctional composites that maintain performance under practical sulfur loadings. Future 

studies should therefore focus on these directions to bridge the gap between laboratory-scale 

performance and commercial viability of Li-S battery technology. 
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3 Chapter Three – Methodology 

3.1 Preparation of TiO2 Nanotubes decorated with Nickel 

oxide/Nickel nanoparticles 

        Titanium (IV) dioxide (99.7% Sigma-Aldrich) nanotubes were prepared by a 

hydrothermal method [69]. In summary, 1.5 g of anatase TiO2 powder (99.7%, Sigma-Aldrich) 

was added to 100 ml of 10 M NaOH (≥98%, Sigma-Aldrich) for 12 hours while stirring 

magnetically. The product formed was added to a 100 ml Teflon autoclave and heated up to 

130°C in a muffle furnace for twenty-four (24) hours. The precipitate was isolated after cooling 

the solution to room temperature, and the precipitation process was done through 

centrifugation. The precipitate was repeatedly put in a 0.5 M HCl (38%, Sigma-Aldrich) 

solution of 500 ml and deionized water until it became neutral. Next, the precipitation was left 

to dry in the oven at 60 degrees centigrade overnight. It was calcinated in a muffle furnace at 

600°C for 2 hours. Temperature and duration of reaction influenced the morphology of the 

nanotubes, wall thickness and nanotube length. In the case of surface modification, 0.11 g of 

nickel nitrate hexahydrate [Ni (NO3)2·6H2O ≥97% Sigma-Aldrich] was first dissolved in 1.1 

ml of deionized water, after which 0.3 g of TiO2 nanotubes prepared earlier was gradually 

added into a 0.5 M NaOH solution. The mixture was vigorously stirred (1000 rpm) under 

ambient conditions. The light-green powder obtained was immersed several times in deionized 

water and ethanol. The dried product was calcinated at 450 °C for 2 hours to form NiO/TiO2 

powders at the ratio 1:10[70]. For Ni/TiO2 synthesis, the mixture of NiO/TiO2 powders was 

subjected to a reduction reaction in N2/H2 atmosphere at 450 °C for 2 hours, resulting in the 

formation of TiO2 nanotubes loaded with Ni nanoparticles in metallic form. Fig. 1a illustrates 

the steps involved in the synthesis of TiO2 nanotubes. The resulting nanotubes were 

subsequently modified with NiO and Ni nanoparticles, as shown in Fig. 1b.  
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Fig. 1 Schematic illustration depicting the synthesis route of (a) TiO2 nanotubes and (b) 

Decoration of NiO and Ni nanoparticles on the nanotubes. 

3.2 Preparation of Cathode Materials 

          A slurry prepared from 30 mg of TiO2-based samples, 0.02 g of acetylene black, 130 mg 

of CNTs (ISOLAB), and 20 mg of polyvinyl fluoride (Sigma-Aldrich) was mixed with a volume 

of 4.0 ml NMP (≥ 99%, Sigma-Aldrich) in a high-speed thinky mixer and cast on carbon fibre 

paper (current collector) to fabricate cathodes. To ensure proper mixing, the suspension was 

homogenized for 300 seconds at 1200 rpm. Loading of an active material per disc was 

accomplished by casting about 30 μl of the slurry on carbon nanofiber paper. Before use, the 

electrodes were maintained inside a vacuum oven for a period of 24 hours at a temperature of 

70 °C. 

3.3 Cell Assembly 

          Prepared TiO2 cathodes were employed, Celgard® 2500 was chosen for the separator, 

and lithium metal foil as the anode in assembling CR2032 coin cells in an argon-filled 

MBRAUN glovebox. After application of the polysulfide solution on the dried electrode as the 

catholyte, the electrolyte (1M LiTFSI+2wt%LiNO3 dissolved in a DOL/DME volume ratio of 

1:1) was introduced. Extra electrolyte was injected into the anode compartment of the separator. 

Then, spacers and a waved spring were placed in the cell assembly before sealing the coin cell 

under a pressure of 100kg/cm2. 
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3.4 Materials characterization 

         The structure and morphological parameters of synthesized materials were investigated 

by scanning electron microscopy (SEM, Zeiss Crossbeam 540, 5 kV) and transmission electron 

microscopy (TEM, JEOL JEM-1400PLUS, 200 kV). X-ray diffraction (XRD, Rigaku 

Smartlab) was used for establishing crystalline phase composition between a 2θ by utilizing 

Cu Kα radiation (λ = 1.54056 Å). Thermogravimetric analysis (STA 6000, Perkin Elmer) was 

employed to investigate thermal behavior. Textural parameters, i.e., specific surface area and 

pore volume, were investigated based on nitrogen adsorption-desorption isotherms 

(Quantachrome Instruments) and pore size distribution by the Barrett-Joyner-Halenda (BJH) 

method. X-ray photoelectron spectroscopy (XPS, NEXSA, Thermo Scientific) was employed 

for examining the surface chemical state of elements. Elemental composition and metal loading 

by metal oxide composites were also investigated by inductively coupled plasma optical 

emission spectroscopy (ICP-OES, iCAP 6300-Thermo Scientific, England). 

3.5 Electrochemical Characterization 

          Lithium metal was used as the counter/reference electrode, 1M Li2S6 solution as the 

catholyte, and carbon fiber paper (CFP) as the cathode current collector. Carbon-coated 

separators were employed in the fabrication of Li-S coin cells. 12 μl and 24 μl of 1 M Li2S6 

solution were incorporated into each cell. Sulfur loadings, based on Li2S6 solutions, were 2 mg 

cm-2 and 4.0 mg cm-2 for 12 μl and 24 μl of 1 M Li2S6 solutions, respectively. The electrolyte: 

sulfur ratio was kept constant at 10:1 through the addition of 14 μl of the electrolyte to the 

positive electrode and 20 μL of the electrolyte to the negative electrode. Electrolyte was made 

up of 1M LiTFSI with 2% wt LiNO3 in 1:1 (v/v) of DOL and DME. Charge-discharge 

experiments under galvanostatic conditions were carried out utilizing a Neware battery test 

apparatus between voltages of 1.7 to 2.8 V (relative to Li/Li+). CV experiments were performed 

on a Biologic VMP3 potentiostat/galvanostat within the voltage range, whereas EIS 

experiments were carried out at 5 mV amplitude from 100 kHz to 1 MHz. 

3.6 Symmetric cell test 

          The symmetric cells were fabricated using two identical electrodes that had been 

synthesized, which were separated by a Celgard® 2400 membrane. For catholyte, a 0.3 M Li2S6 

solution was used in a 1:1 ratio (v/v) of DOL/DME, and 25 μl catholyte was applied to the 

cathode as well as the separator. CV analysis of the electrolyte was carried out using a Biologic 
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VMP3 potentiostat/galvanostat with a scan rate of 20, 10, and 1 mV s-1 over a potential range 

of -1.0 V to 1.0 V (vs. Li/Li+). 

3.7 Nucleation test 

          Since the synthesized materials were loaded on the electrode surface, the CFP served as 

the working electrode, and metallic lithium discs (16 mm in diameter) served as the counter and 

reference electrodes. For the catholyte, 20 μl of a solution of 0.5 M Li2S6 in tetraglyme was 

used, while for the anolyte, 20 μl of 1 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) 

dissolved in DOL/DME (1:1 v/v) with 2 wt% LiNO3 was used. CR2032 coin cells were 

fabricated, which were then discharged galvanostatically to 2.06 V before holding them 

potentiostatically at 2.05 V until the current was less than 1×10-5 A to trigger Li2S6 nucleation. 
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4 RESULTS AND DISCUSSION 

4.1 Physical Characterization of TiO2 nanotube-based samples 

          In Fig. 2a, x-ray diffraction analysis of respective samples confirmed the anatase phase 

of TiO2, as evidenced by the distinctive signals at 2θ ≈ 25.3°, 37.8°, 48.0°, 55.1°, 63.1°, 70.9° 

and 75.4° which is attributed to the (101), (004), (200), (211), (204), (220), and (215) 

crystallographic planes similar to the anatase form of TiO2 (JCPDS 21-1271) [71]. In addition, 

NiO and Ni were identified by the characteristic (111) and (200) peaks near 2θ ≈ 44.5° and 

43.3°, respectively [72]. Moreover, in Fig. 2b, the results of thermogravimetric analysis (TGA) 

showed that all three samples showed a very slight initial weight loss in the range of 120 °C, 

which was because of the release of the physically absorbed water. Following this, there was a 

gradual weight loss to approximately 450 °C, which was owing to the decomposition of the 

residual water due to dehydroxylation. It was also noted that the maximum total weight loss 

occurred in the case of pure TiO2. Nonetheless, relatively small mass losses were observed for 

NiO/TiO2 and Ni/TiO2 due to their higher thermal stability resulting from the inclusion of 

Nickel. In addition to this, no noticeable weight loss could be seen in any of the three samples 

from 450 °C to approximately 650 °C. Therefore, in this study, the most appropriate calcination 

temperature was determined to be 450 °C according to the TGA results. BJH theory was used 

to calculate pore size distribution in the sample. In addition, nitrogen adsorption-desorption 

isotherms were carried out on the samples (see Fig. 2c). They displayed a Type IV isotherm 

pattern in the range 0.4 -0.9 P/Po of relative pressure, indicating mesoporous structures with 

slit-like pores. The sharper uptake near 0.9 P/Po indicates filling of large mesopores and 

interparticle voids, with the blue sample showing higher adsorption capacity, suggesting larger 

pore volume and surface area [73]. The pore size distribution (Fig. 2d) shows that Ni/TiO2 

exhibits a dominant mesoporous structure with a higher pore volume than NiO/TiO2 and the 

pure TiO2, making it more suitable for applications requiring a large surface area and efficient 

mass transport. ICP-OES analysis (Fig. 2e) indicated a Ti: Ni molar ratio of approximately 
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Fig. 2 Physical characterization of TiO2, NiO/TiO2, Ni/TiO2 nanotubes: (a) XRD pattern, 

(b) TGA, (c) nitrogen adsorption-desorption isotherms, (d) pore size distribution and (e) 

ICP OES. 

 Fig. 3 presents a comprehensive morphological characterization of TiO2 nanotubes and TiO2 

nanotubes modified with NiO/Ni nanoparticles using SEM and TEM imaging across multiple 

scales. Fig. 3a shows TiO2 nanotubes with vertically aligned, smooth-walled tubular 

morphology, consistent with hydrothermal treatment-derived structures. These structures are 

known to offer high surface area and facilitate ion transport. Fig. 3b reveals NiO/TiO2 with a 

visibly roughened surface and granular texture, resembling agglomerated NiO, which may be 

due to calcination. In Fig. 3c, TiO2 shows a discrete nanoparticle dispersion across the TiO2 

framework with shorter lengths of the nanotube. Low-resolution TEM images of Ni/TiO2 at 

50 nm and 100 nm are shown in Fig. 3d and Fig. 3e, respectively, revealing aggregated 

nanostructures and confirming the decoration of Ni within the TiO2 matrix. An additional 

surface morphological investigation was conducted using TEM, as seen in Fig. 3f. The 

interplanar spacing of the (101) plane of TiO2 anatase phase was determined to be 

approximately 0.35 nm. For Ni nanoparticles, the interplanar spacings of the (111) and (200) 

planes were found to be 0.203 nm and 0.176 nm, respectively.  
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Fig. 3 SEM images of nanotubes(a) TiO2, (b) NiO/TiO2, (c) Ni/TiO2; low-resolution TEM 

image of Ni/TiO2 nanotubes at (d) 50 nm, (e) 100 nm and (f) HRTEM images of Ni/TiO2 

(d-spacing). 

Fig. 4(a-d) shows the images of Ni/TiO2-CFP electrodes at magnifications ranging from low to 

high magnification, which display a hierarchical porous structure having interconnected 

domains, while EDS mapping proves the presence of Ti and Ni, respectively. This 

characterization process aims to verify the existence of TiO2 nanotubes, NiO nanoparticles, and 

Ni nanoparticles in the cathode material. In addition, the elements have been mapped using 

elemental mapping to prove their even distribution. The results showed that the fragments were 

attached to the individual strands of carbon fibers in the cathode material. 

 



31 
 

 

Fig. 4 SEM image of Ni/TiO2-CFP electrodes at (a) 0.5 μm, (b) 1 μm, (c) 100 nm; EDS 

mappings of Ni/TiO2 electrodes at (d) 100 nm. 

          The XPS characterization following Li2S6 soaking, as shown in Fig. 5, presents the 

polysulfide adsorption tendency along with chemical interactions in all the composite 

materials. Ti 2p spectra (Fig. 5a) comparing before and after Li2S6 soaking show that all TiO2-

containing electrodes maintain Ti 2p3/2 at 458.7 eV, characteristic of the Ti4+ oxidation state in 

TiO2 [74], with the Ti 2p1/2 peak appearing at ~464.6 eV, resulting in a spin-orbit splitting of 

approximately 5.5 eV. After immersion in Li2S6, a Ti 2p shift of roughly 0.4 eV toward higher 

binding energy is observed, indicating a decrease in electron density around the metal centre 

[75]. O 1s spectra (Fig. 5b) after soaking reveal significant changes in oxygen chemical states: 

TiO2-CFP shows increased contributions from Ti-OH (~531.5 eV) and absorbates (~533 eV) 

compared to Ti-O lattice oxygen (~530 eV) [76. 77], indicating polysulfide interaction with 

surface hydroxyl groups. Ni 2p spectra (Fig. 5c) after Li2S6 soaking show that NiO/TiO2-CFP 

maintains its Ni2+ character with Ni 2p3/2 at ~855 eV and characteristic satellite peaks at ~862 

eV typical of the NiO spectrum, while Ni/TiO2 maintains its metallic Ni signature with Ni 2p3/2 

at ~852.7 eV [78]. The significantly higher noise level and wider peaks may suggest surface 

oxidation or Ni-S bonding formation that improves the polysulfide binding capability without 

oxidizing the entire nickel metallic core, proving that the two oxidation states of nickel play a 

role in the immobilization of polysulfides [79]. Moreover, a strong interaction chemistry 

between lithium polysulfide and Ni/Ti elements is suggested based on the formation of Ti-S 

bonds (164.93 eV) and Ni-S bonds (162.08 eV) [80,81]. From the above XPS analysis, the 

materials have been modified successfully, confirming the presence of both nickel and titanium 

oxidation states in the composites and their reaction with Li2S6, hence confirming that the 

polysulfides have been adsorbed, and the function of nickel and titanium in combating the 

shuttle effect. 
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Fig. 5 XPS characterization of TiO2, NiO/TiO2, and Ni/TiO2 electrodes after soaking in 

Li2S6 solution (a) Ti 2p, (b) O 1s and (c) Ni 2p (1) and Ni 2p (2). 

4.2 Effect on the kinetics of redox 

         The effect of TiO2 nanotubes modified with NiO and Ni nanoparticles on the redox 

kinetics in these cells was analysed. Fig. 6 presents the cyclic voltammetry (CV) curves of cells 

with TiO2, NiO/TiO2, and Ni/TiO2 electrodes at 0.1 mV s-1, respectively. The CV profiles of the 

samples were compared to evaluate the catalytic influence of the TiO2-based samples on the 

redox chemistry of sulfur species. Two pairs of reversible redox peaks were observed in the 

CV curve of all three TiO2-based electrode cells. For each redox pair, the peaks were relatively 

sharp, suggesting faster kinetics and catalytic activity for the conversion of LiPSs [82]. The 

first pair of cathodic peaks was assigned to the reduction of S8 to Li2S4 (peak a) and the 

subsequent reduction of Li2S4 to Li2S (peak b). The corresponding anodic peaks were attributed 

to the electrochemical oxidation of Li2S to Li2S4 (peak c) and the final oxidation of Li2S4 to S8 

(peak d), respectively [83]. The peak-to-peak separation (ΔE) between the anodic and cathodic 

peaks reflects the reversibility and the kinetic efficiency of the redox process. Each pair of 

peaks (oxidation and reduction) shows similar redox conversion pathways during cycling, as 

shown in Fig. 6a-c. However, their respective peak-to-peak separation varies due to chemical 

conversion rates. Therefore, peak-to-peak separation (ΔE) between pairs of peaks for coin cells 

with TiO2, NiO/TiO2 and Ni/TiO2 electrodes are 0.24 V,0.22 V and 0.20 V, respectively. These 
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results indicated that the Ni/TiO2 electrode exhibited the lowest polarization and the fastest 

polysulfide conversion, whilst cells with the TiO2 and NiO/TiO2 electrodes showed relatively 

slower reaction kinetics and a slightly higher polarization. 

  

Fig. 6 Comparative cyclic voltammetry (CV) curves for all electrodes: (a) TiO2, (b) 

NiO/TiO2 and (c) Ni/TiO2. 

         In addition, the CVs for all the cells with TiO2 electrodes were measured at different scan 

rates between 0.1 mV/s and 0.5 mV/s, which are presented in Fig. 7(a-c). The corresponding 

linear fittings of the peak currents versus the square root of the scan rates (ν1/2) for peak A, peak 

B, and peak C were obtained from the CV curves in (a-c) as presented in Fig. 7(d-g). However, 

the purpose of the linear fittings was to determine the slopes used to calculate lithium-ion 

diffusion in the respective cathode materials.  According to the Randles-Sevcik equation, there 

is a linear relationship between the redox peak current and the square root of the scan rate, 

which makes it possible to evaluate the diffusion of lithium ions within the electrodes [84]: 

                            𝐼𝑝 = 2.69 × 105 × 𝑛3/2 × 𝐴 × 𝐷
𝐿𝑖+
1/2

× 𝐶𝐿𝑖+ × 𝑣1/2;                 (1.0)

                            

where DLi+ is the Li+ diffusion coefficient (cm2 s-1), CLi+ is the concentration of lithium ions in 

the electrolyte (mol cm-3), v is the scanning rate (V s-1), Ip is the peak current (A), n is the 

number of electrons, and A is the electrode area (1.13097 cm2).  

         While the electrode area, the number of electrons (assumed to be 2 electrons), and the 

concentration of lithium ions in the electrolyte remained constant, the diffusion coefficient DLi+ 

was determined from the slope of the curve (𝐼𝑝/𝑣0.5), which reflected the diffusion rate of 

lithium ions, as shown in Table 1 [80]. It was evident that the cell with Ni/TiO2-CFP electrode 

exhibited the highest lithium-ion diffusivity at peaks A and D, which mainly arose from 
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improved lithium polysulfide adsorption and enhanced conversion of LiPSs to Li2S. Diffusion 

coefficients (D) were deduced according to the Randles-Sevcik equation based on a 12 mm 

electrode surface and a 1 M polysulfide solution. From Table 1, peak A, corresponding to the 

fastest redox process, showed that the cell with Ni/TiO2-CFP electrode exhibited the highest 

value of D (5.75 × 10⁻6 cm2 s-1), indicating rapid ion transport and effective electrochemical 

conversion. By contrast, peak C exhibited intermediate diffusion behaviour with a value of 2.91 

× 10-6 cm2 s-1 for Ni/TiO2, suggesting a moderately rapid electrochemical process. For all 

peaks, the cell with Ni/TiO2 electrode exhibited the highest diffusion coefficients, followed by 

cells with NiO/TiO2 and TiO2 electrodes.  Therefore, the cell with Ni/TiO2 electrode showed 

better electrochemical kinetics for all redox peaks, indicating that this material is a promising 

electrode for improved rate performance in lithium sulfur batteries. Generally, the best 

diffusion enhancement for cells with Ni/TiO2 electrode can be attributed mainly to the presence 

of the metallic Ni phase, which provides better electronic conductivity, promotes the transport 

of Li⁺ and polysulfide, and facilitates rapid interfacial charge transfer. Moreover, this 

phenomenon suggests faster liquid-liquid conversion of LiPSs on the electrode surface [85]. 

 

 

Fig. 7 CV profiles of electrodes recorded at scan rates:(a) TiO2, (b) NiO/TiO2 and (c) 

Ni/TiO2, (d-g) The linear fittings of the peak currents versus the square root of the scan 

rates (ν1/2). 
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Table 1. Li+ diffusion coefficient values of TiO2, NiO/TiO2 and Ni/TiO2 

Electrodes  Peak A Peak B Peak C Peak D 

TiO2 2.12×10-6 3.56×10-7 4.19×10-7 6.15×10-7 

NiO/TiO2 4.14×10-6 5.46×10-7 5.77×10-7 8.31×10-7 

Ni/TiO2 5.75×10-6 8.31×10-7 1.26×10-6 2.91×10-4 

 

         Cyclic voltammetry recorded from symmetric cells (Fig. 8) shows the reduction process 

of lithium polysulfide. As can be seen in Fig. 8a, symmetric cells containing Ni/TiO2 and 

NiO/TiO2 electrodes at a 1 mVs-1 scan rate had relatively higher resistance, while the TiO2 

electrode had broad loops, implying a higher resistance. On the other hand, cells having 

Ni/TiO2 and NiO/TiO2 electrodes at 10 mV s-1, as depicted in Fig. 8b, had more symmetric 

peaks, good kinetics; besides, the loops were thinner and less polarized [86]. Symmetric cells 

having Ni/TiO2 and NiO/TiO2 electrodes at 20 mV s-1, as depicted in Fig. 8c, had symmetric 

peaks, meaning good reversibility and low resistance based on the overlapping thin loops. 

Higher scan rates had better kinetic performance and lower resistances, as seen in the 

symmetric cell result. 

 

Fig. 8 CV plots of symmetric cells (NiO/TiO2 and Ni/TiO2) based electrodes at varying 

scan rates: (a) 1 mV s-1, (b) 10 mV s-1 and (c) 20 mV s-1. 

        Potentiostatic charge-discharge analysis for the performance of cells with TiO2-based 

electrodes was done using the Li2S nucleation test. In this study, the current achieved by the 

cell having TiO2 was highest at ~ 8370 s, as can be seen from Fig. 9a. While other peak 

response times achieved, which are ~ 7211 s and ~ 5970 s for NiO/TiO2 and Ni/TiO2 electrodes, 

respectively (Fig.  9b & 9c). It should be noted that Ni/TiO2 has a better performance because 

it recorded the highest current after a shorter period, i.e., after ~ 5970 s. The maximum amount 
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of Li2S deposition was then calculated for all cells with TiO2-based electrodes. From the 

calculations, the capacity for nucleation of Li2S for TiO2, NiO/TiO2 and Ni/TiO2 was found to 

be 465 mAh g-1, 600 mAh g-1 and 746 mAh g-1, respectively. 

 

Fig. 9  Potentiostatic discharge (a) TiO2, (b) NiO/TiO2 and (c) Ni/TiO2. 

         Charge transfer resistance (Rct) and diffusion characteristics related to Warburg 

impedance (Zw) appear to be represented by a semicircle at high frequencies and a straight line 

at low frequencies, according to Nyquist diagrams (Fig. 10). One can note that the charge 

transfer resistance (Rct) values for TiO2, NiO/TiO2, and Ni/TiO2 electrodes decrease with 

diminishing semicircle size, implying that kinetic impedance is low. The charge transfer 

resistances recorded for cells using TiO2-based electrodes were 46 Ω, 32 Ω, and 14 Ω, 

respectively. The cell using the Ni/TiO2 electrode exhibited the lowest initial resistance value, 

with Rct ≈ 14 Ω, which implies more kinetic activity, whereas the cell with the NiO/TiO2 (Rct 

≈ 32 Ω) and TiO2 (Rct ≈ 46 Ω) electrodes demonstrated increased Rct values largely because 

of inefficient electron transfer pathways [87]. The kinetic enhancement is essential because low 

Rct values imply quicker charge transportation, along with improved redox reactions. 

 

Fig. 10 Electrochemical Impedance Spectroscopy profiles for cells with TiO2-based 

electrodes. 
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4.3 Cycling performance of modified TiO2-based cathodes 

         The charge - discharge cycling characteristics of Li-S cells with TiO2-based cathodes (2 

mg cm-2 of sulfur), TiO2, NiO/TiO2, and Ni/TiO2 cathodes, respectively, were assessed as shown 

in Fig. 11a. At 0.5 C, these cells exhibited promising initial capacities of 1053, 912, and 845 

mAh g⁻¹, respectively. After 100 charge-discharge cycles, the cell's TiO2 cathode showed the 

maximum capacity retention of approximately 97%. In contrast, the retention for the cells 

containing NiO/TiO2 and Ni/TiO2 cathodes decreased to approximately 70% and 74%, 

respectively.  The average coulombic efficiencies (CE) were approximately 90%, 91%, and 

87%, respectively. The cycle stability with different cathode materials was investigated at 0.2 

C rates, as shown in Fig. 11b. Coin cells employing TiO2, NiO/TiO2 and Ni/TiO2 cathodes of 

areal sulfur mass loadings of 2 mg cm-2 exhibited reversible discharged capacities of 1192, 1121 

and 895 mAh g-1, respectively. After 100 cycles, the cell with the Ni/TiO2 cathode retained 92% 

of its initial capacity. In contrast, the cells with NiO/TiO2 and TiO2 cathodes retained only 67% 

and 55%, respectively. Furthermore, the rate capability test of cells employing TiO2, NiO/TiO2, 

and Ni/TiO2 cathodes was evaluated as illustrated in Fig. 11c. At current densities of 0.2, 0.5, 

1, and 2 C, the cells initially generated capacities of approximately 1122, 1013.61, and 887.65 

mAh g⁻¹, respectively (at 0.2 C). When the current density was reverted to 0.2 C, their respective 

capacities recovered to 787.58, 700 and 670 mAh g⁻¹. This indicates that while some irreversible 

capacity loss occurred, the TiO2-based host significantly aids cell performance by mitigating 

LiPSs shuttling and accelerating the redox kinetics of sulfur and its discharge products. 

Moreover, the cyclic performance of all three TiO2 based cathode materials were evaluated at a 

high sulfur mass loading of 4.0 mg cm-2 and a rate of 0.2 C, as shown in Fig. 11d. The coin cell 

with Ni/TiO2 cathode demonstrated superior performance with an initial specific capacity of 

approximately 1285 mAh g-1 at 0.2 C with a decay rate of only 0.1% while reaching 85% of the 

theoretical capacity (1 C = 1675 mAh g-1). After 100 cycles, the cathode maintained a capacity 

of approximately 1095 mAh g-1, demonstrating excellent capacity retention. In contrast, the 

coin cell with the NiO/TiO2 and TiO2 cathodes exhibited comparatively lower initial specific 

capacities of approximately 1196.4 and 995.72 mAh g-1, respectively. Coin cells with TiO2 

cathodes show relatively good capacity retention in the initial cycles, but the capacity quickly 

stabilizes to a low value of approximately 700 mAh g-1 by 20 cycles. Coin cells with NiO/TiO2 

cathode demonstrated a rapid and significant capacity fading over the first 40 - 60 cycles. The 

capacity drops steadily to roughly 550 mAh g-1 by the end of 100 cycles, indicating structural 

instability or poor suppression of the polysulfide shuttle effect. The superior specific capacity 
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of the coin cell with Ni/TiO2 cathode compared to the other cathodes can be attributed to its 

enhanced electrical conductivity and effective electron transport pathways, which accelerate the 

conversion of polysulfides into Li2S. In summary, comprehensive electrochemical analysis 

reveals that the coin cell with Ni/TiO2 cathode significantly outperforms both TiO2 and 

NiO/TiO2 counterparts in terms of capacity retention, reaction rate and cycling stability, 

particularly under challenging conditions of high sulfur loading (4.0 mg cm-2). 

 

Fig. 11 (a-b) Charge-discharge cycling performance of TiO2, NiO, and Ni/TiO2 cathodes 

at 0.5 C and 0.2 C, (c) rate capability test of TiO2, NiO/TiO2, and Ni/TiO2 cathodes, 

respectively and (d) Charge-discharge profiles of electrodes. 

         The galvanostatic charge-discharge profiles of Li-S cells within the voltage window of 1.6 

- 2.8 V vs. Li+/Li at a current rate of 0.2 C were assessed as illustrated in Fig. 12. Every voltage 

graph shows a single charge plateau of about 2.4 V and two separate discharge plateaus at 

roughly 2.3 V and 2.1 V. These characteristics align with sulfur species' typical redox reactions. 

In particular, the discharge plateaus show how elemental sulfur (S2) is gradually reduced to 

long-chain LiPSs, then further reduced to short-chain LiPSs (Li2S2 /Li2S) [88]. The reverse 
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oxidation of LiPSs to elemental sulfur is reflected in the charge plateau at about 2.4 V. As 

indicated by Fig. 12a, the coin cell with the TiO2-based cathode had the lowest specific capacity 

of 1091 mAh g⁻¹. In contrast, the addition of NiO/TiO2 and Ni/TiO2-based cathodes enhanced 

the discharge capacity and potential plateau to 1170 mAh g⁻¹ and 1283 mAh g⁻¹ at the 5th cycle. 

Moreover, Ni/TiO2 cathode shows the lowest voltage hysteresis (ΔE = 0.25 V) among all 

evaluated designs compared with coin cells with NiO/TiO2 and TiO2-based cathodes, indicating 

improved charge transfer.  The galvanostatic charge-discharge profiles of the Ni/TiO2 cathode 

at different cycles was also assessed as shown in Fig. 12b. It illustrates how Ni/TiO2 based 

cathode performs when cycled under galvanostatic discharge and charge cycles, from the 2nd 

to the 100th cycle at 0.2 C. Initially, the voltage plates remain stable; however, from cycle 

number 50, there is already a noticeable gradual loss of capacity and increase in polarization 

gap (ΔE), termed as degradation initiation. Subsequently, with increasing cycles, capacity loss 

becomes prominent, and discharge voltage moves lower, indicating irreversible loss and 

continued degradation. The increase in polarization gap and reduction in plateau regions 

indicate that with extensive cycling, material modification and irreversible resistance increase 

to compromise its stability and performance characteristics. 

 

Fig. 12 (a) galvanostatic charge-discharge of TiO2, NiO/TiO2, and Ni/TiO2 (5th cycle) and 

(b) galvanostatic charge-discharge profiles of cells with Ni/TiO2 at the various cycles, 

respectively. 

As shown in Table 2, a detailed comparison of TiO2-based nanotubes with varying average particle size 

and sulfur mass loading was listed with their respective electrochemical performances in terms of 

specific capacities and cyclic stability. 
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Table 2. Comparison of the electrochemical performance of TiO2-based nanotubes 

Cathode Additive Average 

Particle size 

(nm) 

Discharge 

Capacity 

(mAh g-1) 

Long-term 

Cycling 

Performance 

 C-Rate 

(C) 

 Sulfur 

Loading  

(mg cm-2) 

Paper / 

Study 

Ni/TiO2 

Nanotubes 

  

 

 

NiO/TiO2 

Nanotubes  

 

 

TiO2 

Nanotubes 

 

 

TiO2-supported Nb 

Catalyst 

 

 

 

~18.3 1053 

1192 

1285 

 

912 

1121 

1136 

 

 

845 

895 

995 

 

575 

777 

966 

100 

100 

100 

 

100 

100 

100 

 

 

100 

100 

100 

 

350 

100 

100 

0.5 

0.2  

0.2 

 

0.5 

0.2 

0.2 

 

 

0.5 

0.2 

0.2 

 

3.0 

0.1 

0.2 

2.0 

2.0 

4.0 

 

2.0 

2.0 

4.0 

 

 

2.0 

2.0 

4.0 

 

1.0 

 5.0 

1.0 

This 

Work 

 

 

 

 

 

 

 

 

 

 

 

 
89 

TiO2-Based 

Nanotube 

10.2 721 

484 

632 

100 

350 

100 

 

0.2 

3.0 

0.1 

1.0 

1.0 

5.0 

 

TiO2-Ru@S  3-4.5 827 200 0.5 Not Reported 90 

   710 

1085 

700 

140 

2.0 

0.1 

Not Reported 

3.0 

 

 

 

     

 TiO2@S  

 

 1264 

471 

30 

200 

0.02 

0.5 

4.8 

Not Reported 

 

        

S@WS2- TiO2   560.9 

455.1 

1100 

100 

1 

0.2 

1.1 

5.878 

91 

S@MoS2 - TiO2   634 

503.8 

1100 

100 

1 

0.2 

1.1 

5.867 

 

        

S@TiO2  

  

 422.76 1100 1 1.1  
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5 Conclusion 

         This study synthesized and compared three anatase TiO2 nanotube-based cathodes, bare 

TiO2-CFP, NiO/TiO2-CFP, and Ni/TiO2-CFP at a high sulfur loading of 4 mg cm-2. The bare 

TiO2-CFP delivered 995.72 mAh g-1 at 0.2 C but was limited by poor conductivity and weak 

catalytic activity. NiO/TiO2-CFP improved capacity to 1196.4 mAh g-1 at 0.2 C through 

enhanced polysulfide chemisorption via Ni2+/Ni3+ active sites. Ni/TiO2-CFP achieved the best 

performance with 1285 mAh g-1 at 0.2 C, the lowest charge transfer resistance of 14 Ω, a Li2S 

nucleation capacity of 745 mAh g-1, 96% coulombic efficiency, and a capacity decay rate of 

only 0.1% per cycle, confirming metallic Ni as the most effective modifier for balancing 

polysulfide anchoring, catalytic conversion, and electron transport. Future work should focus 

on optimizing Ni loading, extending cycling beyond 100 cycles, and validating the Ni/TiO2-

CFP architecture in pouch cells at sulfur loadings above 5 mg cm-2, and lean electrolyte 

conditions. This work establishes a rational design strategy for high-loading Li-S cathodes, 

contributing fundamental insights toward the development of commercially viable lithium-

sulfur batteries with high energy density and long-term stability. 
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