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Abstract: Lithium-ion batteries (LIBs) have emerged as one of the most promising energy storage technologies for portable 

electronics, electric vehicles, and renewable energy systems because of their high energy density, long cycle life, and improved 

operational safety. However, conventional graphite-based anodes suffer from poor high-rate capability and severe capacity fading 

during prolonged cycling. In this study, a novel LTO-MXene-N composite anode based on lithium titanate oxide (Li₄Ti₅O₁₂) was 

developed to mitigate capacity decay and enhance electrochemical performance. The proposed composite integrates nitrogen-doped 

LTO nanoparticles, MXene (Ti₃C₂Tₓ) conductive nanosheets, and a carbon conductive matrix optimized through the Adaptive 

Hierarchical LTO Composite Optimizer (AHLCO) framework. Structural and electrochemical characterization was carried out 

using XRD, SEM, TEM, BET, Electrochemical Impedance Spectroscopy (EIS), Galvanostatic Charge–Discharge (GCD), and 

Galvanostatic Intermittent Titration Technique (GITT). The developed composite delivered discharge capacities of 176 mAh g⁻¹ at 

0.1C and 128 mAh g⁻¹ at 10C while retaining 92.6% capacity after 1000 cycles. Furthermore, the charge-transfer resistance 

decreased from 180 Ω for bare LTO to 45 Ω, and the lithium-ion diffusion coefficient improved from to cm² s⁻¹. These results 

demonstrate that the synergistic effects of MXene conductive pathways, nitrogen doping, and nanostructured architecture 

significantly improve lithium-ion transport, cycling stability, and overall battery performance. 
Keywords: Lithium Titanate Oxide (LTO), MXene-Based Composite Anodes, Capacity Decay Mitigation, Electrochemical 

Performance Enhancement, Fast-Charging Lithium-Ion Batteries 

 

1. Introduction 

The rapid advancement of portable electronics, electric vehicles, and renewable energy storage technologies 

has significantly increased the demand for advanced Lithium-Ion Batteries (LIBs) with high energy density, extended 

cycle life, and enhanced operational safety [1]. Among the major components of LIBs, the anode material plays a 

crucial role in determining electrochemical performance, charging efficiency, and long-term durability [2]. 

Conventional graphite anodes are widely used because of their stable cycling behavior, low cost, and commercial 

availability; however, they suffer from several limitations, including low theoretical capacity, lithium plating during 

fast charging, and severe performance degradation under high-rate operating conditions [3]. These limitations have 

encouraged extensive research into alternative anode materials capable of delivering improved electrochemical 

characteristics, superior rate capability, and reduced capacity fading during long-term cycling [4]. 

LTO, which is typically written as Li₄Ti₅O₁₂, is one of the most promising anode materials for next generation 

LIBs [5]. LTO has a unique spinel crystal structure which it offers unmatched structural stability for lithium insertion 

and extraction process [6]. It is sometimes called a “zero-strain” material due to its low lattice volume change during 

charge and discharge cycles. This feature substantially alleviates mechanical stresses and also mitigates electrode 



122 

pulverization which consequently enhances the life span and cycling stability of the battery [7]. Moreover, LTO has 

excellent thermal stability, fast lithium-ion diffusion and high safety performance which make it suitable for high-

power and fast-charging applications [8]. The crystal structure of LTO is shown in Figure 1, which is cubic spinel.LTO 

has a cubic spinel structure as shown in Figure 1, with interconnected Li, Ti and O atoms providing stable three-

dimensional channels for fast lithium-ion diffusion. 

 

Figure 1: Crystal structure of LTO [9] 

Although these are the benefits of pure LTO anodes, there are a number of challenges that hinder large-scale 

commercialization. Their moderate electrical conductivity and theoretical capacity are the one of the significant issues 

compared to other advanced anode materials like silicon and transition metal oxides [10,11]. Furthermore, the capacity 

fades gradually over time for long-time cycling, which is attributed to side reactions, degradation of the 

electrode/electrolyte interface, and poor charge transfer kinetics. These problems have led to extensive research in the 

development of composites based on LTO and conductive material, carbon nanostructures, metal oxides, polymers, or 

hybrid nanomaterials [12]. The composite structures have been designed to achieve better electron transport pathways, 

higher active surface area and better lithium storage capacity while maintaining the inherent structural stability of LTO 

[13]. 

LTO-based composites have exhibited excellent electrochemical properties via synergistic interactions between 

the constituent materials. For instance, carbon-coated LTO composites offer an improved charge transfer resistance 

and electrical conductivity, which results in improved rate capability and cycling efficiency [14,15]. In the same way, 

composites containing graphene, carbon nanotubes, and/or metallic nanoparticles have been reported with large 

improvements in lithium-ion diffusion and reversible capacity retention [16]. The use of nanotechnology and advanced 

synthesis methods, like the hydrothermal processing, sol-gel techniques, electrospinning, and microwave-assisted 

synthesis, has also contributed to the development of highly uniform and porous LTO composite structures with better 

electrochemical properties [17]. 

Another significant benefit of LTO-based composites is their resistance to capacity loss during severe operating 

conditions including high current density, deep charge/discharge cycle, and high temperature [18]. The composite 

architecture contributes to the structural stability, prevention of side reactions, and enhanced electrolyte compatibility, 

which helps to prolong battery usage and reliability. The properties of these materials are especially useful for use in 

electric vehicle, aerospace, grid-scale energy storage and wearable electronics applications, where long-term stability 

and safety are essential. 

The high-performance LTO composite anode has seen a significant improvement in the last few years due to 

recent developments in material engineering and interface optimization. Multi-component hybrid composites, surface 

modification and doping are increasingly being investigated to tailor the electronic/electrochemical properties of LTO 
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materials. These innovations are anticipated to fill the energy density/long cycling ability gap to pave the way for the 

commercialization of safer and more durable LIB technologies. Thus, investigation of LTO-based composites has 

emerged as a significant research field in the field of contemporary energy storage systems. These innovative 

composite materials provide a promising avenue to the development of sustainable, efficient, and reliable anode 

materials for future lithium-ion batteries, addressing the challenge of capacity decay. The following are the research 

objectives as shown below: 

 To develop a novel LTO-MXene-N composite anode architecture for mitigating capacity decay in 

lithium-ion batteries. 

 To enhance lithium-ion diffusion and electronic conductivity of LTO anodes through MXene integration 

and nitrogen doping. 

 To optimize the structural, interfacial, and electrochemical properties of the composite using the 

proposed AHLCO optimization framework. 

 To investigate the electrochemical performance of the developed composite in terms of capacity 

retention, rate capability, Coulombic efficiency, and impedance behavior. 

 To compare the performance of the proposed LTO-MXene-N composite with conventional LTO-based 

electrode systems for advanced fast-charging battery applications. 

2. Review of Literature 

In recent years, lithium titanate oxide (LTO)-based anodes have been studied primarily with regard to their 

electrochemical stability, conductivity and capacity retention for use in advanced lithium-ion and solid-state batteries. 

Kozlova et al. (2022) [20] studied the LTO-Li₂TiO₃ and LTO-TiO₂ composites and found that the addition of Li₂TiO₃ 

at low concentration, considerably decreases the grain boundary resistance, which leads to better charge–discharge 

performance. The study also found that the capacities were abnormally high beyond the theoretical value of pure LTO 

because of the presence of electrochemically active interface layers between LTO and Li₂TiO₃. Likewise, Cao et al. 

(2023) [21] showed that Li–LTO type composite anodes are effective in garnet-based solid-state batteries, which 

ensures good wettability and high lithium interface resistance, and lithium dendrite formation was effectively 

suppressed, and a capacity retention of 95% was achieved after 450 cycles. Hasani et al. (2025) [22] also investigated 

the characteristics of suspension plasma-sprayed LTO thin-film anodes and found that the heat exposure in the process 

of fabrication can lead to the formation of second phases and the loss of lithium, highlighting the need to optimize the 

processing parameters for obtaining phase stability and preserving the interfacial integrity. Researchers have tried to 

improve the poor electronic conductivity of LTO using composite engineering and surface modification methods. 

Cayirili et al. (2025) [23] prepared an LTO/rGO composite material and achieved 30% increase in discharge capacity, 

with almost 100% Coulombic efficiency and 96% capacity retention after 100 cycles. Similarly, Moon et al. (2023) 

[24] used a mixed ionic-electronic conductor (MIEC) nanocoating of partially lithiated titania on the LTO surface to 

greatly enhance charge transfer kinetics, rate capability, and capacity retention. Giorgio et al. (2022) [25] studied the 

synergistic effect of using both sodium alginate binder and lithium bis(trifluorosulfonyl)imide-tetraglyme electrolyte 

to enhance the long-term electrochemical performance and cycling stability of LTO electrodes. In another study, 

Alrefaee et al. (2023) [26] fabricated LTO/polyether sulfone composites via laser ablation methods and showed that 

the smaller LTO nanoparticles with oxygen vacancies and Ti³⁺/Ti⁴⁺ defect pairs significantly improved ion/electron 

mobility and electrochemical efficiency. Likewise, Kim et al. (2024) [27] fabricated plasma-reduced graphene 

oxide/LTO composite material with a porous three-dimensional structure to enhance the lithium-ion diffusion 

pathways and achieved outstanding energy density, power density, and capacitance retention in lithium-ion capacitors. 

Table 1 provides an overview of recent research on LTO-based composites, their methodologies, key results and 

current gaps of knowledge in enhancing lithium-ion battery performance. 

Table 1: Summary of recent literature on LTO-based composite anodes for lithium-ion batteries. 

Authors & 

Year 
Method / 

Material Used 
Key Findings Limitations / Research 

Gap 

Kozlova et 

al. (2022) 
LTO-Li₂TiO₃ and 

LTO-TiO₂ 

composites 

Li₂TiO₃ reduced grain 

boundary resistance and 

enhanced charge–discharge 

capacity beyond theoretical 

Capacity enhancement was 

not observed in LTO-TiO₂ 

composites because of 

structural incompatibility. 
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LTO values due to active 

interface layers. 

Cao et al. 

(2023) 
Li–LTO 

composite anode 

in garnet-based 

solid-state 

batteries 

Improved wettability and 

lower interface resistance 

suppressed dendrite growth 

and achieved 95% capacity 

retention after 450 cycles. 

Long-term large-scale 

implementation and 

interface optimization 

remain challenging. 

Hasani et 

al. (2025) 
Suspension 

plasma-sprayed 

LTO thin-film 

anodes 

Identified phase 

transformations and lithium 

loss near substrate interfaces 

caused by thermal exposure. 

Requires precise control of 

SPS parameters to maintain 

phase stability. 

Cayirili et 

al. (2025) 
LTO/reduced 

graphene oxide 

(rGO) composite 

rGO incorporation enhanced 

discharge capacity by 30% 

with excellent Coulombic 

efficiency and cycling 

stability. 

Intrinsic conductivity 

limitations of LTO still need 

further improvement. 

Moon et al. 

(2023) 
MIEC nanocoated 

LTO using 

LiₓTiO₂ layer 

Improved lithium-ion 

transport, rate capability, and 

capacity retention through 

enhanced surface charge 

transfer. 

Complex coating 

optimization is required for 

practical commercialization. 

Giorgio et 

al. (2022) 
Sodium alginate 

binder with 

LiTFSI-

tetraglyme 

electrolyte 

Improved electrochemical 

stability and long-term 

cycling performance of LTO 

electrodes. 

Interaction between binder 

and electrolyte requires 

further investigation. 

Haghipour 

et al. 

(2025) 

Optimization of 

LTO electrode 

fabrication 

process 

Enhanced high-rate capacity 

retention and cycling 

performance through 

improved particle dispersion 

and homogeneity. 

Capacity fading at extended 

voltage ranges remains a 

concern. 

Siller et al. 

(2022) 
Pulsed laser 

deposited 

multilayer LTO-

Li₂O micro-

anodes 

Achieved high specific 

capacity and stable 

performance at high C-rates. 

Lithium trapping at low 

voltage caused kinetically 

limited degradation. 

Alrefaee et 

al. (2023) 
LTO/PES 

composite 

synthesized via 

laser ablation 

Smaller nanoparticle size and 

oxygen vacancies improved 

ion/electron mobility and 

electrochemical performance. 

Structural optimization is 

needed for scalable battery 

applications. 

Kim et al. 

(2024) 
Plasma-reduced 

graphene 

oxide/LTO 

composite 

Porous 3D structure improved 

lithium-ion diffusion, energy 

density, and capacitance 

retention. 

Further optimization is 

needed for commercial 

lithium-ion capacitor 

systems. 

Advances in recent years have also been in optimizing the fabrication processes and the electrochemical 

window of operation of LTO-based materials. Haghipour et al. (2025) [28] showed that increasing the dry mixing and 

speed and the decrease in the wet mixing time can increase the dispersion and homogeneity of the particles, leading 

to better high-rate performance and cycling stability up to 1000 cycles. To achieve high specific capacities, stability 



125 

at high C-rate, and operating safely in an extended voltage range, Siller et al. developed multilayer LTO-Li₂O micro-

anodes by using PLD (pulsed laser deposition) [29]. All of these studies suggest that LTO based composites, 

nanostructured coatings, and advanced fabrication methods are critical steps for addressing the shortcomings of 

traditional LTO anodes. While significant advances have been made, there are still issues to be addressed such as 

conductivity, lithium diffusion, degradation of the interfaces, and manufacturing on a large scale, which still offer the 

potential for continued research and development to create more efficient and durable next-generation energy storage 

systems. 

3. Theoretical Framework and Mathematical Models 

3.1 Capacity Decay Model 

The capacity fading of lithium titanate oxide (LTO) anodes is caused by surface film growth, loss of electrical 

contact between particles, and structural changes with repeated charge/discharge cycles. A phenomenological capacity 

decay model can be used to describe the degradation behavior of the proposed LTO-based composite: 

𝑄(𝑛) = 𝑄0exp⁡(−𝛼𝑛
𝛽) − 𝛾𝑛1/2 

where 𝑄0 represents the initial discharge capacity, 𝑛 denotes the cycle number, 𝛼is the capacity fade constant, 𝛽 

is the non-linear degradation exponent, and 𝛾corresponds to diffusion-controlled degradation effects. This model can 

be used to simulate long term cycling performance and to understand how composite engineering can mitigate capacity 

decay. 

3.2 Lithium-Ion Transport Model 

The lithium-ion diffusion behavior in the electrode is significant in the battery performance. The Weppner–

Huggins approximation of the galvanostatic intermittent titration technique (GITT) analysis is used to estimate the 

effective diffusion coefficient (𝐷𝑒𝑓𝑓): 

𝐷𝑒𝑓𝑓 =
4

𝜋𝜏
(
𝑚𝐵𝑉𝑀
𝑀𝐵𝐴

)
2

(
Δ𝐸𝑠
Δ𝐸𝑡

)
2

 

where 𝜏 is the pulse duration, 𝑚𝐵is the active mass, 𝑉𝑀 is the molar volume, 𝑀𝐵 is the molar mass, 𝐴 is the 

electrode area, and Δ𝐸𝑠 and Δ𝐸𝑡  are the steady-state and transient voltage variations, respectively. Improved diffusion 

coefficients indicate enhanced lithium-ion transport and better high-rate electrochemical performance. 

The lithium-ion insertion time constant is determined by: 

𝜏𝐷 =
𝑟2

𝜋2𝐷𝑒𝑓𝑓
 

where 𝑟 is the particle radius and 𝐷𝑒𝑓𝑓  is the effective diffusion coefficient. The smaller particle size and large 

diffusion rate leads to rapid lithium-ion insertion and extraction. 

3.3 Electrochemical Impedance Model 

The developed LTO based composite anodes are assessed in terms of their charge transfer behavior, ion 

diffusion and internal resistance using the electrochemical impedance model. Electrochemical Impedance 

Spectroscopy (EIS) is a powerful tool for understanding the kinetics of an electrode and for studying the effectiveness 

of conductive additives and surface modifications to enhance battery performance. In this study, the lithium-ion battery 

system is modeled using a Randles equivalent circuit model which is composed of electrolyte resistance, the charge 

transfer resistance, the double layer capacitance, and the Warburg diffusion impedance. 

The overall impedance of the system is expressed as: 

𝑍(𝑗𝜔) = 𝑅𝑠 +
𝑅𝑐𝑡 + 𝑍𝑊(𝑗𝜔)

1 + 𝑗𝜔𝐶𝑑𝑙[𝑅𝑐𝑡 + 𝑍𝑊(𝑗𝜔)]
 

where 𝑅𝑠  represents the electrolyte resistance, 𝑅𝑐𝑡  denotes the charge-transfer resistance between the 

electrode and electrolyte interface, 𝐶𝑑𝑙 is the double-layer capacitance, and 𝑍𝑊 corresponds to the Warburg impedance 
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associated with lithium-ion diffusion within the electrode material. The Warburg diffusion component is further 

represented as: 

𝑍𝑊(𝑗𝜔) =
𝜎𝑊

√𝜔
(1 − 𝑗) 

where 𝜎𝑊 is the Warburg coefficient and ω is the angular frequency. The lower the charge-transfer resistance 

and Warburg impedance, the higher the electrical conductivity and the faster the lithium-ion transport. The 

combination of conductive materials like MXene, graphene and carbon coating within the LTO matrix decreases the 

impedance and improves the electrochemical kinetics, leading to better cycling stability, faster rate capability and 

battery efficiency. 

3.4 Rate Capability Model 

The rate capability model aims to determine the capability of the fabricated LTO composite anode to deliver its 

discharge capacity at various charging/discharging rates. High-rate performance is an important requirement for fast-

charging lithium-ion batteries. Normalized capacities are shown with the following exponential relaxation model: 

𝑄(𝐶𝑟𝑎𝑡𝑒) = 𝑄0𝐶[1 − 𝐴𝑟(1 − 𝑒−𝐶𝑟𝑎𝑡𝑒/𝐶0)] 

where 𝑄0𝐶  represents the equilibrium capacity at low current rate, 𝐴𝑟denotes the fractional capacity loss at 

higher C-rates, and 𝐶0 is the characteristic rate constant. The lower capacity fading at higher C-rates suggests better 

lithium-ion transport and better conductivity in the LTO composite structure. The rate capability and electrochemical 

stability of the electrode material are greatly enhanced by the use of conductive additives and nanostructured 

architectures. 

3.5 Proposed AHLCO Algorithm 

The AHLCO framework consists of material synthesis, nanostructuring, interface engineering, electrochemical 

prediction, characterization and testing, which are integrated to optimize the performance of LTO-MXene-N 

composite anodes in advanced lithium-ion batteries. A workflow of integrated optimization, synthesis, 

characterization and electrochemical evaluation was used to develop high performance LTO-MXene-N composite 

anodes, as shown in Figure 2. 

 

Figure 2: Proposed AHLCO framework for LTO-MXene-N composite design. 
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3.5.1 Structural Optimization 

Structural optimization involves optimizing the physical and electrochemical properties of developed LTO-

based composite through controlling the size, morphology, porosity and surface area. Smaller particles also produce a 

shorter lithium-ion diffusion path and better charge-transfer kinetics, which results in better cycling stability and high-

rate performance. Uniformly distributed nanostructured particles also contribute to reduce the internal resistance and 

prevent the structural deterioration in repeated charge/discharge cycles. In addition, porous architecture and 

conductive carbon coatings enhance the ability of the electrolyte to penetrate the electrode matrix and enhance the 

electron mobility in the matrix. 

The main objective of the optimization process is to obtain improved lithium-ion transport, reduced polarization 

losses, and high current density electrochemical stability. Advanced synthesis methods are applied (hydrothermal 

processing and controlled calcination) to achieve stable crystal structure, high surface area and improved conductivity. 

Hence, the structural optimization is an important aspect that can reduce capacity decay and improve the efficiency 

and longevity of lithium-ion batteries powered by LTO anodes for next generation applications. 

3.5.2 Interface Engineering 

The interaction between the LTO electrode and electrolyte is improved by interface engineering, resulting in 

electrochemical performance and long-term stability. For LTO-based composites, poor interfacial contact may result 

in high charge-transfer resistance and affect the lithium-ion mobility, resulting in capacity fading in repeated cycling. 

To address these challenges, conductive materials such as MXenes, graphene, carbon nanotubes and carbon coatings 

are added to the LTO to create efficient pathways for electron transport and stable interfaces between the electrode 

and electrolyte. 

The improved interface structure increases the conductivity and decreases the polarization loss, and promotes 

rapid lithium-ion diffusion in the electrode material. Moreover, the surface modification methods can help prevent 

undesirable side reactions and enhance structural stability at high current densities. Thus, the engineering of interfaces 

is an important factor to improve the cycling stability, rate capability and efficiency of the advanced LTO-based anode 

systems. 

3.5.3 Doping Optimization 

The electronic conductivity and lithium-ion diffusion properties of the LTO-based composite anode are 

optimized for doping. The use of heteroatoms, e.g. nitrogen, in the LTO lattice contributes to the generation of further 

active sites and better charge transfer, as well as a decrease in internal resistance. The electronic structure of LTO is 

also changed by doping with N, which leads to a faster lithium-ion transport and thus to an enhanced electrochemical 

stability over a long cycle life. Optimization of the concentration of the dopants is crucial to ensure the structural 

stability and to improve the battery performance. 

The diffusion enhancement factor due to doping can be represented as: 

𝛿𝐷 =
𝐷𝑑𝑜𝑝𝑒𝑑

𝐷𝑝𝑢𝑟𝑒
 

where 𝐷𝑑𝑜𝑝𝑒𝑑 and 𝐷𝑝𝑢𝑟𝑒 are the diffusion coefficients of the doped LTO composite and of pure LTO, respectively. The 

higher the value of 𝛿𝐷, the better the electrochemical kinetics and lithium-ion mobility. In advanced LTO based anode, 

therefore, the doping optimization plays a significant role in enhancing rate capabilities, cycling stability and reduction 

of capacity decay. 

3.5.4 Adaptive Performance Refinement 

An adaptive performance refinement technique is applied to optimize synthesis and operation parameters for 

enhancing the electrochemical performance of LTO-based composite anodes. The concentration of conductive 

additives, calcination temperature, hydrothermal time, and carbon coating ratio are optimized to ensure retention of 

maximum capacity while maximizing lithium-ion transport. The optimization objective function is written as: 

𝐹(Θ) = −(𝛼𝑄̄(Θ) + 𝛽𝑅̄(Θ) + 𝛿𝐷̄(Θ)) + 𝜆𝑅𝑐𝑡(Θ) 
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where 𝑄̄(Θ) represents normalized capacity, 𝑅̄(Θ)denotes cycling retention, 𝐷̄(Θ)is the diffusion coefficient, 

and 𝑅𝑐𝑡  is the charge-transfer resistance. This optimization process helps achieve improved conductivity, reduced 

impedance, and enhanced long-term electrochemical stability. 

 

3.6 Materials and Methods 

3.6.1 Material Synthesis 

A composite anode material based on the LTO is prepared by hydrothermal-assisted method and thermal 

calcination. Lithium solution, titanium solution and their precursor solutions are conveniently prepared and mixed in 

controlled temperature & pH with suitable molar ratio to get uniform particle formation. They are dispersed into the 

precursor solution with ultrasonication and magnetic stirring to enhance the electrical conductivity and structural 

stability, such as conducting additives including MXene, graphene oxide, or carbon materials. The prepared 

suspension is poured into a Teflon-lined autoclave and is subjected to hydrothermal reaction under various conditions. 

The resulting powder is then dried and subsequently calcined in an inert atmosphere to increase the crystallinity, and 

to improve electron transport paths and form a stable composite for advanced lithium-ion battery applications. 

 

Table 2: Proposed synthesis parameters for LTO-MXene-N composite anode material. 
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Synthesis Step Parameter Value Condition Remark 

LTO Precursor 

(TBT:LiOH) 
1:4 molar 80°C, 4 h stirring pH 9.5 controlled 

MXene (Ti₃C₂Tₓ) Loading 15 wt% Ultrasonication for 2 

h 
N₂ atmosphere 

N-Doping Source (Urea) 10 wt% 

equivalent 
Calcination at 550°C Ar/H₂ atmosphere 

Hydrothermal Treatment 180°C, 12 h Teflon-lined 

autoclave 
Controlled synthesis 

Carbon Matrix (Sucrose) 5 wt% Pyrolysis process Improved 

conductivity 

Final Calcination 550°C, 4 h Argon atmosphere Enhanced 

crystallinity 

3.6.2 Structural and Morphological Characterization 

The synthesized LTO-based composite anodes are structurally and morphologically characterized to assess 

the crystal structure, surface morphology, elemental composition and electrochemical behavior of the synthesized 

composite anode. Determination of the crystal structure of the material and its purity is carried out using X-Ray 

Diffraction (XRD) analysis. The diffraction behavior is that of Bragg's law: 

𝑛𝜆 = 2𝑑sin⁡𝜃 

where 𝑛 is the diffraction order, 𝜆 is the wavelength of incident X-rays, 𝑑is the interplanar spacing, and 𝜃 is 

the diffraction angle. This equation helps identify the crystal planes and structural properties of the synthesized 

composite. 

The particle morphology, size distribution, porosity and uniformity of the surfaces are investigated using 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM). The specific surface area of 

composite material is also calculated by Brunauer–Emmett–Teller (BET) analysis, which plays an important role in 

lithium-ion diffusion and electrolyte interaction. The BET surface area equation is given by: 

1

𝑉[(𝑃0/𝑃) − 1]
=
𝐶 − 1

𝑉𝑚𝐶
(
𝑃

𝑃0
) +

1

𝑉𝑚𝐶
 

The adsorbed gas volume is denoted as 𝑉 the adsorption volume at the monolayer level is 𝑉𝑚, the equilibrium 

pressure is 𝑃 and the saturation pressure is 𝑃0 . The BET constant is 𝐶 . The higher surface area results in better 

interaction between the electrode and electrolyte, and better electrochemical performance. Furthermore, X-ray 

Photoelectron Spectroscopy (XPS) and Raman spectroscopy are used to investigate the elemental composition, 

oxidation states and bonding properties in the developed LTO-based composite structure. 

3.6.3 Electrode Fabrication 

The electrochemical performance, conductivity and cycling stability of lithium-ion batteries is largely 

dependent on the fabrication of the electrodes. In this study, the active electrode material is the composite material 

synthesized by the LTO material. The electrode slurry is formed by a composition consisting of a mixture of active 

material, a conductive carbon black, and a Polyvinylidene Fluoride (PVDF) binder in proper weight ratios in N-

methyl-2-pyrrolidone (NMP) solvent. The conductive carbon is used to promote electron transport and the binder is 

used to provide bonding between active particles and the current collector. The homogeneous slurry is applied to the 

copper foil by the doctor-blade technique and the solvent and moisture are removed from the slurry under vacuum 

conditions. 

The theoretical specific capacity of the fabricated electrode is estimated using: 

𝑄𝑡ℎ =
𝑛𝐹

3.6𝑀
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where 𝑄𝑡ℎ  is the theoretical specific capacity (mAh 𝑔−1 ), 𝑛 is the number of transferred electrons, 𝐹  is 

Faraday’s constant, and 𝑀 is the molar mass of the active material. The higher the theoretical capacity the greater 

lithium storage capacity of the developed composite electrode. 

These coated electrodes are then compressed and placed in coin-cell type configurations in an Ar-filled glove 

box with lithium metal counter electrode and electrolyte solution for electrochemical testing. The uniformity of current 

distribution and the reduction of internal resistance and electrochemical instability during repeated charge and 

discharge cycles can be achieved through proper electrode fabrication. 

3.6.4 Electrochemical Testing 

The The electro-chemical tests are conducted to investigate the lithium storage ability, cycling stability, rate 

performance and charge transfer behavior of the prepared LTO composite electrodes. These assembled coin cells are 

characterized by galvanostatic charge–discharge (GCD), Cyclic Voltammetry (CV), electrochemical impedance 

spectroscopy (EIS) and Galvanostatic Intermittent Titration Technique (GITT). These techniques can be used to 

elucidate lithium-ion diffusion kinetics, electrode stability and battery performance as a function of various operating 

conditions. 

The specific discharge capacity of the electrode is calculated using: 

𝑄 =
𝐼 × 𝑡

𝑚
 

where 𝑄 is the specific capacity (mAh 𝑔−1), 𝐼 is the discharge current (mA), 𝑡 is the discharge time (h), and 

𝑚 is the mass of active material (g). Higher specific capacity indicates improved lithium-ion storage performance. 

The Coulombic efficiency of the battery system is determined by: 

𝜂 =
𝑄𝑑
𝑄𝑐

× 100 

where 𝜂  is the Coulombic efficiency, 𝑄𝑑  is the discharge capacity, and 𝑄𝑐  is the charge capacity. High 

Coulombic efficiency reflects stable electrochemical reversibility and reduced energy loss during cycling. 

The charge transfer resistance and ion diffusion behavior in the electrode are additionally investigated by the 

electrochemical impedance spectroscopy. All these electrochemical analyses collectively provide an idea of the 

effectiveness of the developed LTO-based composite in mitigating capacity loss and enhancing battery long-life. 

4. Results and Discussion 

4.1 Structural Characterization 

The synthesized LTO-based composites were characterized in terms of its structural and morphological 

properties by the X-ray Diffraction (XRD) technique, Transmission Electron Microscopy (TEM), high-resolution 

TEM (HRTEM) and Brunauer–Emmett–Teller (BET) surface area analysis. XRD patterns of all the prepared samples 

showed the presence of phase-pure spinel Li₄Ti₅O₁₂ with  crystal structure (JCPDS Card No. 49-0207) without the 

presence of detectable impurity phases. The proposed LTO-MXene-N composite showed a slightly larger lattice 

parameter (a=8.368 Å) than the bare LTO (a=8.358 Å), which suggested the successful incorporation of N in the lattice 

structure of LTO and slight expansion of Li+ diffusion path for LTO-MXene-N composite. The TEM images showed 

uniform distribution of quasi-spherical nanoparticles of 48±8nm in average particle size that were uniformly anchored 

on MXene nanosheets. This morphology is effective to suppress the particle agglomeration and enhances the electron 

transport pathway. The lattice spacing of the spinel LTO phase and Ti₃C₂Tₓ MXene sheets were also confirmed by 

HRTEM analysis. The BET analysis showed that the proposed composite had a specific surface area of 67.2 m² g⁻¹, 

which is much higher than that of bare LTO (12.3 m² g⁻¹) indicating successful nano structuring and improved 

interaction between the electrolyte and the electrode. The layered structure of the proposed LTO-MXene-N composite 

electrode comprised of a conductive network of MXenes, a carbon conductive matrix, copper current collector, N-

doped LTO nanoparticles and an electrolyte is illustrated in Figure 3. 
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Figure 3: Schematic architecture of the proposed LTO-MXene-N composite electrode 

4.2 Capacity Retention Performance 

The capacity retention of various LTO based electrode systems was tested at 1C current rate for 1,000 

charge/discharge cycles and is shown in figure 4. The cycling stability of Bare LTO was the worst, with the capacity 

fades rate increasing sharply from 100% to almost 60% after 1000 cycles due to the serious problem of conductivity 

limitation and structural degradation. The LTO/C composite showed better stability, with retention around 70% after 

long cycling time, and LTO/TiO₂ had almost 73% retention. LTO/Graphene composite also exhibited electrochemical 

stability with the retention of about 78% of its capacity after 1,000 cycles, owing to its improved electrical conductivity 

and reduced polarization effects. As a comparison, the proposed LTO-MXene-N composite showed the highest 

stability with nearly 88–89% capacity retention after 1,000 cycles. The synergistic effect of MXene conductive 

pathways, nitrogen doping and carbon matrix stabilization leads to superior performance, with reduced capacity fading 

and enhanced electrochemical stability over long-term. 

 

Figure 4: Capacity retention behavior of different LTO-based electrode systems over 1,000 cycles. 

4.3 Rate Capability Analysis 

Figure 5 shows the rate capability performance of various LTO-based electrode systems tested at various C-

rates of 0.1C to 10C. The discharge capacity of Bare LTO decreased from 172 mAh g⁻¹ at 0.1C to 0.1C to nearly 65 

mAh g⁻¹ at 10C, showing poor high-rate electrochemical performance, which is attributed to limited conductivity and 

slow lithium-ion diffusion. The LTO/C and LTO/TiO₂ composites exhibited moderate enhancements with LTO/C 
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having a capacity of almost 82 mAh g⁻¹ and LTO/TiO₂ nearly 88 mAh g⁻¹ at 10C. Likewise, the LTO/Graphene 

composite has achieved about 96 mAh g⁻¹ at 10C, due to the enhanced electron transport. However, when compared 

to the proposed LTO-MXene-N composite, it exhibited high discharge capacities of 176 mAh g⁻¹ at 0.1 C and 128 

mAh g⁻¹ at 10 C, showing outstanding rate capability and excellent electrochemical kinetics at high current densities. 

 

Figure 5: Rate capability comparison of various LTO-based electrode systems at different C-rates. 

4.4 Coulombic Efficiency Analysis 

The Coulombic Efficiency (CE) of various LTO-based electrode systems is displayed over 200 cycles of charge 

and discharge in Figure 6. The initial Coulombic efficiency of Bare LTO is the lowest at about 82.1%, which suggests 

significant irreversible loss of lithium ions in the process of Solid Electrolyte Interphase (SEI) layer formation. After 

long cycling, the CE eventually rose and settled at approximately 97.5%, but side reactions and decomposition of the 

electrolyte continued. Thus, the LTO/C, LTO/TiO₂ and LTO/Graphene composites achieved improved efficiencies of 

~98.2%, ~98.6% and ~99.1% respectively due to its improved surface conductivity and polarization losses. In 

comparison, the proposed LTO-MXene-N composite exhibited a highest initial CE of 91.3% and promptly stabilized 

at ~99.7% after only 15 cycles, highlighting excellent electrochemical reversibility and minimal irreversible lithium 

trapping. 

 

Figure 6: Coulombic efficiency comparison of LTO-based electrode systems over 200 cycles. 

4.5 Electrochemical Impedance Analysis 
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Figure 7 shows the Nyquist impedance plots of various electrode systems composed of LTO after 

electrochemical cycling. All spectra showed a high-frequency semi-circle followed by an inclined/fainter low-

frequency Warburg diffusion tail, corresponding to charge-transfer resistance and lithium-ion diffusion behavior, 

respectively. The highest charge-transfer resistance () of 180 Ω was obtained for Bare LTO, which means that it has 

poor electrical conductivity and slow electrochemical kinetics. The composites of LTO/C, LTO/TiO₂ and 

LTO/Graphene have () values of almost 140 Ω, 120 Ω and 90 Ω, respectively. The proposed LTO-MXene-N composite, 

on the other hand, had the lowest  value of ~45 Ω with a much shorter Warburg diffusion region, indicating improved 

electron transport pathways and accelerated lithium-ion diffusion by MXene conductive networks and N doping. 

 

Figure 7: Nyquist impedance plots showing charge-transfer resistance and diffusion behavior of LTO-based 

electrode systems. 

4.6 Comparative Performance Analysis 

Table 3 presents a comparative analysis of the electrochemical performance of different LTO-based electrode 

systems under various operating conditions. The comparison includes important parameters such as discharge capacity 

at 0.1C and 10C rates, capacity retention after 1000 cycles, charge-transfer resistance (), Coulombic efficiency (CE), 

and estimated cycle life. Among all investigated systems, the proposed LTO-MXene-N composite demonstrates 

superior electrochemical performance with the highest discharge capacity, enhanced cycling stability, lowest charge-

transfer resistance, and longest estimated cycle life. The improved performance is primarily attributed to the 

synergistic effects of MXene conductive pathways, nitrogen doping, and carbon matrix stabilization, which 

collectively enhance lithium-ion diffusion, electrical conductivity, structural integrity, and high-rate electrochemical 

behavior compared with previously reported LTO-based composite electrodes. 

Table 3: Comparative Performance Summary of LTO-Based Electrode Systems 

Method / 

Reference 
Capacity 

@0.1C 

(mAh/g) 

Capacity 

@10C 

(mAh/g) 

Retention 

@1000 

Cycles 

(%) 

Rct 

(Ω) 
CE 

(%) 
Estimated 

Cycle Life 

Bare LTO [30] 172 65 72.3 180 97.5 ~800 

LTO/Carbon 

[31] 
173 82 79.1 140 98.2 ~900 
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LTO/TiO₂ [32] 174 87 81.4 120 98.6 ~950 

LTO/Graphene 

[33] 
175 96 84.7 90 99.1 ~1000 

LTO/MoS₂ 

[34] 
173 91 82.6 105 98.8 ~960 

LTO/CNT [35] 174 94 83.9 98 98.9 ~980 

Proposed 

LTO-MXene-

N 

176 128 92.6 45 99.7 >2000 

Table 4 shows a detailed comparison of various electrochemical and structural parameters of bare LTO, 

previously reported LTO composites, and the proposed LTO-MXene-N composite electrode. The proposed composite 

was found to demonstrate excellent performance in all the evaluated parameters such as discharge capacity, good 

capacity retention, high Coulombic efficiency, low charge transfer resistance and significant improvement in lithium-

ion diffusion coefficient. The BET surface area of 67.2 m² g-1 and reduced particle size of 48 nm suggest that the nano 

structuring process is successful and that the interaction between the electrode and electrolyte is improved. The 

synergistic effect of MXene conductive networks, nitrogen doping, and carbon matrix stabilization are the major 

reasons for the enhanced electrochemical behavior. These enhancements justify the success of the proposed AHLCO 

optimization framework for the fabrication of high performance LTO-based composite anode materials for advanced 

lithium-ion battery applications. 

Table 4: Detailed Electrochemical Parameter Comparison 

Parameter Bare 

LTO [4] 
LTO/Graphene 

[12] 
LTO/CNT 

[8] 
Proposed LTO-

MXene-N 

Theoretical Capacity 

(mAh/g) 
175 175 175 176 

Initial Discharge 

Capacity (mAh/g) 
167 ± 2 171 ± 2 173 ± 1.5 175 ± 0.8 

Capacity at 10C 

(mAh/g) 
65 ± 4 96 ± 3 115 ± 2 128 ± 1.5 

Retention after 1000 

Cycles (%) 
72.3 ± 

1.2 
84.7 ± 0.9 86.1 ± 0.7 92.6 ± 0.4 

Average Coulombic 

Efficiency (%) 
97.5 99.1 99.2 99.7 

Charge Transfer 

Resistance (Ω) 
180 90 82 45 

Li⁺ Diffusion 

Coefficient (cm²/s) 
    

BET Surface Area 

(m²/g) 
12.3 31.6 38.4 67.2 

Average Particle Size 

(nm) 
800 120 95 48 

First Cycle Efficiency 

(%) 
82.1 87.4 88.6 91.3 

5. Conclusion and Future Scope 
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The results of this study showed that LTO-based composite engineering is effective in reducing capacity decay 

and enhancing the electrochemical performance of lithium-ion battery anodes. In this study, the developed Adaptive 

Hierarchical LTO Composite Optimizer (AHLCO) framework was utilized for the development of a novel LTO-

MXene-N composite architecture incorporating nitrogen-doped Li₄Ti₅O₁₂ nanoparticles, MXene conductive 

nanosheets, and a carbon conductive matrix. The phase-pure spinel LTO with higher surface area and smaller particles 

size was structurally confirmed, leading to a significant improvement in lithium-ion diffusion and electron transport 

pathways. The proposed composite demonstrated a high discharge capacity of 176 mAh g⁻¹ at 0.1C, and retained 128 

mAh g⁻¹ at 10C, based on electrochemical investigations. Moreover, the electrode achieved a 92.6% capacity retention 

rate after 1000 charge discharge cycles, which is superior to the traditional LTO, LTO/C, LTO/TiO₂ and LTO/Graphene 

type systems. The charge-transfer resistance was significantly improved to 45 Ω, and the lithium-ion diffusion 

coefficient was improved to cm² s⁻¹. In summary, the synergistic effect of the MXene conductivity, N doping and 

nanostructured architecture effectively inhibited capacity fading and improved the long-term electrochemical stability 

of the proposed composite, rendering it a promising candidate for next-generation fast-charging and high-performance 

lithium-ion batteries. 

Future work directions include scalable industrial fabrication, real-time battery management system integration 

and advanced hybrid LTO-based composite materials with high energy density and ultra-fast charging rate for next 

generation energy storage systems. 

References 

1. Ngoy, Kitalu Ricin, Valantine Takwa Lukong, Kelvin O. Yoro, John Beya Makambo, Nonso Christopher Chukwuati, 

Chinedu Ibegbulam, Orevaoghene Eterigho-Ikelegbe, Kingsley Ukoba, and Tien-Chien Jen. "Lithium-ion batteries and 

the future of sustainable energy: A comprehensive review." Renewable and Sustainable Energy Reviews 223 (2025): 

115971. 
2. Li, Shengqiang, Kai Wang, Gefei Zhang, Shani Li, Yanan Xu, Xudong Zhang, Xiong Zhang, Shuanghao Zheng, 

Xianzhong Sun, and Yanwei Ma. "Fast charging anode materials for lithium‐ion batteries: current status and 

perspectives." Advanced Functional Materials 32, no. 23 (2022): 2200796. 
3. Sun, Xiaowei. "Research Progress on Graphite Anode of Lithium-ion Batteries." In MATEC Web of Conferences, vol. 

420, p. 01024. EDP Sciences, 2026. 
4. Lou, Shuaifeng, Yang Zhao, Jiajun Wang, Geping Yin, Chunyu Du, and Xueliang Sun. "Ti‐based oxide anode materials 

for advanced electrochemical energy storage: lithium/sodium ion batteries and hybrid pseudocapacitors." Small 15, no. 

52 (2019): 1904740. 
5. Julien, Christian M., and Alain Mauger. "Fabrication of Li4Ti5O12 (LTO) as anode material for Li-Ion 

batteries." Micromachines 15, no. 3 (2024): 310. 
6. Zhang, Hao, Yang Yang, Hong Xu, Li Wang, Xia Lu, and Xiangming He. "Li4Ti5O12 spinel anode: Fundamentals and 

advances in rechargeable batteries." InfoMat 4, no. 4 (2022): e12228. 
7. Tedla, Tsegaye Sissay, Ntuthuko Wonderboy Hlongwa, Thabo Thokozani Innocent Nkambule, and Mesfin Abayneh 

Kebede. "Advancements in sodium-ion batteries technology: A comprehensive review of recent development on 

materials, mechanisms, applications, and prospects for energy storage." Energy Reports 14 (2025): 3175-3203. 
8. Behi, Hamidreza, Danial Karimi, Theodoros Kalogiannis, Jiacheng He, Mahesh Suresh Patil, Jean-Damien Muller, Anita 

Haider, Joeri Van Mierlo, and Maitane Berecibar. "Advanced hybrid thermal management system for LTO battery module 

under fast charging." Case Studies in Thermal Engineering 33 (2022): 101938. 
9. Apostolopoulou, Maria, Dimitra Vernardou, and Stefano Passerini. "Optimization strategies of hybrid lithium titanate 

oxide/carbon anodes for lithium-ion batteries." Nanomaterials 14, no. 22 (2024): 1799. 
10. Zhou, Jing, Yongzhu Fu, and Tengfei Zhang. "A Cost‐Effective Production Route of Li4Ti5O12 Resisting Unsettled 

Market and Subsequent Application in the Li‐Ion Capacitor." Small Structures 5, no. 4 (2024): 2300377. 
11. Asenbauer, Jakob, Tobias Eisenmann, Matthias Kuenzel, Arefeh Kazzazi, Zhen Chen, and Dominic Bresser. "The success 

story of graphite as a lithium-ion anode material–fundamentals, remaining challenges, and recent developments including 

silicon (oxide) composites." Sustainable Energy & Fuels 4, no. 11 (2020): 5387-5416. 
12. Miao, Jinghui. "Review on electrode degradation at fast charging of Li-ion and Li metal batteries from a kinetic 

perspective." Electrochem 4, no. 2 (2023): 156-180. 
13. Han, Zhibin, Yuncong Feng, Wanrui Zhang, Yubo Hu, Yifeng Xiong, and Weizhao Zhang. "Advance in Structural Battery 

Technology: Integrating Lithium Titanate to Overcome Limitation of Graphite in Carbon Fabric Composite Structural 

Batteries." Polymer Composites (2025). 
14. Kozlova, Anna, Nikolai Uvarov, and Artem Ulihin. "Transport and electrochemical properties of Li4Ti5O12-Li2TiO3 

and Li4Ti5O12-TiO2 composites." Materials 15, no. 17 (2022): 6079. 
15. Hao, Hongqing, Rui Tan, Chunchun Ye, and Chee Tong John Low. "Carbon‐coated current collectors in lithium‐ion 

batteries and supercapacitors: Materials, manufacture and applications." Carbon Energy 6, no. 12 (2024): e604. 
16. Choi, Chunghyeon, Tae Gwang Yun, and Byungil Hwang. "Dispersion stability of carbon nanotubes and their impact on 

energy storage devices." Inorganics 11, no. 10 (2023): 383. 



136 

17. Raut, Bikash, Md Shahriar Ahmed, Hae-Yong Kim, Mohammad Mizanur Rahman Khan, Gazi AKM Rafiqul Bari, 

Mobinul Islam, and Kyung-Wan Nam. "Battery-type transition metal oxides in hybrid supercapacitors: Synthesis and 

applications." Batteries 11, no. 2 (2025): 60. 
18. Akintola, Taofeek, Annadanesh Shellikeri, Tawakalt Akintola, and Jim P. Zheng. "The influence of Li4Ti5O12 

preparation method on lithium-ion capacitor performance." Batteries 7, no. 2 (2021): 33. 
19. Ria, Andrea, and Pierpaolo Dini. "A compact overview on Li-ion batteries characteristics and battery management 

systems integration for automotive applications." Energies 17, no. 23 (2024): 5992. 
20. Kozlova, Anna, Nikolai Uvarov, and Artem Ulihin. "Transport and electrochemical properties of Li4Ti5O12-Li2TiO3 

and Li4Ti5O12-TiO2 composites." Materials 15, no. 17 (2022): 6079. 
21. Cao, Chencheng, Yijun Zhong, Bingbing Chen, Rui Cai, and Zongping Shao. "A Li–Li4Ti5O12 Composite Anode for 

Reducing Interfacial Resistance of Solid‐State Batteries." Small Structures 4, no. 7 (2023): 2200374. 
22. Hasani, Arman, Shrikant Joshi, Antti Salminen, Sneha Goel, Joakim Reuteler, Malgorzata Grazyna Makowska, and 

Ashish Ganvir. "Localized Phase and Elemental Mapping in Solid-State Lithium Battery LTO Anode Thin-Film Produced 

by a Novel Suspension Plasma Spray Approach." Journal of Thermal Spray Technology 34, no. 5 (2025): 1589-1597. 
23. Cayirli, Meltem, Busra Yilmaz-Donmez, and Mustafa Anik. "Performance of LTO/rGO Composite Anode in Lithium 

Ion Battery." The Eurasia Proceedings of Science, Technology, Engineering and Mathematics 38 (2025): 525-529. 
24. Moon, Eun Jeong, Jeong Ki Hong, Sangram Keshari Mohanty, Mihyun Yang, Kyuwook Ihm, Hosik Lee, and Hyun Deog 

Yoo. "Coating lithium titanate anodes with a mixed ionic-electronic conductor for high-rate lithium-ion 

batteries." Journal of Power Sources 559 (2023): 232657. 
25. De Giorgio, Francesca, Mattia Gaboardi, Lara Gigli, Sergio Brutti, and Catia Arbizzani. "Deciphering the interplay 

between binders and electrolytes on the performance of Li4Ti5O12 electrodes for Li-ion batteries." Energies 15, no. 12 

(2022): 4182. 
26. Alrefaee, Salhah H., Fatemah H. Alkallas, Amira Ben Gouider Trabelsi, Rami Adel Pashameah, W. B. Elsharkawy, 

Ameenah N. Al-Ahmadi, Awatif Rashed Z. Almotairy, Sherif S. Nafee, Manal Alshammari, and Ayman M. Mostafa. 

"Laser assisted method for synthesis Li4Ti5O12/polyether sulfone composite for lithium ion batteries anodic 

materials." Journal of Materials Research and Technology 25 (2023): 440-450. 
27. Kim, Chan-Gyo, Suk Jekal, Zambaga Otgonbayar, Jiwon Kim, Yoon-Ho Ra, Jungchul Noh, Won-Chun Oh, and Chang-

Min Yoon. "Synthesis of Plasma-Reduced Graphene Oxide/Lithium Titanate Oxide Composite and Its Application as 

Lithium-Ion Capacitor Anode Material." Batteries 10, no. 9 (2024): 311. 
28. Haghipour, Amir, Stefanie Arnold, Jonas Oehm, Dominik Schmidt, Lola Gonzalez‐Garcia, Hitoshi Nakamura, Tobias 

Kraus, Volker Knoblauch, and Volker Presser. "Optimized Preparation and Potential Range for Spinel Lithium Titanate 

Anode for High‐Rate Performance Lithium‐Ion Batteries." Advanced Energy and Sustainability Research 6, no. 1 (2025): 

2400239. 
29. Siller, Valerie, Juan Carlos Gonzalez-Rosillo, Marc Nunez Eroles, Michel Stchakovsky, Raul Arenal, Alex Morata, and 

Albert Tarancon. "Safe extended-range cycling of Li4Ti5O12-based anodes for ultra-high capacity thin-film 

batteries." Materials Today Energy 25 (2022): 100979. 
30. Sun, Yongming, Nian Liu, and Yi Cui. "Promises and challenges of nanomaterials for lithium-based rechargeable 

batteries." Nature Energy 1, no. 7 (2016): 1-12. 
31. Liu, Hao, Wei Li, Dengke Shen, Dongyuan Zhao, and Guoxiu Wang. "Graphitic carbon conformal coating of mesoporous 

TiO2 hollow spheres for high-performance lithium ion battery anodes." Journal of the American Chemical Society 137, 

no. 40 (2015): 13161-13166. 
32. Myung, Seung-Taek, Masaru Kikuchi, Chong Seung Yoon, Hitoshi Yashiro, Sun-Jae Kim, Yang-Kook Sun, and Bruno 

Scrosati. "Black anatase titania enabling ultra high cycling rates for rechargeable lithium batteries." Energy & 

Environmental Science 6, no. 9 (2013): 2609-2614. 
33. Zhang, Zhitao, Lie Wang, Yiming Li, Yuhang Wang, Jing Zhang, Guozhen Guan, Zhiyong Pan, Gengfeng Zheng, and 

Huisheng Peng. "Nitrogen-Doped Core-Sheath Carbon Nanotube Array for Highly Stretchable 

Supercapacitor." Advanced Energy Materials 7, no. 5 (2017). 
34. Lin, Zifeng, Eider Goikolea, Andrea Balducci, Katsuhiko Naoi, Pierre-Louis Taberna, Mathieu Salanne, Gleb Yushin, 

and Patrice Simon. "Materials for supercapacitors: When Li-ion battery power is not enough." Materials today 21, no. 4 

(2018): 419-436. 
35. Mo, Runwei, Fan Li, Xinyi Tan, Pengcheng Xu, Ran Tao, Gurong Shen, Xing Lu et al. "High-quality mesoporous 

graphene particles as high-energy and fast-charging anodes for lithium-ion batteries." Nature communications 10, no. 1 

(2019): 1474. 


