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ABSTRACT 

The present efforts in energy storage are directed more towards modifying the secondary 

battery systems. Titania (TiO2) is an appropriate substitute for anode material in lithium-

ion batteries (LIBs) owing to its surpassed structural stability and high safety during the 

prolonged charge/discharge cycles. The low conductivity issues associated with this 

material has been a constraining factor influencing its rate capability and cycling 

performance. From this viewpoint, multiwalled carbon nanotubes (MWCNTs), a zero-

gap semiconductor, with distinctive electronic properties, together with superb 

electrochemical, thermal, optical, and mechanical properties that are much more than the 

other carbon allotropes such as diamond, graphite and fullerene. More importantly, 

MWCNTs has also proved their effectiveness upon compositing with a metal oxide or 

metallic nanoparticles to augment the electrochemical performance.  

In this work, M-TiO2/MWCNTs (M = Mn, Ni, Co, Cu) were synthesized by surfactant-

assisted controlled hydrolysis approach taking the advantage of the synergistic interplay 

between MWCNTs and M-doped TiO2 leveraging both the electrode performance and 

stability. Exploiting synchrotron-based spectroscopy (NEXAFS, XANES and ex-situ 

XRD) and microscopy techniques, we examined the structure of metal-doped 

TiO2/MWCNTs nanocomposites characterized by varied morphology and structural order 

at the nanoscale. This entire investigation of the electronic, morphological, and structural 

properties enabled us to recognize and unveil the electrochemical transformations upon 

cycling.  

A convenient, cheap and mild covalent functionalization route for multiwalled carbon 

nanotubes (MWCNTs) has been developed for the first time. The results consistently 
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confirmed the formation of carboxyl functionalities on MWCNTs, while the structure of 

MWCNTs has remained relatively intact. At an optimal 5% doping of Mn, Ni, Cu and 

7% doping of Co the electrode showed 176.4, 241.3, 214.1 and 177.6 mAh g
‒1

 capacity at 

C/10 for 80 cycles, moreover an excellent rate capacity is also demonstrated at a 

sufficiently high rate of 20 C. The lower angle shift and enlargement of TiO2 unit cell 

from XRD results indicate that metal dopants are substituting Ti atoms from the pure 

anatase TiO2 matrix. The increase in the intensity of t2g and eg bands in O K-edge 

NEXAFS point to the effective hybridization between metal 3d and O 2p orbitals. Metal 

and Ti L3,2 edge from NEXAFS spectra clearly reflect 2+ and 4+ valence states of metal 

and Ti, respectively. C K-edge NEXAFS provides clear evidence for a charge distribution 

and chemical bonding between MxTi1-xO2 nanoparticles and MWCNTs. Ex-situ XANES 

studies of lithiated samples have proved that Ti and metal K edge shifts to lower energy 

upon increased doping concentration while ex-situ XRD points towards the lattice 

expansion upon Li-insertion. This work offers new outlooks for electrode fabrication with 

a deep insight into structural alterations associated with the charging-discharging 

behaviour in the composite electrodes for battery applications.  
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1. Introduction 

1.1. General background 

The current era of green technology demands renewable energy resources be explored to 

keep pace with the increasing energy demand of the modern industrialized world in an 

economical fashion. Besides the depleting nature of fossil fuels and other natural energy 

resources, the rising levels of CO2 and other greenhouse gases, global warming and climate 

change are also a result of their large-scale consumption that has already posted a potential 

threat to the life on this planet. The industrialized countries are focussing to make their 

energy futures ‘sustainable’ in a way to uplift their economic growth whilst providing energy 

security and environmental protection. The improvement of effective and mobile energy 

storage systems seems to be an immediate solution. For this purpose, many alternate energy 

resources are being utilized and explored like solar energy, wind energy, nuclear energy etc, 

while electrochemical energy storage (EES) technologies that are based on batteries are 

additionally being investigated as a promising rival to other competitors with quick 

development over the most recent couple of decades. EES technologies offer low cost, long 

cycle life, and high overall efficiency. The secondary battery systems are proficient for use in 

various applications, like supplying energy for residential use, enabling electrification of 

remote areas, achieving energy storage for native solar output, powering electric or hybrid 

electric vehicles (HEVs), or plug-in hybrid electric vehicles (PHEVs). 

Various battery systems are currently being exploited like lithium-ion batteries (LIBs), Li-air, 

Li-S, Na-ion, Mg-ion, Zn-ion, etc. The rechargeable LIBs are well situated to perform as 

portable stores of electric power compared to alternative energy storage systems because of 

their high energy (volumetric and gravimetric), extended cycle life, high working voltage, 

and low self-discharge behaviour.  
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Implementing the ESS technologies for the smart grid applications that consist of a range of 

energy generators and utilities can be opted. On-grid batteries have been recently tested 

successfully to store the excess energy produced from renewable energy sources that are 

meant to deal with the unbalanced productions and uninterrupted supply. The energy can 

likewise be utilized to power up the grid once consumption surpasses production or be 

applied for off-peak utilization like for EV charging.  

1.2. Motivation and outline 

The motivation for this PhD work was to improve the rate capability and capacity retention of 

anatase TiO2 based anode materials and explore the essential mechanisms for their energy 

storage performances. For that purpose, anatase TiO2 material has been modified by 

incorporating functionalized multiwall carbon nanotubes (FMWCNTs) along with doping of 

anatase TiO2 with transition metals (Mn, Co, Ni, and Cu) to test their effectiveness as anode 

material for LIBs. 

This doctoral work aims to: 

(1) Recognize a new corridor to enhance the lithium storage performance in TiO2 based 

composite anodes that can withstand high current fluctuations (2) Overcome the inherently 

sluggish ionic conductivity of TiO2 by exploiting multiwall carbon nanotubes (MWCNTs) 

matrix (3) Tune the band gap of TiO2 to enhance the electronic transport (4) Study the 

structural and electronic variations during lithium insertion and extraction processes by using 

x-ray absorption and ex-situ diffraction techniques so as to unveil their effect on the activity 

of the electrode. (5) To see the effect of dopant concentration on the structure of the anatase 

TiO2 and performance of the LIBs anode. (6) To elucidate the mechanistic role of MWCNTs 

and the dopant metals in enhancing or diminishing the capacity of the LIBs.  
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1.3. Chapter overview 

Chapter 2 highlights some basic background knowledge about EES systems. Several 

subjects are concisely introduced in Chapter 2, comprising the background of LIBs, a brief 

overview of the battery constituents, various electrode materials utilized in LIBs, binders, 

additives, and electrolyte, and finally outlining the perspective and applicability of anatase 

TiO2 based anodes. 

Chapter 3 presents the experimental work and characterization tools adopted in this work, as 

well as the detailed list of chemicals, synthesis protocols, electrochemical and physical 

characterization methods. 

Chapter 4 is a reprint of the material “A facile and novel approach towards carboxylic acid 

functionalization of MWCNTs and efficient water dispersion” 

Chapter 5 in full, is a reprint of the material “Superior shuttling of lithium and sodium-ions 

in manganese-doped TiO2@FMWCNTs anodes” 

Chapter 6 describes the “Axial expansion of Ni-doped TiO2 nanorods grown on carbon 

nanotubes for favourable lithium-ion intercalation” 

Chapter 7 overviews the “Nanoscale modification of Co-TiO2@MWCNTs and Cu 

TiO2@MWCNTs composites safeguarding steady reversible capacity as LIB anode” 

Chapter 8 is a general conclusion and outlook of the research. 
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2. Literature review 

2.1. General background and history 

The fast development of the world's economy and modern technology requires more and 

more utilization of energy and energy resources. For decades, a non-renewable resource, such 

as oil, coal, metallic ores, natural gas, etc., have been widely exploited by humans, and they 

have caused severe environmental pollution. Due to the rapid decrease in the availability of 

these non-renewable resources, sustainable energy resources with high power capacity and 

high energy density have attracted the general attention of the society. At present, there is 

general agreement that the secondary batteries, among various energy storage technologies, 

are most favourable ways for storing electrical energy on a large scale, because of their high 

energy conversion efficiency and flexibility [1]. LIBs, in particular, owing to their 

extraordinary energy density and flexible design had a share of more than 63% of sales in the 

portable battery market. In Figure 2.1 comparison of the energy density of different 

rechargeable battery systems clearly shows that LIBs present the highest energy density 

among the different battery systems and offers a smart short term solution for the current 

energy crises [2].  
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Figure 2.1 Comparison of gravimetric power and energy density of the various 

rechargeable battery systems [3] 

Even though the first electrochemical cell appeared in the Parthian era, 250 BC – 225 AD, 

called the "Baghdad Battery or Parthian Battery", the first real step towards the modern 

batteries as energy storage devices can be ascribed to Galvani at the University of Bologna in 

the 1790s. Alessandro Volta in 1799 demonstrated the electricity production from his "voltaic 

pile" at the University of Pavia, which was assembled from zinc and silver. In 1866, a French 

engineer Georges- Lionel, developed a battery, which can be considered as the prototype of 

modern batteries, consisting of zinc as an anode, manganese oxide (MnO2) - carbon 

composite as a cathode and an aqueous ammonium chloride (NH4Cl) solution as an 

electrolyte [4]. 

Experimentation with the LIB began in 1912 by G. N. Lewis, and in the 1970s, primary 

lithium batteries were being sold. Among these batteries, the outstanding battery systems 

include lithium/thionyl chloride (Li/SOCl2), lithium/sulphur dioxide (Li/SO2), 

lithium/manganese dioxide (Li/MnO2), and lithium/iodine (Li/poly-2-vinyl pyridine) Li/TiS2 

etc [5, 6]. John Goodenough et al. [7] in 1979, demonstrated a reversible chemical cell (~ 4 

V) with high stability, using layered structure lithium cobalt oxide (LiCoO2) as cathode and 

lithium metal as an anode. By allowing the utilization of easy-to-handle and steady negative 

electrode materials, LiCoO2 unlocked an entirely new range of opportunities for novel 

rechargeable battery systems. Rachid Yazami et al. [8] got the credit for discovering the 

graphite anode and recognized the reversible electrochemical insertion of lithium in graphite 

in 1982, providing a substitute to the lithium metal electrode battery. Akira Yoshino et al. [9] 

in 1985, also fabricated a secondary battery using carbonaceous electrode material into which 

Li
+
-ions could be introduced and using LiCoO2 as the counter electrode. By using carbon-

based materials without metallic lithium, the safety of a working battery was tremendously  
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Since then, a large number of cathode materials, such as LiNiO2, LiMn2O4, 

LiV3O8Li3V2(PO4)3, and LiMPO4 (M = Fe, Co, Ni, Mn, and combinations thereof) [10, 11]  

as well as carbonaceous materials, metal oxides, Li4Ti5O12, tin and silicone, have been widely 

explored as alternate anodes [12-15].  

Goodenough et al. [16] worked on lithium metal phosphate (LiMPO4) (M = Mn, Co, Fe and 

Ni) as positive electrode materials in 1997. They found that the olivine structured LiMPO4 

family as cathode materials for LIBs displayed extremely low electronic and ionic 

conductivity. Y-M. Chiang et al. [17] however, came up with significant improvement in the 

performance of LIBs with lithium metal phosphate cathode in 2002 by improving the 

material's conductivity by doping it with niobium, aluminium, and zirconium in an 

appropriate concentration. In the past decade, various lithium metal phosphates based 

materials (including LiMPO4, where M = Mn, Co, Fe, Ni and combinations thereof) have 

received much attention as a few of the highly studied cathode materials for commercial 

application on a large scale.   

 

Figure 2.2 History of battery development over the centuries [18] 

2.2. Basic concepts for LIBs 

i. Discharging 

Discharging is the process during which the stored chemical energy in the battery is 

converted to electrical energy which is subsequently utilized to power an external load. 
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ii. Charging 

Charging is the operation during which a battery charger is connected to the battery which by 

utilizing external electric current stores chemical energy in the rechargeable cell. 

iii. Overcharging 

Overcharging occurs if a charger continues to charge a battery beyond its electrical capacity 

or after the battery has been fully charged. Overcharging may severely damage, explode, and 

cause irreversible capacity loss or leakage in the battery. 

iv. Short circuit 

A short circuit is the electrical opposite of an “open circuit” during which current travels 

along an unintended path, often where essentially no (or a very low) electrical impedance is 

encountered. It is an abnormal connection between two nodes of an electric circuit intended 

to be at different potentials or voltages. It can potentially cause circuit damage, overheating, 

fire, or explosion. 

v. Electrical conductivity 

The ease of conducting electric current or the ability to transmit current in a circuit or battery 

is termed as electrical conductivity. 

vi. Resistance and charge-transfer resistance 

The opposition to the flow of current in a circuit or battery is called resistance while the 

charge-transfer resistance (Rct) is used to quantitatively evaluate the speed of an 

electrochemical reaction on the electrode. Normally, larger the charge-transfer resistance, 

slower will be the electrochemical reaction. Rct can be calculated by electrochemical 

impedance spectroscopy (EIS). 
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vii. Open circuit voltage (OCV) 

The voltage of the battery when it is not delivering or receiving any current and it gives the 

difference in electrical potential between the two terminals of a device when disconnected 

from any circuitry.  

viii. Self-discharging 

Batteries are associated with an unpleasant phenomenon that they consume significant 

amounts of their original charge over time, even when no external circuit or load is attached. 

This self-discharge is due to non-current-producing "side" chemical reactions, moistness in 

the environment and the minor conductivity of the battery housing that all provide a path for 

the electronic passage from the anode towards the cathode, leading to slow discharge of the 

battery. 

ix. Theoretical specific capacity 

Theoretical specific capacity (QTSC, mAh g
‒1

) can be calculated using the relation  

QTSC   =   
1000 × n × F

3600 × M
    (Eq. 2.1) 

Whereby n corresponds to the number of moles of electron transferred in the redox reaction F 

is the Faraday constant (96485 C) and M represents the molecular mass of the active material 

of the cell.  

x. Specific capacity  

Specific capacity describes the total charge attainable under specific charge or discharge 

conditions and it can be represented in terms of volumetric specific capacity (Ah L
‒1

), or 

gravimetric specific capacity (Ah Kg
‒1

). Specific charge (Qc) or discharge capacity (Qd) can 

be calculated from the total charge transferred. 

Qc (or Qd)  =   
I × t

 M
    (Eq. 2.2) 
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Where I is the current (mA), M is the mass of the active material (g), and t is the time (h). 

The unit of Qc and Qd is mAh g
‒1

.  
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xi. Specific energy density 

Specific Energy (SE) or Energy density (ED) is the amount of energy (Wh) stored in a given 

battery system per unit mass or volume respectively. This is an important parameter to 

compare the energy content between different cells and is calculated as follows: 

Specific energy, SE (Wh Kg
‒1 

)  =  E × Q  (Eq. 2.3) 

Energy Density, ED (Wh L
‒1 

)  =   
E × Q × m

V
  (Eq. 2.4) 

Where E is the voltage (V), Q is the specific capacity (Ah kg
‒1

), m is the weight of the cell 

(kg), and V is the volume of the cell (L). 

xii. Specific power and power density 

The amount of power delivered by a battery expressed per unit mass or per unit volume is 

termed as specific power and power density and given as 

Specific power (W Kg
‒1

)  =  
SE 

t
   (Eq. 2.5) 

Power density (W L
‒1

)  =   
ED 

t
   (Eq. 2.6) 

Where SE represent Specific Energy and ED represent energy density. 

xiii. Charge/discharge rate (C-rate) or rate capability 

Charge/discharge rate, commonly termed as “C rate” measures the rate at which a battery is 

made to discharge relative to its maximum capacity or in other words “C rate” indicates a 

charge or discharge rate equal to the capacity of a battery in one hour. It represents either the 

theoretical capacity or the nominal capacity of the cell and is normally expressed in Ampere-

hours. A “1C” rate refers to the discharge current that will discharge the entire battery in 1 

hour whereas C/10 refers to a full charge or discharge in 10 hours. 

xiv. Coulombic efficiency 

Coulombic efficiency also known as the “Faraday efficiency” or “current efficiency” defines 

the efficacy with which the electrons are transmitted in a system easing a reversible 
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electrochemical reaction in a battery. It can be obtained by dividing the discharge capacity 

with the charge capacity of the n
th

 cycle. 

Coulombic efficiency  =  
nth  Discharge 

nth Charge
 x 100     (Eq. 2.7) 

xv. Capacity retention      

It is the ratio of discharge capacity for the n
th

 cycle to the initial discharge capacity. 

Capacity retention  =   
Cn

C1

 x 100       (Eq. 2.8) 

xvi. Irreversible capacity loss  

Irreversible capacity loss is used to evaluate that how much capacity is lost after each cycle. 

Irreversible Capacity Loss  =  
nth Charge  -  nth Disharge 

nth Charge
  x 100   (Eq. 2.9) 

xvii. Battery life 

The term “battery life” expresses the number of charge-discharge cycles that a battery can 

experience before its nominal capacity reduces below 80% of its initially offered capacity. 

Cycle life is assessed for specific charge and discharge conditions. Important factors 

influencing the cycle life are time (t) and the number (N) of charge-discharge cycles 

accomplished. Typical lifetimes of a battery range from 500 to 1200 cycles while the depth of 

cycles, rate and other factors like temperature and humidity influence the actual operative life 

of the battery. 

xviii. State of charge (SoC) 

It describes the existing battery capacity as a portion of its highest capacity. SoC is calculated 

from the current integration to find the variation in battery capacity over time. 

xix. The depth of discharge (DoD) 

The level of battery capacity that has been subjected to discharge is described as a part of all-

out capacity. A discharge of at least 80 % is referred to as deep discharge. 
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2.3. The basic mechanism of LIBs operation 

A battery is made from a few electrochemical cells attached in series or in parallel to give the 

corresponding capacity and voltage. Every cell is composed of a negative electrode, a 

positive electrode, a separator and an electrolyte. LIBs are commercially available in many 

shapes like cylindrical, prismatic, coin, and plastic cells, as shown in Figure 2.3. Despite the 

difference in shapes, their basic configuration is similar.  

 

Figure 2.3 Schematic diagram exposing the shapes and components of different Li-ion 

batteries (a) cylindrical (b) coin (c) prismatic (d) thin and flat [2] 

Most of the commercially offered LIBs use graphite, being anode material, a transition metal 

(M) oxide such as LiCoO2 or LiMn2O4 as the cathode material, a non-aqueous liquid 

electrolyte along with a separator usually made up of a fine porous polypropylene or 

polyethene film. The working mechanism of the LIBs is schematically illustrated in Figure 

2.4. 

During charging, Li
+
-ions travel from the cathode, pile up in the layers of the graphite, while 

electrons make their path from the cathode to anode in the external circuit. During 
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discharging, lithium-ions leave the anode and migrate through the electrolyte to the cathode, 

while the electrons are collected externally by the current collector to power an electric 

device. 

The electrolyte commonly an organic liquid, solely permits the flow of ions and not of 

electrons, whereas the current collectors permit the passage of electrons to and from the 

electrode and are usually metallic and non-reactive towards the electrode materials. 

 

Figure 2.4 Schematic layout of the electrochemical processes in a lithium-ion cell [3] 

The cathode and anode that are in exercise are intricate composites. Besides the active 

material, they comprise of, polymeric binders (like polyvinylidene difluoride) to grip the 

loosely held powder structure and conductive diluents (for instance acetylene black) to make 

the entire structure electronically conductive to facilitate the passage of electrons to and from 

the active material. Furthermore, these electrodes do have appropriate porosity to permit the 

liquid electrolyte to enter the powdered structure and the ions to touch the reacting sites [19].  
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The lithium-ion cell delivers its capacity between 4.1- 4.3 V and 2.5 V, yielding on the 

average voltage of about 3.5-3.7 V and can be fully discharged reversibly down to 0 V [20].  

Unlike primary batteries, the secondary or rechargeable LIBs, once discharged, can be 

charged, and the charge-discharge operations can be repeated for hundreds of cycles. The 

electrochemical reactions at the cathode and anode are represented as shown below [21]. 

LiMO2
Li1-xMO2 + xe-xLi+ +

charge

discharge

C + xe-xLi+ +

charge

discharge

LixC

Positive:

Negative:

LiMO2
Li1-xMO2 + LixC

charge

discharge
+ C

Overall:
 

2.4. Electrolytes, binders, separators and additives used in LIBs 

2.4.1. Electrolyte systems for LIBs 

The electrolyte is a vital part for battery, as it is straightforwardly connected with the electron 

transfer and development of the passivating solid electrolyte interphase (SEI) during the 

discharging and charging process. 

To meet these efficiency and safety requirements in LIB application, there are different 

categories of electrolytes including, an organic liquid electrolyte, inorganic electrolyte, an 

organic solid electrolyte, and an ionic liquid electrolyte, with lithium salt as the additive. An 

ideal electrolyte should have the following properties. 

(1) High chemical and thermal stability with a wide liquid range. 

(2) No reactivity towards the cell components. 

(3) Higher cathodic and anodic stabilization window. 

(4) Low electronic conductivity (σ < 10
‒10

 S cm
‒1

) and high ionic conductivity (σ > 10
‒4

 

S cm
‒1

) with low viscosity to facilitate ionic mobility. 
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(5) Transference number, σLi
+
/σtotal ≈ 1 (σ total consist of the conductivity of other ions 

present in the electrolyte, as well as σ Li
+
). 

(6) Form thin, stable and uniform, electronically insulating but ionically highly 

conductive SEI with less change during cycling. 

(7) Non-toxic, non-flammable, and environmentally benign. 

(8) Low cost. 

The intrinsic safety of the battery, along with the electrolyte, is reliant on the type of the salts, 

the potential use of additives and the solvent(s).   

The solvent system used for the electrolyte also needs to be compatible with most of the 

required set for the salts. Moreover, the presence of polar moieties to dissolve adequate 

quantities of salt is a prerequisite. The electron acceptor/donor proficiency of the solvent 

system is a key factor, as it has a pivotal effect on the potential range of the electrolyte. 

At present, carbonates, esters and ethers are used as electrolyte solvents for LIBs. Mixtures of 

carbonates, including ethylene carbonate (EC), fluoroethylene carbonate (FEC), propylene 

carbonate (PC), ethyl methyl carbonate (EMC), dimethyl carbonate (DMC), diethyl carbonate 

(DEC) etc. have been widely used for LIBs as they have low viscosities and thus ensure high 

ionic conductivity [22]. These carbonates, together with the Li salts (employed as the solutes 

in the electrolytes) like lithium hexafluorophosphate (LiPF6), are mostly opted as the basic 

standard in LIBs. Various other non-aqueous electrolyte systems based on ionic liquids, 

polymers, inorganic liquids and their blends have been exploited but have not been ranked to 

the level of commercialization [23, 24]. 

2.4.2. Binders for LIBs 

Binders are used to glue the active materials and the conductive additives (eg., carbon black) 

on the metal current collectors providing a cushion for the dramatic volumetric changes. 

Binders effectively accommodate the mechanical stress induced during the charge-discharge 
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cycling processes thereby strongly affect the electrode processing. Many binders have been 

utilized for LIBs but PVDF is the most successful commercial binder for LIBs, as it has a 

large anodic-cathodic stability window at room temperature (neither reduced at low potential 

(~ 0 V vs. Li/Li
+
) nor easily oxidized at higher potential (~ 5 V vs. Li/Li

+
) as well as good 

binding capability and it is prone to absorb electrolyte for facile transportation of Li ions 

towards the active material surface. [25-27]. Nevertheless, it also suffers from shortcomings 

like extreme toxicity and environmentally non-benign, costly and high-temperature instability 

in some anode materials.  

In the quest for alternative adhesives to PVDF, cheaper and more environmental-friendly 

binders with stable chemical and physical properties are very desirous. At present, many 

binders have been introduced for the manufacturing of electrodes for LIBs, such as 

carboxymethyl cellulose, alginate, polyvinyl alcohol, polyacrylic acid, perfluorosulfonate 

ionomer, and polymethyl methacrylate. Among them, one of the most promising is the 

sodium salt of carboxymethyl cellulose (CMC) that is generally synthesized by the insertion 

of carboxymethyl groups into natural cellulose and is water soluble. Recently many aqueous 

binders have come into play and the main advantage offered by these aqueous binders include 

low cost, greener, not prone to strict drying and humidity restrictions, and reduction of binder 

content thereby enhancement of the active materials ratio in a cell [28, 29]. 

2.4.3. Separator for liquid electrolyte LIBs 

The separator is positioned between the cathode and anode to avoid direct contact between 

the electrodes even though facilitating the mobility of the ions to shuttle freely through it. 

Although the separator itself remains as a spectator in the electrochemical reactions taking 

place in a cell, its properties considerably determine the safety and overall proficiency of the 

battery. Therefore, the use of the compatible separator needs certain parameters to be ensured 
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like chemical stability, porosity, thickness, permeability, pore size, wettability, mechanical 

strength, thermal shrinkage, dimensional stability, and shutdown, and economy [30, 31]. 

Broadly speaking LIB separators are broadly divided into three types on the basis of their 

structure and composition, these include (1) microporous polymer (2) non-woven fabric mats 

and (3) inorganic composite membranes. At present, the microporous polyolefin membranes 

(including polypropylene (PP), polyethene (PE), and their blends most commonly PE-PP is 

the most widely utilized in a liquid electrolyte containing LIBs [32].  

 

Figure 2.5 Microstructures of (a) microporous polyolefin membrane (b) non-woven mat 

(c) inorganic composite membrane derived from Al2O3 particle-coated 

polyethene [33, 34] 

2.4.4. Additives 

A small quantity of additives that is required begins from the favoured responses occurring at 

the electrode/electrolyte interfaces. Typical interface/surface chemistry of an additive 

modifies the SEI, increases the soaking of the surface, and protects against overcharging by 

redox shuttles that can accommodate the overcharge.  

Fluoroethylene carbonate (FEC) often being employed as an effective additive and is known 

for stabilizing the SEI film formation in the battery system [35, 36].  

2.5. Cathode material for LIBs 

The cathode materials in LIBs have been considered as a very chief component of the 

advanced development of LIB technology for customized electronics and high-energy 
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applicability such as devices based on renewable energy strategies like in electrical vehicles 

(EV), HEV, etc. as it determines the overall reversible capacity and cost of LIBs [37, 38]. 

Many cathode materials have been explored including LiCoO2, LiMn2O4, LiMnPO4, 

LiFePO4, Li3V2(PO4)3, LiVPO4F, and LiVOPO4 [39, 40]. The intercalation cathode materials 

can be grouped into the different types according to their crystal structure, the important ones 

among these include layered metal oxides, spinel oxides, olivines, tavorites. 

 

Figure 2.6 Electrode materials and corresponding electrochemical performances in the 

current LIB technologies [37] 

 Ideally, the cathode material shouldn’t exhibit any structural variation during charge-

discharge cycling. In literature, there have been numerous review papers from various 

research groups which focus on the merits and demerits of individual cathode materials [37, 

40-42].  

Various guidelines have been established as a result of these efforts for selecting an ideal 

cathode material : (a) high free energy of the reaction with lithium, (b) high amount of 
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lithium-ion insertion, (c) attractive power density and energy density, (d) minor structural 

variation from electrochemical reactions after extended cycling, (e) fast and efficient 

diffusion of Li
+
-ions into the host lattice structure, (f) high electronic conductivity, (g) no side 

reactions with electrolyte, and most importantly, (h) low cost, safety, environmentally benign 

and ease of production [43, 44]. 

 

Figure 2.7 Radar plots comparing various high-voltage positive electrode materials with 

one example composition in terms of energy density (volumetric), power, 

cyclability (with commercial carbon-based anodes), cost and thermal stability. 

The electrochemical performance of LiVPO4F is based only on the V
3+

/
4+

 

redox couple. Dashed lines exhibit the cyclability of the two samples 

(Li1.2Ni0.2Mn0.6O2 and LiNi0.5Mn1.5O4) obtained in Li-metal half cells [38] 

2.5.1. Layered structure oxides LiMO2 (M= Co, Mn, Ni) 
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Layered oxides with the formula LiMO2 (M= Co, Mn, Ni) have been the commercially 

available, and widely used cathode material in LIBs with the α-NaFeO2 structure. LiCoO2 

(LCO) is a parent well-known compound of this family that works as an intercalation cathode 

material for secondary LIBs. It has been extensively researched owing to its better cycling 

performance, low self-discharge, high energy density, and ease of production compared to 

alternative electrode materials [39, 45, 46]. 

As shown in Figure 2.8, LCO can be described as having a distorted rock-salt super-structure. 

Depending on the synthesis temperature, two types of crystallographic structures of LCO 

have been obtained. At low temperatures (around 350 °C), a cubic spinel structure is formed 

that transforms to a layered trigonal (also called hexagonal) at a temperature of about 750 °C 

[47]. In a cubic close-packed (ccp) oxygen array, the Li and Co atoms occupy the octahedral 

interstitial sites thus forming CoO2 layers with edge-sharing octahedral CoO6. Lithium atoms 

are positioned between the CoO2 layers and reside in the octahedral coordination (LiO6), 

which results in alternating (1 1 1) planes of the cubic rock salt structure. The layered 

structure offers two-dimensional pathways, easing Li
+
-ion intercalation and de-intercalation. 

LCO, as a cathode for LIBs, displays excellent cyclability when cycled between  0.5 <x < 1.0 

in LixCoO2. Outside this border lithium intercalation degrades the layering of LCO, resulting 

in reduced cycling stability. Hence, only half of the theoretical capacity can be practically 

available to count for the battery capacity. Nonetheless, LCO at the present-day is limited for 

high-end practical applications such as for EVs and HEVs due to its non-promising practical 

capacity of ~140 mAh g
‒1

 (vs. theoretical capacity of 273 mAh g
‒1

), expensive raw materials 

cost, toxicity, and safety problems [48]. Layered LiNiO2 (LNO), having the same crystal 

structure as LCO, was considered as an alternate to LCO, as it showed competitive specific 

capacity and low in cost compared with LCO [49]. However, prospects were terminated for 

safety reasons due to the exothermic oxidation of the organic electrolyte with the 
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disintegrating delithiated LixNiO2 structure. Delithiated LixCoO2 has shown more thermal 

stability than its LixNiO2 counterpart. Therefore, exchange of Co by Ni in LiNi1–xCoxO2 (x ≈ 

0.8) was implemented to offer a suitable solution from the safety point of view related to 

LNO and taking advantage of low cost and high capacity of nickel relative to cobalt [2, 50-

52]. 

LiMnO2 (LMO) is another promising candidate because of its low-cost and eco-friendliness 

but the cycling performance of LMO is not adequate due to the following reasons: (1) The 

layered structure is prone to transformation into spinel structure during the Li-ion extraction 

process [53]. (2) Mn dissolution occurs due to a disproportionation reaction 2Mn
3+

 → Mn
4+

 + 

Mn
2+ 

and this process is always observed for all Mn-containing cathodes [54]. (3) loss of 

crystallinity during cycling has been ascribed to be the sources of capacity loss, therefore,  

restricting the widespread commercialization of LMO [55]. Recently the structural 

breakdown during cycling of the layered phase spinel LixMn2O4 has been reduced through 

cationic replacement by chromium doping (Li1+xMn0.5Cr0.5O2) offering a higher capacity of 

190 mAh g
–1

 (higher than that predicted from the full oxidation of Mn
3+

 to Mn
4+

) with minor 

capacity fading after extended cycling. In fact, the role of Cr in replacing the Mn while 

stabilizing the layered structure is related to the reversible oxidation state displayed by Cr that 

changes from +3 to +6. It is thus unlucky that Cr inherits significant issues like 

environmentally non-benign and high-cost problems. It appears that inside these materials, 

the part of Mn is to settle the layered structure of the chromium oxide and that the large 

capacity is nested in the Cr oxidation state [2]. 

Extensive efforts made by various research groups led to the discovery of the new cathode 

material LiNi1/3Co1/3Mn1/3O2 (NCM) as a potential alternative to LiCoO2. This material 

suffers from poor cycle life, and an increased proportion of Co in the material is needed for 
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better cycle life, which decreases its potential utilization for high-current applications such as 

EVs and EESGs [56]. 

 

Figure 2.8 Crystal structure of LiCoO2. In the LiMO2 (M = Co, Mn, Ni) the metal layer is 

occupied by Mn, Ni, and Co in a random manner [44] 

2.5.2. Spinel structure oxides 

The spinel LiMn2O4, though holding about 10% less capacity than LCO, is considered to be 

superior because of low cost and is thought to be safe in regard to its non-toxicity, whilst Mn 

is abundant and cost-effective. Moreover, it has long been renowned as a possible alternative 

cathode for LIBs with high discharge potential (4.1 V vs. Li/Li
+
) but currently, its application 

has been deferred because of limited storage performances and poor cycling at higher 

temperatures [57].   

In the spinel oxide structure of LiMn2O4, the Mn atom occupies the octahedral 16d sites, and 

Li is predominantly located in the tetrahedral 8a sites. The excess metal cations exist in every 

layer to provide a sufficiently high binding energy and preserve an ideal ccp array of oxygen 

atoms, even when Li ions are extracted from the framework. The spinel LiMn2O4 offers a 3-
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dimensional (3D) network for efficient Li-ion diffusion, and hence confirms good safety and 

sufficiently high power density [58, 59]. 

 

Figure 2.9 (a) Crystal structure of LiMn2O4 (LMO) (b) Li1+xMn2‒xO4 [60] 

The 3D framework structure of LiMn2O4 offers several advantages over two-dimensional 

(2D) layered structure cathode materials, such as avoiding the co-insertion of possible solvent 

molecules from electrolytes decomposition, minimized volume expansion of the framework 

structure during lithium-ion intercalation and de-intercalation processes, and making it a 

competitive candidate for large-scale battery applications owing to the larger size of the 3D 

lithium-ion channels to sufficiently accommodate the ions [61, 62].  

The poor cycle performance and quick capacity fading of LiMn2O4 have been addressed by  

various reports and have proposed several mechanisms for capacity fading such as Jahn-

Teller distortion of the most unstable Mn
3+

 ions, dissolution of Mn in the electrolyte, crystal 

structure variations, the possible micro-strains associated with lattice mismatch between two 

distinct cubic phases during electrochemical charging and discharging, and enhanced 

evolution of oxygen during cycling process but the most commonly accepted cause for the 
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adverse electrochemical performance of LiMn2O4 is the Mn dissolution phenomena and is 

represented as follows in disproportion reaction (2Mn
3+

(solid) → Mn
4+

(solid) + Mn
2+

(solid)) and 

has been further confirmed by the computational studies [63].  

Many efforts have been made to improve the C.E of spinel LiMn2O4 via nano-engineering 

and the surface engineering of the LiMn2O4 cathode material. Nano-engineering of LiMn2O4 

includes various synthetic protocols to give various nanostructures such as nanowires, 

nanorods, meso/microporous structures, and nanofibers etc. whereas; the surface modification 

of LiMn2O4 was achieved by coating of spinel LiMn2O4 with conductive materials such as 

carbonaceous materials, oxides/phosphates, and electroactive polymers etc [64-68]. 

Simultaneously, doping aspects of spinel LiMn2O4 with various dopant elements such as Cu, 

Mg, Ni, Cr, Co, and Fe, has been extensively reported for the enhancement of the structural 

stability and improved electronic conductivity for the LiMn2O4 during continuous cycling 

process [69-71]. For instance, Co doping in the optimized proportion of LiCoxMn2-xO4 has 

been shown by various groups to enhance the capacity and cyclic stability and is considered 

to be 5 V class cathode materials [72, 73]. Moreover, a Li-rich Li1.12Mn1.88O4 spinel with 

ordered mesoporous structure was demonstrated to have a better electrochemical performance 

than the bulk spinel [73]. Recently the dually substituted LiMn2–xAlxO4–yFy spinel phase has 

been synthesized and by altering their surface chemistry good cycling and storage 

performances at elevated temperatures has also been achieved [74]. 

2.5.3. Olivine structure oxides 

The olivine oxide, LiFePO4 (LFP) batteries have been adopted as the power source in some 

electric vehicles. This is because LFP is an attractive cathode material with much more cost 

effective, plentiful elements, and environmentally benign. As shown in Figure 2.10 the 

olivine structure of LFP, where the Li
+
 and Fe

2+
 ions are situated in octahedral sites, and the P 

occupy the tetrahedral positions with a slightly distorted hexagonal close-packed (HCP) 
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oxygen array. Each FeO6 octahedron is connected to four neighbouring FeO6 octahedra 

through common corners in the bc plane, thus developing zigzag planes, while the LiO6 

octahedra form edge-sharing chains alongside b-axis. So, one FeO6 octahedron has shared 

edges with two LiO6 octahedra, and the tetrahedral PO4
3‒

 groups share one and two edges 

with the FeO6 octahedron and LiO6 octahedra, respectively. The strong P‒O covalent bonds 

in the (PO4
3‒

) polyanion not only stabilize the oxygen atoms when fully charged, but also 

prevent O2 release at high SoC making LiFePO4 an excellent, stable, and safe cathode 

material in LIBs [75].  

 

Figure 2.10 Olivine crystal structure of (LiMPO4) based cathode in LIBs [76] 

The major benefits of LFP include excellent thermal stability and high-power capability. 

However, its major weaknesses are its relatively low potential plateau (3.4 V vs. Li/Li
+
), 

sluggish ionic diffusivity (10
–14

 to 10
–16

 cm
2
 s

–1
) and low electronic conductivity (~10

–9
 S cm

–

1
 at room temperature) [77, 78] which is much lower than those of the layered LCO (~10

–3
 S 

cm
–1

) and spinel LiMn2O4 (2 × 10
–5

 to 5 × 10
–5

 S cm
–1

) [79]. So these shortcomings need to 

be overcome in order to increase the electrochemical activity of LFP. 

The olivine structured LiMnPO4, which is isostructural with LiFePO4 has shown a theoretical 

capacity of ~171 mAh g
‒1

, with a higher voltage plateau (~ 4.1 V vs. Li/Li
+
) offering high 



Chapter 2                                                                                                       Literature review 

 

26 
 

energy density [80]. To date, the utilization of olivine LiMnPO4 (LMP) has been limited in 

practical applications due to various disadvantages like low electronic conductivity and 

structural degradation along with oxidation, resulting in MnPO4 with large volumetric 

changes, which severely hampers lithium-ion intercalation and de-intercalation giving low 

capacity values and poor cycling performance. Various modifications have been explored to 

advance the electrochemical performance of LiMnPO4 including synthesis of nano-sized 

powder, doping, and coating with carbonaceous materials [81-84]. 

2.6. Anode materials for LIBs 

Anode materials work as the necessary counterpart of the above-discussed cathodes in LIBs. 

Li metal, with exclusive benefits of high theoretical capacity (3860 mAh g
‒1

), light-weight 

(0.53 g cm
‒3

), and the lowest reduction potential (‒3.04 V vs. standard hydrogen electrode), 

is not feasible and is unsafe as anode material because it results in the growth of Li dendrites, 

short-circuiting and a thermal runaway reaction on the cathode, setting the battery on fire. In 

addition, Li metal also suffers from poor cycle life so commercially used Li-ion batteries 

commonly utilize carbonaceous anode materials, mostly graphite, into which the Li gets 

inserted during the charging process [85, 86]. 

Generally, anode materials for LIBs can be grouped into three main types centred on the 

reaction mechanism with Li. Figure 2.11 [13, 30] 

i. Intercalation/de-intercalation materials, Most commonly employ materials such as 

carbon-based materials like carbon nanotubes, porous carbon, non-graphitized hard carbons, 

and graphene, while some others include vanadium (V), molybdenum and  oxides, Nb2O5, 

TiO2, Li4Ti5O12, LiTiNbO5 etc;  

ii. Alloying/de-alloying materials based on Si, Ge, Sb, Sn, Al, Bi, Sn, another group II and 

III oxides (ZnO, In2O3, and CdO) etc; 
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iii. Conversion materials like transition metal oxides (NiO, MnxOy, CuO, FexOy, MoO2, 

Cu2O, etc.), metal nitrides, metal sulphides, and metal phosphides (MxXy; here X = N, S, P), 

and complex metal oxide. 

 

Figure 2.11 Schematic illustration of the different working mechanisms in anode materials 

for LIBs. Black circles: voids in the crystalline structure, blue circles: metal 

atoms, and yellow circles: Li
+
-ions [30]  

It is well established, however, that graphitic carbons undergo solvent co-intercalation in 

propylene-carbonate-based electrolyte systems, causing large interlayer expansion rendering 

the interruption of the graphitic structure [87]. Essentially, the volumetric and gravimetric 

capacities of carbon materials are restricted. The fast expansion of electronic devices and EVs 

has fuelled demands for much higher energy, higher power density and smaller irreversible 

capacity for the potential anodes. Therefore, current research works are dedicated on probing 

the alternatives for carbon-based anode materials investigated include Si, Al, Ge, Sb, Sn and 
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Bi and many transition metals and their alloys or oxides, which often have both higher 

capacities and show intercalation voltages somewhat more positive compared to Li/Li
+
 [2, 

88]. 

 

2.6.1. Intercalation anodes    

2.6.1.1. Carbonaceous anodes 

Carbonaceous materials are ranked as the earliest materials that have been examined and 

successfully employed as an anode in LIBs. After being commercialized by Sony in 1991, the 

performance of carbon-based anode materials has been extensively reviewed and improved, 

in terms of rate performance, energy and power density, and economy. The physicochemical 

behaviour and electronic properties of carbonaceous nanomaterials are intensely dependent 

on carbon’s hybridization state and its structural conformation [89, 90]. Carbon atoms have 

the unique property to bind covalently with three, five, and seven neighbouring carbon atoms, 

leading to the possible formation of pentagonal and heptagonal faces. These faces allow the 

structuring of complex solids and macromolecules [91]. The previously known and 

commonly exploited carbon allotropes are amorphous carbon (for instance soot and coal) 

diamond and, graphite as shown in Figure 2.12. Later, scientists have uncovered new 

allotropes, involving carbon nanotubes (CNTs), fullerenes, and graphene, all of which have 

had a noteworthy scientific and technological influence on today’s global energy market. The 

graphite-based anodes offering a theoretical capacity of 372 mAh g
‒1

 (intercalating as LiC6) 

are still dominating current commercial batteries [87, 92].  

Although the carbonaceous nanomaterials hold the identical bonding configurations as 

macroscopic carbon structures, their morphology and properties are constrained by the 

strength of particular resonance structures as opposed to the bulk of their crystalline forms 

[98]. Graphite sheets are thermodynamically stable as three-dimensional structures on the 
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nanoscale and the curvature of the planar graphite will generate sufficient strain energy which 

is compensated by the decrease of unfavourable dangling bonds [94]. Therefore, fullerenes 

and carbon nanotubes share several properties of graphite and display a discrete and tuneable 

set of properties due to quantum effects at the nanoscale, closed topology, enhanced sp
3
 

defects, and  

 

Figure 2.12 Superstructure assemblies of nanocarbons in the macroscopic scale [93] 

quantum confinement on wave functions in one or more dimensions [95]. More recently, K. 

Novoselov and A. Geim discovered the marvellous allotrope of carbon which was called 

graphene in 2004 [96]. They used mechanical exfoliation of a single layer using adhesive 

tape from graphite to produce this new 2D material of the carbon family. Graphene consists 

of a single hexagonal layer of graphite sheets with a thickness of a single atom and is a good 

electrical and thermal conductor with excellent mechanical properties. Due to the high quality 

of its sp
2 

graphitic lattice electrons transport ballistically in a graphene layer even at ambient 

temperature [97, 98].  

Graphene has properties that mark its potential for reversible lithium storage in LIBs because 

Li
+
-ions are accommodatable on both sides of graphene sheets, along with the covalent sites 
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and edges of the graphene. Strong oxidation of pristine graphite yields graphene oxide (GO), 

an exceedingly imperfect form of graphene with a dislocated sp
2
-bonding network, [99-101]. 

GO must be reduced so as to reinstate the π framework, which is the distinctive feature of 

conductive graphene [102]. Electrochemical, thermal and chemical, processes are usually 

engaged to yield reduced graphene oxide (RGO) [103, 104]. 

Most studies reveal that RGO is the material of choice for reversible Li
+
-ion storage and in 

the first Li
+ 

insertion, RGO demonstrated unbelievably high-capacity values of >2,000 mAh 

g
–1

, that is even higher than the theoretical capacity of single-layer graphene yet, much of this 

capacity is irreversible due to the passivation layer, SEI formed on the active material [102]. 

Also, the absence of a voltage plateau during discharging and large hysteresis in voltage 

between charge and discharge limits the usage of graphene-based anode materials. Further 

improvements are awaited before this anode material can be commercialized in LIBs for 

powering millions of electric cars and other electrical energy storage applications in the near 

future [102, 105].  

2.6.1.2. Binary oxides  

i. TiO2   

TiO2 is well-known to exist in various polymorphs including the very famous and well-

studied anatase, rutile and brookite, while other polymorphs like TiO2-R (ramsdellite), TiO2-

B (bronze), TiO2-II (columbite), TiO2-H (hollandite), and TiO2-III (baddeleyite), all having 

TiO6 octahedra and offering a theoretical capacity of  ~ 335 mAh g
–1

 [106-110]. The 

electrochemical reaction corresponding the lithium intercalation/deintercalation proceeds as:  

TiO2  +  xLi
+
  +  xe

‒
  ↔  LixTiO2     ( x ˃ 0 ˂ 1)                      (Eq. 2.10) 

Although it is well established that the rutile TiO2 is the most thermodynamically stable form 

of TiO2 but the bulk rutile TiO2 is not suitable for Li 
+ 

ion storage at room temperature ( x< 

0.1 Li) however, the lithium diffusivity is maximized at 120 
o
C resulting in full lithium 
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loading (x = 1) but the practical capacity obtained is less and suffers from capacity fading 

[111, 112]. Various modifications in rutile TiO2 have been applied that enhance the lithium 

storing capacity in rutile TiO2 [113-117]. In general, the Li
+ 

cycling performance and storage 

capacity of TiO2 polymorphs very much influenced by the synthesis method, morphology, 

shape and particle size. TiO2 in various morphologies and nanoarchitectures like nanotubes, 

nanoparticles, nanorods, nanofibers, nanowires, and metal oxide nanophase or conductive 

carbon coated and hybrid composites have been synthesized, for Li cyclability using various 

synthetic procedures [118-126].  

Anatase TiO2 has the edge of accommodating more Li
+
 in comparison to rutile TiO2 and 

serves as a favoured electroactive host for lithium intercalation-deintercalation. Figure 2.13 

shows the body-centered tetragonally arranged anatase TiO2 having lattice parameters a = b = 

3.784 Å and c = 9.546 Å [13].  Li
+
 can be inserted up to 0.5 mol in the bulk anatase TiO2, 

with a smooth voltage profile following a classic two-phase Li shuttling, involving Li-rich 

and Li- poor phase formation, during Li insertion/extraction process [127-131]. 

 

Figure 2.14 Structure of anatase TiO2 [110] 

During this insertion, anatase TiO2 transforms into a mixture of Li-rich orthorhombic 

Li0.5TiO2 and tetragonal Li0.05TiO2. The overall orthorhombic distortion from anatase TiO2 to 

lithium titanate is minor and symmetrical, leading to a small volume change of 4% [118]. 
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Therefore, it has been reported that bulk anatase TiO2 can host up to 0.5 mol Li
+
-ion with a 

small volume change. As with rutile TiO2, different nanostructuring of anatase alter 

electrochemical reaction and Li
+
 reactivity, and nanostructured anatase TiO2 offers improved 

capacity over 0.5 Li insertion capacity because of different Li reaction mechanisms and 

surface-confined charge storage [132, 133].  

The recently discovered bronze or TiO2-B, with a monoclinic structure (having a space group 

of C2/m) consisting of edge- and corner-shared TiO6 octahedra has also shown promising 

host for Li
+
 insertion because of a one-dimensional infinite channel, which indicates more 

open crystal structure having  a density of 2.73 g cm
-3

 compared to anatase (3.89 g cm
‒3

) and 

rutile (4.25 g cm
‒3

) [134]. This open channelled structure can accommodate the volume 

changes without distortion of TiO2-B structure and permits facile Li transport within TiO2-B 

host. The insertion amount of Li
+
 in TiO2-B is about 0.85 mol at room temperature [135]. 

Therefore, many reports have shown the effectiveness of TiO2- B for enhanced Li insertion 

[134, 136-139]. 

ii. Vanadium (V), molybdenum (Mo) and niobium (Nb) oxides 

The oxides of vanadium and molybdenum are open or layered structure predominantly 

having MO6 octahedra that share corners and edges to give rise to two-dimensional sheet 

structures. Due to the different oxidation states, they present rich crystal chemistry [140-143]. 

Vanadium oxide exists in different oxide forms like VO, VO2, V2O3, V2O5, and VnO2n−1 etc. 

but mostly VO2(B) and V2O5, have been tested showing promising reversible lithium storage. 

Although the oxides of molybdenum have been less explored, the widely reported MoO3 can 

accommodate various functionalities in the interlayer spacing. It can remarkably intercalate 

around 1.5 Li/Mo with good structure retention, but the bulk material follows a slow reaction 

kinetics that is too sluggish for practical applications. Also, the operating voltage at which Li 

intercalation-deintercalation takes place differs from ∼2.2 to ∼2.6 V vs. Li for different 
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vanadium oxides; that unluckily is much low for use as a cathode material, and much high to 

apply as an anode in LIB applications [141, 144, 145]. 

Niobium oxide bears different crystal structures including orthorhombic, tetragonal, 

monoclinic and pseudohexagonal phases. Tetragonal and monoclinic phases of Nb2O5 have 

been thoroughly investigated for lithium-ion insertion-extraction while some reports on 

different nano-architectures of Nb2O5 are also worthy [146-148]. 

iii. Ternary oxides of Ti  

Numerous ternary oxides of titanium having 2D-layered and 3D-network structure have been 

investigated as an alternate anode to carbon-based anode but spinel Li4Ti5O12 (LTO), is an 

auspicious candidate for high power LIBs. It can attain 3 mol of Li during intercalation, with 

a theoretical capacity of 175 mAh g
–1

, showing a structural conversion from spinel Li4Ti5O12 

to rock-salt phase Li7Ti5O12. The structure of spinel-Li4Ti5O12 and rock-salt Li7Ti5O12 are 

illustrated in Figure 2.14. The following equation highlights the electrochemical reaction of 

Li4Ti5O12 during intercalation-deintercalation [149-153]: 

Li4Ti5O12  +  3Li
+
  +  3e

‒
  ↔  Li7Ti5O12  (Eq. 2.11) 

Lithium-ion intercalation-deintercalation in LTO proceeds with a negligible volume change 

of only 0.2%, behaving as zero strain material and resulting in long-term cycling stability 

[151, 154-156]. Furthermore, it offers very less electrolyte decomposition and ensures safe 

operation due to a sufficiently high operating voltage (1.55 V vs. Li/Li
+
). Despite its several 

benefits, it still shows poor rate capability due to a very low electrical conductivity at room 

temperature (10
‒13

 S cm
‒1

) due to vacant Ti 3d state with a band gap of 2-3 eV, which is 

inherently insulating property [157]. In order to overcome this issue, various methods have 

been proposed to boost up the electrical conductivity via surface coating with conductive 

materials, nanosizing or doping metal elements to achieve metallic substitution and 

compositing with graphene and other 1D and 2D materials [13, 131, 154, 158, 159].  
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It has been reported that the specific capacity of C-coated Li4Ti5O12 was 160 mAh g
−1 

at 10 C 

rate, compared with the bare Li4Ti5O12, offering a capacity of 54 mAh g
−1

 at 1 C [160]. Many 

other reports have also shown improved capacity and rate capability upon carbon coating 

because of highly conductive characteristics [161-163]. Similarly, various cations and anions, 

such as Ca
2+

, Mg
2+

, La
3+

, Ni
3+

, Mn
3+

, Al
3+

, Co
3+

, Fe
3+

, Ga
3+

, La
3+

, Cr
3+

, V
4+

, Mo
4+

, Zr
4+

, 

Nb
5+

, V
5+

, W
6+

, Sn
2+

, F
‒
 and Br

‒
 etc. have been utilized to be doped into Li

+
, Ti

4+
 and O

2‒
 

sites in lithium titanium oxides [164-177]. 

 

Figure 2.14 Structure of (a) spinel Li4Ti5O12. Blue tetrahedra represent lithium, and green 

octahedra represent disordered lithium and titanium. (b) rock salt Li7Ti5O12, 

Blue octahedra represent lithium, and green octahedra represent disordered 

lithium and titanium [149] 

2.6.2. Anodes based on alloying−dealloying reaction 

2.6.2.1. Lithium metal alloy materials 

In the alloying-dealloying mechanism, lithium-metal alloys are formed by a reversible 

chemical reaction where lithium electrochemically reacts with metallic or semi-metallic 

elements. The reaction is as follows: 

LixM  ↔  M  +  xLi
+
  +  xe

‒
                    (Eq. 2.12) 
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Where, M stands for elements of groups IV and V, such as Sn, Si, Pb, Ge, As, P, Sb, and Bi, 

as well as Au, Al, Ga, In, Cd, Zn, Ag, and Mg. The widely explored among these are Si, Ge, 

and Sn [15, 178-180].  

The alloying-dealloying reactions occur at significantly lower potentials V ≤ 1 V vs. Li metal 

and therefore can be employed as potential anodes for advanced LIBs [13].   

There is a tremendous volume expansion, as high as 300% in many cases, for these alloy 

materials during electrochemical reactions, and is deleterious for the long-term Li cycling 

performance, yielding “electrochemical pulverization” of active electrode material and often 

goes with breaking of electrical contact between active material and the current collector 

leading to electrode degradation [13, 179-183].  

Si has been a research focus since years as being a fascinating candidate as anode material for 

LIBs because of its low electrochemical potential, abundance, cost-effective, and an 

exceptional theoretical capacity of 4200 mAh g
‒1

 for Li22Si5 which goes 10 times higher than 

the customarily used graphite [184-186].  

It is well established that bulk Si cannot endure the stresses accompanied by successive 

charging and discharging that resulting in poor battery performance [184, 187]. So, Si 

nanostructures have been tested to withstand these enormous volumetric changes for 

uninterrupted charge-discharge cyclization. For instance, Huang et al. [169] prepared carbon 

and silicon composite nanofibers using Si powder in PAN/DMF. Charge and discharge 

capacity during the first cycle of these composite electrodes presented a capacity of 1531 and 

1004 mAh g
‒1

, respectively, at 150 mA g
‒1

 with capacity retention of 66%. The significant 

capacity loss has been referred to the SEI formation and accompanying side reactions. 

Unusually, the second cycle discharge capacity was higher with a capacity of 1069 mAh g
‒1

 

with 94% Coulombic efficiency (C.E) but after 100 cycles, a huge reduction in capacity to a 

level of 390 mAh g
‒1

 has been reported. 
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Furthermore, to retain the cyclic capacity, hybrid silicon nanoparticles composited with 

porous carbon were obtained by electrospinning Si nanoparticles in PAN/DMF slurry and 

subsequent calcination treatments [188]. The first cycle charge and discharge capacity came 

out to be 1598 and 2643 mAh g
‒1

, respectively at 0.5 A g
‒1

 with an efficiency of above 60% 

and for 100 cycles, a high reversible capacity of 1104 mAh g
‒1

 was achieved with capacity 

retention of 69.1%. Cui et al. [189] reported mechanically stabilized Si nanotubes with 88% 

capacity retention after 6000 cycles and high rate performance, but couldn’t achieve high tap 

density.  

Metallic Sn has been thoroughly investigated as one of the best possible anodes for LIBs 

showing a theoretical capacity of 993 mA h g
–1

 corresponding to the reversible reaction: 

Sn
+
  +  4.4Li

+
  +  4.4e

−
  ↔  Li4.4Sn               (Eq. 2.13) 

but unfortunately, it also undergoes a huge volumetric expansion of  300-400% that occurs 

during the electrochemical cycling, resulting in severe capacity fading [13, 183]. 

2.6.2.2. Binary, ternary metal oxides and other materials  

Although various binary tin oxides as SnO, SnO2 and other ternary tin oxides as Zn2SnO4, 

Mn2SnO4, Ca2SnO4, CoSnO3 etc. seem to be fascinating for reversible lithium-ion storage. 

The theoretical capacities of the binary SnO and SnO2 are 875 and 782 mAh g
−1

 respectively. 

Courtney and Dahn reported bulk SnO giving a first cycle capacity of 825 mAh g
–1

 in the 

voltage range of 0.0-1.3 V vs. Li but the capacity quickly drops in the subsequent cycles. 

Dahn's group reported a SnO2 anode that can give stable cycling capacity of 300 mAh g
–1

 till 

25 cycles in the potential range of 0.3 - 1.0 V at the current rate of 37.2 mA g
–1 

[190, 191]. 

To mitigate these issues porous SnO2 nanostructures, [192] SnO2 nanowires, [193] nano 

boxes SnO2 [194], hollow core-shell meso-/nano-spheres SnO2 [195-197] and SnO2-based 

nanocomposites, have been tested for LIB anodes [198-200]. For example, Honma’s group 

[192] reported nanoporous SnO2-graphene nanosheets (GNS) by taking graphene nanosheets 
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(GNS) in ethylene glycol and combining with SnO2 nanoparticles to yield SnO2/GNS hybrid 

that displayed a first cycle capacity of 810 mAh g
‒1

 with capacity retention of about 70% 

after 30 cycles. 

Another high capacity promising alloying base anode material is germanium (Ge) that 

delivers excellent electrochemical performance when compared to Si-based anode materials, 

its practical application in LIBs is limited due to the high price of Ge. Although it has a 

theoretical capacity of 1620 mAh g
‒1

, much higher than graphite and also shows 104 and 400 

times higher electronic conductivity and lithium-ion diffusion rate, respectively when 

compared to Si, proving to be a high energy and power density anode material [201, 202]. 

Nonetheless, Ge suffers from a similar kind of volume expansion to Si, which results in 

fading electrochemical properties. GeO2 and other germanates also demonstrate good first 

cycle capacity of 740 mAh g
–1

 at 0.05 C and in the voltage range of 0.35-0.50 V, 

corresponding to the reaction:  

Ge  +  4.2Li
+
  +  4.2e

−
  ↔  Li4.2Ge  (Eq. 2.14) 

 The initial capacity for this reversible reaction drops quickly to ~220 mAh g
–1

 after only 10 

cycles and the enormous capacity fading is attributable to huge volume expansion on 

alloying. Some groups have also tested oxides like ZnO, CdO, and In2O3. Again, huge 

capacity fading issues limit their applicability as promising anodes [203-208].  

2.6.3. Anodes based on conversion (redox) reaction 

A huge variety of transition metal oxides with general formula MxOy , where M = Cr, Fe, Co, 

Ni, Cu, Mo, Ru, etc.) have been tested as LIBs anode and these undergo the redox lithium-ion 

shuttling through the conversion based reaction mechanisms [12, 179, 209-213].   

In many cases a discharge voltage plateau is lower at around 1 V vs. Li
+
/Li (e.g., ~ 0.8 V for 

M = Fe, ~ 1 V for M = Co, and ~ 0.35 V for Mn) [211]. The reversible conversion reaction of 

Li with the transition-metal oxides is expressed as follows: 
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MxOy  +  2yLi
+
  +  2ye

−
  ↔  xM  +  yLi2O   (Eq. 2.15) 

So far, MxOy (M = Cr, Fe, Co, Ni, Cu, Mo, Ru, or combination thereof) shows promising 

electrochemical performance. Tarascon et al. [12] in 2000 reported Co3O4 offering a 

theoretical capacity of 890 mAh g
–1

, since then, a variety of morphologies for Co3O4 have 

been prepared such as nanoparticles, [214, 215] 2D and 3D structures having micro- and 

mesoporosities, nanowalls, nanobelts, nanospheres [13, 216], nanowires [217, 218], 

nanocages [219], nanorods [216] etc. have been proposed to attain a steady and reversible 

capacity of about 800-900 mAh g
–1

 [13]. 

 Fe2O3, proposed by Tarascon’s group [220] in 2003 that yielded a high theoretical capacity 

of 1005 mAh g
–1

, has also been explored as an anode with a good electrochemical 

performance for LIBs owing to its lower cost, environmental friendliness, and rich natural 

deposits. Chen et al. [221] using a template method, synthesized nanotube Fe2O3 that was 

able to give a reversible capacity of 600 mAh g
−1

 at a current of 100 mA g
−1

 after  10
th

  cycle 

in the potential range of 0−3.0 V. Similarly Jiao et al. [222] reported nano-Fe2O3 with stable 

capacities above 1000 mAh g
−1

 up to 50 cycles at a current rate of 100 mA g
−1

.  

Recently, Wang et al. [223] reported multi-shelled α-Fe2O3 hollow microspheres having 

controlled porosity, and uniformly thick 1 ~ 4 layered shell. They claimed that thin triple-

shelled α-Fe2O3 hollow microspheres showed a reversible capacity of up to 1702 mAh g
‒1

 

after 50 cycles, beyond the theoretical capacity. They attributed the additional capacity to be 

gained from the interfacial accumulated Li, whereby Li
+
 and electrons are localized and 

stored at metal-Li2O phase boundaries. 

Another privileged class of conversion-based anode is the spinel structured electrodes, with a 

general formula M3O4 (M = Fe, Co, and Mn). In this class, Fe3O4 (magnetite) based anode 

received more attention owing to its sufficiently high theoretical capacity (928 mAh g
–1

), rich 

natural resources, cost-efficient, and environment friendliness. Tarascon’s group [224] in 
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2006 revealed that the nanostructured Fe3O4 films and rods exhibited an excellent reversible 

capacity of ~ 900 mAh g
–1

 at 0.25 C in the voltage range of 0.01-3.0 V with about 80% 

capacity retention at 8 C over 100 cycles. Since then, considerable work-related carbon 

coated/mixed with nanocrystalline Fe3O4, Fe3O4@GNS, Fe3O4@CNT and other composites 

has been extensively reported [225-232]. 

For example, Guo’s group [227] synthesized carbon-coated Fe3O4 nanospindles with carbon 

coatings achieving a reversible capacity of 745 mAh g
−1

 at 0.2 C. 

Furthermore, manganese, cobalt and other oxide materials such as NiO, CoO, Co3O4, CuO, 

Cu2O, FeO, MnO, MnO2, Mn3O4, and MnO,  have also been widely explored as anodes with 

theoretical capacities in the range of 700-1000 mAh g
‒1

 [210, 233-238].  

For example, Reddy et al. [239] synthesized coaxial MnO2/CNT arrays following a chemical 

vapour deposition and a template method showing a reversible capacity of ~ 1000 mAh g
–1

 at 

a current of 50 mA g
–1

 in the voltage range of 0.02 - 3.2 V.  

2.7. Recent trends in TiO2 based doped and composite anode materials for LIBs  

TiO2 based materials have been ranked as highly explored materials for LIB anodes but the 

extremely low conductivity limits their applicability for LIB anodes. Various modifications 

have been applied in the TiO2 based materials that can be grouped as “Intrinsic 

modifications” like tuning the size, morphology and structure etc. while the other approach 

“Extrinsic modification” involves surface engineering, carbon and other conductive coating 

or applying conductive substrates for improved electronic transport and lithium-ion 

diffusivity.  
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Figure 2.15 Intrinsic and extrinsic strategies for materials design towards high-

performance LIBs [240]. 

Starting from bare titania, many attempts have been made modifying it into different nano-

architectures like, nanosheets [241], nanobelts [242], meso-microporous [243,244], 

nanocrystalline [245], nanorods [246], nanotubes [247], nanoflowers [248], nanospheres 

[240, 249-251], etc. for improved reversible capacity and electronic conductivity. 

Kyeremateng et al. [252] synthesized anatase TiO2 nanotubes and modified them by Sn 

doping to study the Li storage in the material utilizing as an anode. It has been reported by 

Rai et al. [253] that nanosized anatase TiO2 shows a good capacity that increases upon a 

decrease in particle size.  

Recently Thi et al. [254] studied Mo
6+

 doped anatase TiO2 as LIB anode. The composite 

showed a capacity of 165.3 mA h g
‒1

, 169.5 mA h g
‒1

, and 152.7 mA h g
‒1

 after 30 cycles, 

respectively, along with 100% C.E in comparison to the undoped anatase nanoparticles 

showing a smaller capacity of 127.7 mAh g
–1

.  

Wang et al. [255] in 2016 reported hollow TiO2-x porous microspheres that exhibit a 

reversible cycling capacity of 151 mAh g
–1

 after 300 cycles at 1C.  
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Guo and co-workers demonstrated electrochemical behaviour of nanostructured mesoporous 

TiO2 (anatase) anode that is capable to provide high electrical conductivity and conducting 

pathways for electrons in the 3D network [256]. This nanostructured network ensures very 

fast Li
+
 diffusion, enhanced electrical conductivity, and possibly rapid phase transformation 

reactions. The TiO2 with RuO2 showed a reversible lithiation capacity of about 214, 190, 147, 

and 125 mAh g
−1

 at 0.2, 1, 5, and 10 C rate, respectively. At a high current rate of 30 C, the 

hybrid oxide material is still capable of delivering a specific capacity value of 91 mAh g
−1

, 

that is about two times higher than anatase TiO2 (48 mAh g
−1

) with 5 nm in size and nine 

times higher in comparison to the mesoporous anatase TiO2 spheres (10 mAh g
−1

) with no 

conductive additive. 

Another common strategy to improve these shortcomings is by doping with a noble metal and 

transition metals [257-265]. Recently, Han and co-workers [266] demonstrated the nitridated 

hollow TiO2 as the anode for LIBs. The nitridated hollow TiO2 was fabricated by 

electrospinning using an ammonia treatment method. The nitridated nanotubes exhibited a 

higher lithiation capacity than TiO2 nanofibers due to the greater surface area, the shortened 

diffusion length of the Li
+
-ions and high electrical conductivity. Further Park and co-workers 

investigated [267] SnO2@TiO2 nanotube hybrid as LIBs anode. The specific capacity of 

hollow SnO2@TiO2 nanofibers was around 200 mAh g
−1

 after 50 cycles, at a current density 

of 1.5 A g
‒1

 while the hollow nanofibers could provide large reaction surface area and 

reserved void space, undergoing the repeated volumetric changes through the lithiation-

delithiation processes. 

However, the simple and effective approach extensively reported enhancing the potential of 

TiO2 for LIBs anode includes the compositing of TiO2 with carbon derived materials in the 

form of porous, soft and hard carbon, carbon nanotubes, graphene nanosheets and other 

carbon-based 2D and 3D architectures. These carbonaceous materials are preferred for 
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improving the electrical conductivity of TiO2 systems even when utilized in a smaller content 

[268-273]. Zhao et al. [274] reported the improved performance of C-TiO2 showing a 

lithiation capacity of 130 mAh g
–1

 at a current density of 300 mA g
–1

 for 300 cycles. Hoshide 

et al. [275] reported 2D TiO2 nanosheets composited with RGO forming flexible fibre based 

electrode and reported a reversible capacity of  126 mAh g
−1

 for 100 cycles at a current rate 

of 100 mAh g
−1

. Li et al. [276] described the superior performance of TiO2 quantum dot-

RGO composite with a lithiation capacity of 201 mAh g
–1

 at 0.1 A g
–1

 but after 100 cycles the 

capacity is suppressed to 81 mAh g
–1

. Zheng et al. [277] in 2017 reported macroporous 

graphitic carbon TiO2 nanocrystal composite showing a capacity of 140 mAh g
–1

 at 1000 mA 

g
–1

 after 1000 cycles. Cheng et at demonstrated the cycling behaviour of TiO2 nanocrystal-

RGO composite showing a capacity of 154 mAh g
–1

 after 300 continuous cycles at 1200 mA 

g
–1

. They also tested the TiO2 nanocrystal CNT composite delivering a capacity of 136 mAh 

g
–1

 after 700 cycles even at a high current density of 1200 mA g
–1

 [278]. Zhu et al. [270] 

synthesized TiO2 aligned CNT composite that demonstrates the capacity of 175 mAh g
–1

 at 1 

C even after 30 cycles.  

Although these composites present a suitable solution for enhancing the electrical 

conductivity, flexibility and strength, resulting in a decent increase in battery capacities 

mainly because of the synergistic effect offered by these carbon nanostructures, however, 

they still suffer from much capacity fading issue [279]. Most of these alterations have been 

limited to laboratory scale where low mass loading is applied at low current rates, also most 

of these strategies have not achieved the current requirements for new generation batteries 

that are necessary for plug-in vehicles and other large-scale energy storage applications, due 

to one or more of the following factors; unstable and thick passivation SEI layer, large 

irreversible capacity, lack of stable voltage plateau,  low volumetric energy density, long term 

stability, cost, safety and a number of other issues pertaining to the multifaceted interactions 
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of anode active material with solvent electrolyte, additives, counter electrode and the 

interfacial chemistries involved [15, 279-283]. So, the current focus has been to utilize 

ternary systems to ensure high capacity and stability.  

J. Zheng and co-workers [284] prepared nitrogen-doped carbon coating inside porous TiO2 

that gives a lithiation capacity of 182 mAh g
‒1

 after 60 cycles at  0.5 C.  Li et al. [285] 

demonstrated the synthesis of a ternary system of nanofibrous silver/titania/carbon as tested 

its performance as anode material for LIB. The composite material showed a capacity of 320 

mAh g
–1

 after 150 cycles. A core-shell Si nanoparticle@ TiO2-x/C mesoporous composite was 

introduced by Jeong et al. [286] that showed a high capacity of above 900 mAh g
–1

. When 

cycled at 0.2C for 50 cycles. Zhang et al. [287] used graphene@mesoporous TiO2 

nanocrystals@carbon nanosheet based composite LIBs anode delivering a reversible capacity 

of 110 mAh g
–1

 at 0.2 A g
‒1

 after 100 cycles. Yang et al. [288] studied N-doped TiO2 

nanorods- carbon dots composite using the hydrothermal methodology and proved capacity 

of 185 mAh g
–1

 at a high rate of 10 C over 1000 cycles. Meanwhile, the composite shows 

notable rate capability of 176 mAh g
–1

 at 5 C.  Xiao et al. [289] reported amorphous TiO2/N-

doped carbon composite that showed a capacity of 290 mAh g
–1

 at a current rate of 1C after 

100 cycles. Li et al. [290] carried out fabrication of nanofibrous Fe3O4/TiO2/carbon 

composite with a reversible capacity of 525 mAh g
–1

 at a current density of 100 mA g
–1

 for 

100 cycles. Li et al. [291] reported a hybrid material synthesized by coupling nitrogen-sulfur 

codoped hollow carbon nanofibers with sulfur-TiO2 exhibits capacity retention of 153 mAh 

g
‒1

 at a high current rate of 1 A g
‒1

 after 300 charge-discharge cycles. 

Qi et al. [292] in 2017 adapted a complex multistep approach to synthesize 

carbon@TiO2@MoS2 nanofibrous composite, exhibit a lithiation potential of 1597.2 mAh g
–1

 

after 100 cycles at 100 mA g
–1

 that is even greater than the theoretical capacity, and the 

enhancement has been referred to 3D network structure. Senthil et al. [293] described a 
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nitrated carbon  nanosheet-TiO2 composite that has been shown to deliver a capacity of 303 

mAh g
–1

 at 0.1 C after 125 cycles. 

Liao et al. [294] introduced double-shelled Co3O4@TiO2@C yolk-shell spheres that delivered 

much improved the reversible capacity of 400 mAh g
–1

 at 200 mA g
‒1

 after 100 cycles. 

Tian et al. [295] reported a three-dimensional carbon coated SnO2/TiO2 hybrid that 

demonstrates a high initial discharge capacity of 1865.5 mAh g
–1

 which then decays to 495 

mAh g
–1

 up to 50 cycles but the capacity again increases to 612 mAh g
–1

 after 450 cycles. 

The capacity diminishing behaviour of the hybrid composite was ascribed to some structural 

changes. 

Hwang et al. [296] demonstrated the hydrothermally synthesized Nb-TiO2-C composite that 

holds a lithiation capacity of 297 mAh g
–1

 for 100 cycles at 0.5 C. J.Liu and co-workers [297] 

modified TiO2 by compositing with graphene and CNT that forms a 3D conducting network 

that delivers a capacity of 214 mAh g
–1

 up to 700 cycles  at 1 A g
‒1

 and  utilized as LIB 

anode. Other ternary system reports are also available but suffer from capacity fading and 

other issues [298-307].  
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3. Experimental and characterization techniques 

3.1. Chemicals 

All chemicals were used as received without any further purification. 

Table 3.1 List of all chemicals used during the synthesis of materials 

Chemicals/ Materials Formula 
Purity 

(%) 
Supplier 

Manganese acetate tetrahydrate Mn(CH3COO)2.4H2O ≥99 Sigma Aldrich 

Copper acetate hydrate  Cu(CH3COO)2.H2O 98 Sigma Aldrich 

Nickel acetate tetrahydrate Ni(CH3COO)2.4H2O ≥99 Sigma Aldrich 

Titanium (IV) isopropoxide   Ti(OC3H7)4 ≥97 Sigma Aldrich 

Sodium hydroxide  NaOH ≥98 Merck 

Nitric acid  HNO3 70 Merck 

Hydrochloric acid HCl 37 Merck 

Triton X-100 C14H22O(C2H4O)n (n = 9-10) ‒ Sigma Aldrich 

Ethanol C2H6O 95 Sigma Aldrich 

2-propanol C3H8O ≥99.5 Sigma Aldrich 

Dimethyl formamide C3H7NO ≥99.8 Sigma Aldrich 

Acetone C3H6O ≥97 Merck 

Chloroform CHCl3 ≥99 Merck 

Cellulose nitrate membrane   ‒ Sartorius Stedim 

Biotech, Germany 

MWCNTs  ˃95 Shenzen, China 

Carbon black C − China 

Polyvinylidene difluoride  (−CH2CF2−)n − China 

N-methyl-2-pyrrolidinone  C5H9NO − China 

Lithium foil Li − China 

Copper foil Cu − China 

Aluminium foil  Al − China 

Lithium hexafluorophosphate LiPF6 ≥99.9 China 

Ethylene carbonate/diethyl 

carbonate (DEC) 

C3H4O3/C5H10O3 ≥99  China 

Polypropylene (PP)  (−C3H6−)n − China 
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3.2. General procedure 

The general layout of the synthesis of MxTi1-xO2/MWCNTs composite can be presented as 

shown in Figure 3.1. The anode materials (MxTi1-xO2/MWCNTs) were first synthesized and 

then characterized by a number of physical techniques to fully unveil the structure and 

chemical behaviour of the synthesized materials (using XRD, FESEM, TEM, BET/BJH, 

TGA, XPS). After successful synthesis and preliminary characterization, the materials were 

assembled into coin-type cells and tested for their electrochemical behaviour and primarily 

the reversible lithium storage capacity along with rate capability. Investigations pertaining to 

the species and changes involved during intercalation and deintercalation have been closely 

observed using the synchrotron-based advanced techniques. 

3.3. Purification of MWCNTs  

Raw MWCNTs contain some amorphous contents that have been subjected to heat treatment 

at 400 
o
C in air followed by acid reflux in 6 M HCl for 3 hours for the removal of metallic 

catalyst incorporated during synthesis. The black sediments from the walls of centrifuge tube 

were collected upon centrifugation at 12000 rpm and washed repeatedly with deionized water 

till neutral pH. 

3.4. Functionalization of MWCNTs  

Functionalization of the purified MWCNTs has been carried out by taking about 100 mg of 

purified MWCNTs in a two-necked round bottom flask kept in a thermostat at ~0 
o
C. A 

mixture of NaNO2 (6 M) and HCl (6 M), in a ratio of 1: 1.5, was added into the round bottom 

flask and sonicated for 8 h. The mixture was diluted afterwards with deionized water and 

filtered using a cellulose membrane (0.22 μm pore size). The acid was completely leached 

out by repeated washings with deionized water till neutral pH and finally dried at 80 
o
C.  
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Figure 3.1 Scheme showing the basic layout for developing metal doped TiO2/MWCNTs 

nanocomposites 

3.5. Synthesis of anatase TiO2  

Anatase TiO2 has been synthesized by a modified solvothermal method. 6 mL of TTIP was 

taken out of the bottom and quickly injected into a beaker containing a solution of 95 mL 

isopropanol, 5 mL of concentrated HCl and 1% Triton X-100 as a surfactant, with continuous 

stirring to avoid any immediate precipitation of titania. The slurry was left at stirring for 15 

minutes and then slow addition of NaOH (6M) was carried out till precipitation. The 

precipitates were filtered off and washed several times with deionized water to completely 

remove any acidic and basic species. Afterwards, these precipitates were dried at 100 
o
C and 

then calcined for 4 hours at 400 
o
C. The yield obtained was greater than 90%. 

3.6. Synthesis of MxTi1-xO2/MWCNTs (M = Mn, Ni, Co, Cu) 

For the synthesis of metal-doped titania/MWCNT nanocomposites (MxTi1-xO2/MWCNTs), a 

similar procedure was adopted whereby 93, 95 and 97 wt.% of TTIP was added to the 
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isopropanol, HCl and 1% Triton X-100 solution while stirring. Subsequently, 5 wt.% of well-

dispersed MWCNTs (in water) was added to this stirring solution, a pH of ~1 was maintained 

using 1M HCl. An aqueous solution of the metal salt (x = 3, 5 and 7 wt.%) was then dropwise 

added and the solution was kept at stirring for 15 minutes. Finally, 6M NaOH was slowly 

added to precipitate the MxTi1-xO2/MWCNTs which were then, filtered, washed, dried and 

finally calcined to get the nanocomposite. Fig 3.2 displays the pictographic detail of the 

synthesis process described above. 

 

Fig. 3.2 A scheme for the formation of metal-doped TiO2 nanocomposites supported 

on MWCNTs 

3.7. Physical characterization methods 

3.7.1. X-ray diffraction 

X-ray diffraction (XRD) is a leading and most commonly employed technique in terms of 

identification of atomic and molecular arrangement of species in a crystal. It provides useful 

information regarding the interlayer spacing, crystallite size, position of atoms in a 3D crystal 
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array etc. The common laboratory based powder X-ray diffraction (PXRD) uses an incident 

electromagnetic beam (Cu Kα  = 1.54 Å ) that is diffracted by the crystalline sample at an 

angle 2θ that is given by, 

2d sin θ = nλ  (Eq. 3.1) 

Where d, θ and λ specifies interplanar distance between diffraction planes, angle and 

wavelength of the incoming beam respectively, while n represents an integer. By using XRD 

technique we can also get the crystallite size given by, 

D =
Kλ

βcosθ 
  (Eq. 3.2) 

D denotes the crystallite size, β gives full-width at half maximum, while K describes shape 

factor of the average crystallite, and its ideal value is 0.9. Moreover, by using special 

refinement tools like Rietfield refinement, unit cell dimensions and crystal structure can also 

be determined by XRD. 

Synchrotron-based XRD analysis offers several advantages like ultra-high intensity beam 

flux ~10
10

–10
11

 photons mm
–2

 s
–1

 (after focussing), tuneable energy, high speed, high signal 

to noise ratio, high beam penetration into the sample that minimizes the surface effects and 

above all provides higher resolution that can resolve complex and larger unit cells. The 

current day approaches utilize in-operando analysis of the material that can provide diverse 

environments like high pressure, temperature etc. for the phase transformations and other 

effects. 

3.7.2. Scanning electron microscopy, Field emission - scanning electron microscopy and 

energy dispersive X-ray spectroscopy 

The most commonly opted non-destructive technique for the morphological visualization is 

the scanning electron microscope (SEM) that scans the sample by the implication of high 

energy electron beam, and resultantly produces the image of the sample. The accelerated 

electrons with high kinetic energy are emitted from the electron gun and are incident on the 
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sample, these are immediately decelerated and they dissipate the energy generating a range of 

signals produced by the electron-sample interaction. These signals comprise backscattered 

electrons (BSE), secondary electrons (that produce SEM images), diffracted BSE, transmitted 

electrons, photons, visible light and heat. Among these secondary electrons are valued for 

showing topography and morphology on samples and BSE are highly valued for showing 

compositional contrasts in multiphase samples.  

 

Fig. 3.3 Various processes associated with the interaction between electrons and 

materials which form a basis for different analysis techniques [1] 

Although, modern SEM produces high-resolution images but ultra-high resolution images are 

obtained using field emission - scanning electron microscopy (FE-SEM), illuminating details 

less than 1 nm in size and provides topological and structural information in cross-section or 

in a top view.  

In conjunction with SEM often, energy dispersive spectroscopy (EDS) is utilized as a 

complementary elemental analysis technique analysing the sample both in qualitative and 
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quantitative characteristics. EDS has a detection limitation whereby it can detect elements 

from atomic numbers 6 to 92 with a detection limit of about 0.1 weight per cent with a 

probing depth of few microns.  

3.7.3. Transmission electron microscopy  

Transmission electron microscopy (TEM) is a technique that utilizes an electron beam that 

has been transmitted through a highly dispersed and very thin sample specimen. When this 

beam of electrons passes through the sample, it interacts with it, and afterwards is projected 

to the imaging device, like a fluorescent screen, photographic film, or gets detected by some 

sensor based device such as an electrical charge-coupled sensing device and yields in a very 

high-resolution image that is possible due to the small wavelength of the electrons. The latest 

high-resolution TEM (HR-TEM) devices can unveil information up to 0.5 Å. High-resolution 

TEM (HRTEM) which is a phase-contrast imaging technique is often employed to get images 

with atomic resolution. It can be used to investigate the crystallinity of samples, including the 

identification of lattice planes and defects in a crystalline or polycrystalline sample.  

3.7.4. Thermogravimetric analysis  

The thermal properties of a sample are exploited using thermogravimetry (TGA), that relates 

the weight loss in the sample when subjected to constant temperature increments. TGA is 

capable to give useful information not only limited to physical phenomena (vaporization, 

sublimation, absorption and desorption, and adsorption) but also indicate about chemical 

phenomena (chemisorption, dehydration, decomposition, and solid-gas interphase reactions). 

In this context, TGA could be utilized for the following information: (1) amount of organic 

contents of a sample, (2) materials characterization and identification of species by following 

the characteristic degradation or decomposition behaviour, (3) mechanisms involved in 

degradation along with reaction kinetics, and (4) determining the inorganic contents in a 

sample, which can be helpful for corroborating the projected or simulated chemical structures 
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or be simply utilized for chemical analysis. In many cases, like for exploiting the polymer’s 

thermal behaviour, TGA is a preferred method of choice while also providing flexibility in 

choosing the reacting or inert gas environments.  

3.7.5. Brunauer-Emmett-Teller surface area analysis 

The most commonly accepted means of characterizing surface area is based on the multi-

layer physisorption of small gas molecules on some solid (mostly porous) surface. The 

sample is initially dried and degassed to remove the adsorbed contaminants (mostly water 

and carbon dioxide) and then subjected to liquid N2 (77K) which is adsorbed and then 

quantitatively estimated from the specific type of adsorption isotherm. The specific surface 

area (m
2 

g
‒1

) is then calculated from the isotherm and also the adsorption and desorption 

branches of the isotherm along with the hysteresis gives valuable information pertaining to 

the pore volume, pore dimensions and average size distribution among different sized pores 

that form the bulk material. Various theories have been proposed for calculating the pore 

volume and pore-size distribution but Barrett, Joyner, and Halenda (BJH) model is more 

commonly employed for mesoporous and small macroporous substances, while for micropore 

volume, Horvath-Kawazoe (H-K) and Dubinn-Radushkevic (D-R) models are preferred.  

3.7.6. Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) is ranked as the very common but serves as a highly 

powerful tool for the identification of bonding species that form molecule by probing the 

vibrational levels of the atoms, constructing an infrared (IR) absorption spectrum that reflects 

the molecular fingerprint. The basic principle of FTIR spectroscopy is that when a sample is 

subjected to infrared radiation, part of the radiation gets absorbed by the sample while the rest 

of it gets transmitted and recorded in the form of spectrum. The energy absorbed is utilized 

for various modes of vibrations that appear at different wave numbers. Unlike the previous 

instruments, the latest instruments don’t involve any kind of sample preparation and offer 
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speedy, and directly analyse solid powder, film and other liquids directly while special IR gas 

cells for gaseous samples are also employed. 

3.7.7. Diffuse reflectance spectroscopy 

Diffuse reflectance spectroscopy (DRS) is based on the principle that a beam of specific 

wavelength interacts with the sample, part of it gets reflected and scattered, while the other 

part of the beam returns back to the surface after being scattered within the sample and 

constitutes the diffuse reflection. This diffused reflection is then collected, and the signals are 

transmitted to the detector. Although DRS has a close relation to UV/vis spectroscopy, in the 

sense that in both cases visible light is utilized to excite valence electrons to empty orbitals. 

But unlike to UV/vis spectroscopy, in DRS we measure the relative change in the quantity of 

the diffusely reflected photons off of a surface. DRS is commonly employed for finding the 

band gap of semiconductors by constructing a Tauc plot. 

 

Fig. 3.4 Diffuse reflection at the sample surface [2] 

3.7.8. Raman spectroscopy  

Raman based spectroscopic techniques exploit the inelastic scattering of monochromatic 

light, usually from a laser source when it strikes the sample surface. It is one of the most 

commonly used technique in chemistry especially for qualitative and quantitative analysis of 

advanced materials. A monochromatic source of light, usually from laser light, is used to 
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interact with the molecular vibrations, phonons or other excitation of the sample to give 

characteristic shifts in the energy of the scattered radiation. The incident monochromatic 

radiation interacts with the sample in a way which could result in both elastic Rayleigh 

scattering and inelastic scattering (Stokes and anti-Stokes Raman scattering) which, unlike 

Rayleigh scattering, show an energy shift from the incident radiation. For carbon-based 

samples, important information regarding the level of graphitization of carbon can be 

obtained from the ratio of the characteristic D and G bands shown by carbonaceous samples. 

3.7.9. X-Ray photoelectron spectroscopy 

XPS, sometimes referred to as “electron spectroscopy for chemical analysis (ESCA)”, is a 

highly surface sensitive technique capable of mapping out the elements, empirical formula, 

chemical/electronic states and neighbouring environments of the elements existing in the 

material. XPS gives complete chemical information (both qualitative and quantitative) from 

the surface to a few nm deep in the material. XPS is based on the principle of the 

photoelectric effect whereby a sample surface is bombarded with x-rays from Al-kα that 

emits photoelectrons from the sample surface. These photoelectrons are directed through an 

ultra-high vacuum (>10
‒9

 Torr) towards the analyser, which measures the energy of these 

photoelectrons that is specific for every element’s electronic state and this binding energy is 

expressed in electron volt. 

3.7.10. Synchrotron X-ray absorption spectroscopy 

X-ray absorption spectroscopy (XAS) is a technique that is used to deeply locate the local 

geometric and electronic structure of materials mostly by using intense and tunable X-ray 

beams from a synchrotron radiation source.  

When the incident x-rays, having intensity I
ᴼ
, strike the sample, the oscillating electric field 

of the EMR interacts with the atoms of the sample. Part of the radiation will be scattered by 

these electrons while the rest is transmitted with a reduced intensity I. 
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ln (I
ᴼ 
/I) = μ x  (Eq. 3.3) 

Where μ represents the linear absorption coefficient and x is the sample thickness.  

 

Fig. 3.5 (a) Following the excitation of a core level electron several ways of relaxation 

are possible (b) secondary electrons are generated which undergo multiple 

scattering processes before they leave the crystal structure as low-energy 

photoelectrons [3] 

The energy absorbed by the core level electrons increases sharply at the characteristic energy 

required for that particular transition, giving rise to an absorption edge. Usually, photon 

energies ranging from few eV to 100 KeV are utilized for corresponding core electron 

excitations of the respective elements. 

Various absorption edges correspond to the different binding energies of electrons in the 1s 

(1S
½
), 2s (2S

½
), 2p (2P

½
), 2p (2P

3/2
) states, which are labelled as K, L1, L2, L3 edges 

respectively. 

A complete XAS spectrum is generally composed up of four segments: (1) A pre-edge 

feature (E<E0); (2) An X-ray absorption near edge structure (XANES) region comprising the 

energy of the incident X-ray beam is within 10 eV of the absorption edge; (3) A near edge X-

ray absorption fine structure (NEXAFS), which exists in the region between 10 eV up to 50 
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eV above the edge; and (4) extended X-ray absorption fine structure (EXAFS), which 

uncovers the portion from 50 to 1000 eV above the edge. 

XAS analysis offers many advantages especially suited for research in battery materials, 

these include; the ability to analyse almost all elements with a variety of sample states like 

solid, liquid, and gases; it is highly elemental specific; XAS results are statistically more 

reliable than other local probing techniques and also these measurements are not limited to 

the surface but can also provide bulk information. 

3.7.11. Electrode fabrication and cell assembly 

3.7.11.1. Electrode fabrication 

Mixtures for the working electrode were prepared by mixing the active materials, conductive 

reagents, and binder in specific ratios. After thorough mixing, the proper solvent was added 

into the mixtures in an appropriate quantity. The homogenous slurry was obtained after 

mixing. The slurry was then evenly pasted onto the current collectors by the doctor blade 

technique. The as-prepared working electrodes were vacuum dried. The dried electrodes were 

punched into discs after a press and then the discs were ready to be assembled into the testing 

cell in an argon-filled glove box. 

3.7.11.2. Coin cell assembly 

Coin cells 2032-type are often utilized in lab scale battery testing and were also utilized for 

the current work. The cell fabrication was carried out in an argon filled glove box (Mbraun 

Unilab, Germany) in optimized conditions of O2 and H2O (˂ 0.2 ppm). The freshly cut Li 

metal foil was first positioned in the positive cap proceeded by dripping 2-3 drops of the 

electrolyte; afterwards the separator was then evenly dipped in the electrolyte, and a couple 

of electrolyte drops were added. The electrode disc was put on the separator, subsequently 

followed by the spacer, spring, and finally the positive cap. After tightly punching the coin 

cell and resting the cells overnight (>12 H) before the electrochemical testing, in order to 
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ascertain the uniform penetration of electrolyte into the electrodes and separator components. 

In the current study, a multichannel battery tester (Maccor 4000) was used for galvanostatic 

charge-discharge cycling at room temperature. 

 

Fig. 3.6 Designing of 2032-type coin cell [4] 

3.7.11.3. Galvanostatic charge-discharge 

Galvanostatic charge-discharge measurements are primarily conducted in constant current 

density mode to test the reversible charge storing capacity and cycling performance of the 

materials in a certain voltage window. Another way to test the longevity and consistency in 

the charge storing capacity is to carry out cycling by varying the current densities, termed as 

the rate capability. The charge or discharge capacity (Q) equals the total electron charge in 

each reversible process and can be given by the following relation: 

Q = I × t  (Eq. 3.4) 

In this case, I represents the current in amps (A) and t is the charging or discharging time in 

seconds (s). 
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A facile and novel approach towards carboxylic acid functionalization of multiwalled 

carbon nanotubes and efficient water dispersion 

4.1. Introduction 

MWCNTs are extraordinary materials due to their desirable properties. The sp
2
 carbon structure 

of their concentric cylindrical graphene layers provides them with excellent electronic and 

thermal conductivity [1], high modulus [2] and large surface area [3]. Although MWCNTs are 

extraordinary by themselves, only a few applications have been reported since most applications 

require dispersion in solvents or in high-viscosity matrices [4]. These operations are hindered by 

the chemical inertness of the MWCNTs surface. Therefore, surface functionalization of 

nanotubes is an approach often used to overcome these problems [5]. 

MWCNTs are frequently altered by covalent functionalization to enhance their dispersion in 

solvents. In the previous few years, various functionalities such as hydroxyl [7], halogens [10]. 

amines [6], aryl diazonium salt [9], and carboxyl [8] have been introduced onto CNTs surface 

using covalent functionalization. Amongst the several functional groups, carboxyl-functionalized 

MWCNTs fascinated the most number of scientists [11]. Carboxyl-functionalized MWCNTs are 

typically synthesized by wet chemical oxidation [8] by means of concentrated HNO3, 

H2SO4/HNO3, HNO3/H2O2, and H2SO4/KMnO4 as oxidants not only leads to a large weight loss 

but also produce defects on MWCNTs surface. In order to overcome these shortcomings, it is an 

urgent priority to find a favourable method for attaching carboxyl groups to the outer sidewalls 

and ends of MWCNTs by covalent bonds.  

Herein, two novel methodologies (NaNO2/HCl and HNO3/H2O2) for covalent attachment of 

carboxylic acid groups to the sidewalls of MWCNTs have been presented. Moreover, our 

methodology also does not comprise severe acid treatment, which is common in conventional 
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methods. The MWCNTs samples were characterized from the viewpoint of functionality and 

morphology. Meanwhile, the dispersibility of functionalized MWCNTs in various solvents is 

also studied. 

4.2. Experimental 

4.2.1. Purification of MWCNTs  

To remove any amorphous carbon contents, MWCNTs were heated for 15 min at 400 
o
C in a 

furnace. Purification begins with a 3 h reflux in 6 M HCl to remove metal catalyst particles. 

Following reflux, the black solution was centrifuged at 12000 rpm leaving black sediment at the 

bottom and sides of the centrifuge tube and a clear, brownish yellow supernatant acid, which was 

decanted off. The sediment still contains substantially trapped acid which was removed by 

repeatedly re-suspending the sediment in deionized-water (by shaking vigorously), centrifuging 

and decanting the supernatant liquid.  

4.2.2. Functionalization of MWCNTs  

In a typical experiment p-MWCNTs (100 mg) were added to a 1:1.5 mixture of NaNO2 (6 M) 

and HCl (6 M) in a two-neck round-bottomed flask and were ultrasonicated for 8 h at ~0 
o
C. The 

paste was diluted with deionized water and filtered through a cellulose nitrate membrane filter 

(pore size 0.22 µm). The obtained solid material was washed several times with deionized water, 

followed by filtration until the liquid filtrate came out colourless. The resulting functionalized 

MWCNTs-1 were vacuum-dried overnight at 80 
o
C. The effect of NaNO2 is thought to initiate a 

semi-stable diazonium ion by receiving an electron from MWCNTs, which then results in a 

radical reaction with MWCNTs sidewalls.  
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In another experiment, p-MWCNTs (100 mg) were dispersed in a 1:1 mixture of HNO3 (5 M) 

and H2O2 (30%), in a two-neck round-bottomed flask, fitted with a reflux condenser. Next, the 

mixture was sonicated and refluxed at 70 
o
C for 8 h. After cooling to 25 

o
C, the paste was diluted 

with deionized water and filtered through the membrane filter. The collected solid was washed 

with copious amount of deionized water, followed by filtration until the filtrate became 

colourless. The resulting functionalized MWCNTs-2 were dried in a vacuum oven overnight 

4.3. Results and discussion 

FT-IR spectra of p-MWCNTs (pristine), MWCNTs-1 and MWCNTs-2 are displayed in Figure 

4.1a. As expected, p-MWCNTs is devoid of any identifiable functional groups, while MWCNTs-

1 and MWCNTs-2 samples show the signal of carboxyl group. But the intensities of groups 

introduced on the surface of treated MWCNTs are much weaker, due to the high absorbance of 

the backbone of MWCNTs and the low concentration of groups. The signals at 1765 and 1655 

cm
−1 

are consistent with bending and stretching vibration of C=C group in MWCNTs-1 and 

MWCNTs-2 respectively. Peaks at 1718 cm
−1

 and 1732 cm
−1 

can be allocated to C=O stretching 

vibration of carboxyl groups in MWCNTs-1 and MWCNTs-2 respectively. These peaks are not 

as sharp as that of normal strong characteristic peaks of C=O stretch of carboxylic acids. Also, 

peaks appearing at 1213 cm
−1

 and 1255 cm
−1 

are in agreement with stretching vibration of C-O in 

MWCNTs-1 and MWCNTs-2 respectively. Sharp stretching vibrations at 3622 cm
−1

and 3597 

cm
−1

 in MWCNTs-1 and MWCNTs-2 respectively can be assigned to free O-H groups of 

carboxylic acids. All these peaks confirm the acid oxidation of p-MWCNTs.  
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TGA curve of the p-MWCNTs and MWCNTs-1 and MWCNTs-2 is shown in Figure 4.1b. Both, 

MWCNTs-1 and MWCNTs-2 start to decompose earlier than the untreated MWCNTs. The 

curve of p-MWCNTs shows a small mass loss in a temperature range of 0-500 °C which 

signifies their structural stability. Weight loss around 150 
o
C in curves of MWCNTs-1 and 

MWCNT-2 is due to physio-adsorbed water, while weight loss from 150-350 
o
C may be 

attributed to the loss of grafted carboxyl groups on the surface of MWCNTs [12]. Similarly, 

weight loss of MWCNTs by both treatments in the range of 350-500 
o
C is due to the elimination 

of hydroxyl groups [13]. Especially in the case of MWCNTs-1, there is a huge weight loss of 

nearly 28 % which can be rendered to prior damage to the graphitized structure of MWCNTs.  

 

Figure 4.1 (a) FTIR spectra of samples (b) TGA analysis of samples 

Figure 4.2a-c presents SEM images of the p-MWCNTs, MWCNTs-1 and MWCNTs-2. The 

cylindrical cross-section of MWCNTs is clearly observed. The SEM image of functionalized 

MWCNTs clearly indicates the removal of amorphous carbon content with a minimal breakdown 

of the MWCNTs due to less severe acid treatments applied. In addition, p-MWCNTs show low 

entanglement in comparison with functionalized samples which could be attributed to carboxyl 
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functionalization of MWCNTs [14]. In fact, the carboxyl groups cross-link the adjacent 

MWCNTs. 

Figure 4.2a-f presents TEM images of the p-MWCNTs, MWCNTs-1 and MWCNTs-2. The 

higher roughness of functionalized MWCNTs implies a part of sp
2
 hybridized carbons has been 

changed to sp
3
 hybridization [15]. Furthermore, the functionalized MWCNTs appear slightly 

denser than p-MWCNTs, which support the idea of an additional agglomeration of the 

MWCNTs due to the stacking interactions between carboxyl groups attached to neighbouring 

bundles. 

 

Figure 4.2 SEM image of (a) p-MWCNTs (b) MWCNTs-1 and (c) MWCNTs-2, TEM image 

of (d) p-MWCNTs (e) MWCNTs-1 and (f) MWCNTs-2  

Figure 4.3 shows the dispersion behaviour of p-MWCNTs, MWCNTs-1 and MWCNTs-2 

dispersed in water (0.1 mg mL
−1

) after 45 days. Expectedly, the treated MWCNTs remained 

dispersed in water and formed a stable and homogenous solution. In addition, treated MWCNTs 

were also dispersed in acetone, ethanol and dimethylformamide to form homogenous 
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suspensions after 5 minutes of sonication. The suspensions of MWCNTs-1 can remain stable for 

2 days in acetone, for 5 days in ethanol and for 90 days in dimethylformamide while MWCNTs-

2 show lower dispersion period. When the concentrations of treated MWCNTs in polar solvents 

increased up to 0.9 mg mL
−1

, MWCNTs entangle and precipitate due to the low density of 

carboxyl groups and the high content of MWCNTs. The easily-miscible carboxyl functionalities 

may explain the higher dispersion of the treated MWCNTs in polar solvents. 

 

Figure 4.3 Photographs of (a) p-MWCNTs in distilled-water (b) p-MWCNTs in DMF (c) 

MWCNTs-2 in distilled-water (d) MWCNTs-1 in distilled water, (0.1 mg mL
−1

) 

after 45 days  
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Superior shuttling of lithium and sodium ions in manganese-doped titania @ 

functionalized multiwall carbon nanotubes anode 

5.1. Introduction 

Rechargeable batteries have attracted much consideration worldwide because of their high 

energy and power densities, with a special focus on LIBs, due to their favourable 

electrochemistry, lack of memory effects, and safety. Nowadays, LIBs are widely used in 

portable electronic devices, EV’s, and renewable energy storage applications. However, the 

critical challenges of high cost and low abundance of lithium have driven more interest in the 

development of cheaper analogues in the form of SIBs. The similar working mechanism of 

these two rechargeable battery systems often allow a single material to be used in both LIBs 

as well as SIBs e.g., spinel metal oxides can accommodate both lithium (Li
+
) and sodium-

ions (Na
+
) [1]. 

Graphite, the currently used anode material for LIBs, has a theoretical specific capacity of 

372 mAh g
–1

; but, a number of shortcomings are associated with this anode material. Among 

these major drawbacks are internal shortening and energy loss due to the low lithium 

insertion voltage (~0.1 V vs Li/Li
+
) that fall close to lithium plating voltage, leading to SEI 

formation, and structural deformation due to large volumetric changes (~12%) are disastrous 

[2]. All of these shortcomings hinder their compact applications in higher energy density and 

stable cell applications. Also, the larger ionic size of sodium (1.06 Å) made it improbable to 

be intercalated in graphite. Previously, many alternative electroactive anode materials for 

both rechargeable batteries were investigated, and alloys showed far higher theoretical 

capacities (e.g., Sn = 993, Si = 4200, and SnO2 = 793 mAh g
–1

) [3]. In spite of wider 

operating potential windows and higher capacities that result in higher energy densities, these 

alloys present large irreversible capacity fading in the course of initial cycles and poor cycle 

life (very high capacity fading), because of enormous volume changes (and successive 
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structural changes) in the electrode during each lithiation and delithiation cycle (e.g.,  >200% 

volume change for Sn alloys) [4]. 

Titania (TiO2) and TiO2-based nanocomposites offer an attractive substitute as anode material 

for LIBs and SIBs applications. The lithium insertion/de-insertion potential for TiO2-based 

insertion materials varies in the range of 1.45–1.80 V for different phases vs Li/Li
+
, which 

exceeds the reduction potential of most common electrolyte solvent systems [5]. The overall 

cell voltage is lower, but is compensated by superior rate performance, low self-discharge 

rates, very high cycle life due to the low volume changes (<3%) during lithiation/delithiation, 

high safety, chemical stability, non-toxicity, and environmentally friendliness and sustainable 

electrode material as titanium it is naturally (re)cycled within the biosphere [6]. For SIBs, the 

performance of TiO2 based electrodes strongly depends on the size and morphology of TiO2 

for facilitating ion and electron transport [7]. 

Amongst the several polymorphs of TiO2, anatase, brookite, and TiO2-B (a monoclinic 

metastable phase of TiO2), anatase have been extensively explored as a potential anode 

material for LIBs and SIBs, attributable to its open channel structure and high insertion 

capacity, in comparison with more thermodynamically stable rutile TiO2 [1, 8, 9]. Although 

recent reports suggest that nanosized rutile TiO2 is electroactive for lithium and sodium 

insertion at room temperature, [10] the alkali metal ion storage performance, in particular, the 

long-term cycling stability of rutile TiO2, is still unsatisfactory. In addition, nanoparticle 

aggregation during the charge-discharge process largely hinders their practical applications. 

The recently explored metastable crystalline phase, TiO2–B has shown larger Li
+
-ion

 
storage 

capacity than anatase, but it gradually transforms to anatase, degrading both the structural 

stability and lithium intercalation stability [11, 12]. 

The electrical conductivity of the TiO2-based anode materials (~10
–12

−10
–7

 S cm
–1

) and 

accompanying ion diffusivity (10
–15

−10
–9

 cm
2
 S

–1
) is quite low and hampers their use in LIBs 
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and SIBs [13]. This characteristically lower electrical conductivity of the TiO2 anode can be 

improved by utilizing different strategies, like coating with suitable conductive materials 

(carbon nanofibers, CNTs, graphene) [8, 14] and polymers [15] doped with suitable metals, 

[16] doping with non-metals, [17, 18] or a combination of these to form composites [14, 19]. 

Aliovalent ions doped into TiO2 are known to increase the conductivity and performance of 

TiO2 based LIB systems. For instance, Nb, [20, 21] W, [22] Fe [23] and Zr [24] doping has 

been reported to increase the conductivity and hence the performance of the battery.  

CNTs are particularly attractive as a one-dimensional host for intercalation of alkali metal 

ions but the anodes fabricated from pristine CNTs suffer from high capacity losses due to 

unstable SEI formation during the first cycle along with some side reactions [25]. The best-

proposed strategy to overcome the drawback of irreversible capacity in pristine CNTs is 

defect generation and composite formation. Shen et al. synthesized hybrid TiO2-graphene-

CNT nanocomposites in which nanocrystalline TiO2 was grown on conducting GNS and 

MWCNTs, to overcome the ionic and electronic transport limitations and enhanced cycling 

performance of the electrode. Anwar et al. [26] have successfully highlighted the 

performance of cathodically reduced titania nanotubes as an efficient anode for LIBs where 

Ti
4+

 has been reduced to Ti
3+

 that has been responsible for capacity augmentation. Recently 

Wang et al. have improved the Li
+
-ion

 
insertion/extraction in TiO2 by modifying the electrode 

by nitrogen-doped reduced graphene oxide nanocomposite (TiO2/N-RGO). Of the important 

factors that are possibly related to the poor rate performance of anatase TiO2, one factor is its 

dense crystal structure. Several groups have explored nitrogen and fluorine doped 

TiO2/graphene and TiO2/carbon composites to tackle conductivity issues and enhance the rate 

performance as anode material for LIBs and SIBs [17, 27, 28]. 

In the present effort, manganese doped TiO2-functionalized MWCNTs nanocomposite 

(MnxTi1-xO2/MWCNTs) has been synthesized to improve the electronic conduction, and 
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decrease the lithium diffusion pathway, volumetric change, and lattice stresses. In addition to 

excellent conductivity, MWCNTs have a large surface area, high chemical and thermal 

stability, high tensile strength, and raised lithium-storing capacities, without being susceptible 

to pulverization and function as a support matrix in MWCNTs metal composites [29, 30]. 

5.2. Experimental 

All the samples were prepared as already described in the experimental section. 

5.3. Results and discussion 

The XRD spectra of as-prepared TiO2 and MnxTi1-xO2/MWCNTs show the formation of pure 

anatase phase of TiO2. The characteristic peaks at 2 theta values of 25.33°, 37.80°, 48.04°, 

55.09°, 62.69°, 70.36°, and 75.06° can be indexed to (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 0 4), 

(2 2 0), and (2 1 5) planes of the tetragonal anatase TiO2 (JCPDS 84–1285), respectively, 

while a relatively broad peak at 25.7° appears for (002) diffraction in MWCNTs. No obvious 

signals from other TiO2 phases are observed in the spectrum. The as-prepared MnxTi1-

xO2/MWCNTs nanocomposite retains the typical TiO2 diffraction peaks. The peak positions 

did not alter, even after the formation of MnxTi1-xO2/MWCNTs nanocomposites that suggest 

the presence of Mn-ions (2+, 4+) in the highly dispersed state along with their insertion into 

the TiO2 lattice [31]. The less intense and broad peak features with increasing Mn-doping 

levels imply that the crystalline structure of TiO2 slightly degrades during substitution of Ti
4+

 

by Mn-ions. The lower crystallite size with doping is due to the restricted crystal growth of 

TiO2 after the incorporation of Mn-ions [32]. A low angle broad diffraction peak located at 

12.03° in all the nanocomposite samples is due to the increased interlayer spacing of 

graphene sheets after functionalization of MWCNTs [33]. 

TGA analysis was executed to confirm the thermal stability and wt% of MWCNTs and TiO2 

in the nanocomposites. The first step weight loss below 200 °C is due to residual water 
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evaporation, while a steep decrease in mass is observed from 200−600 °C due to the 

combustion of MWCNTs, and finally, a very slow loss up to 1000 °C. TGA data shows a 

MWCNT wt% of about 5% in the entire nanocomposite samples, which is consistent with our 

synthesis procedure, confirming that negligible loss of MWCNTs occurred during the 

nanocomposite synthesis procedure. The results also confirm an optimum amount of TiO2 for 

all nanocomposite samples, as inferred from the high wt% of residue. The TiO2 phase is quite 

stable with almost no weight loss up to 1000 °C, other than the removal of some moisture 

below 200 °C. The inset of Fig. 5.1b shows that the functionalized MWCNTs are completely 

decomposed at about 720 °C; however, the same happens at about 600 °C in the 

nanocomposite samples. The reason is earlier reported to be the presence of excess oxygen in 

the form of metal oxides present on MWCNTs surface, leading to the accelerated combustion 

of graphene layers [34]. 

Figure 5.2a shows the Raman spectra of samples that were obtained. For bare TiO2, a well-

defined signal at 148 cm
–1

 is confirmation of the eg vibration mode of anatase TiO2 [35]. This 

vibration is observed to be slightly shifted to higher frequency due to Mn-doping and the 

involvement of MWCNTs while making a nanocomposite structure [35, 36]. The eg mode at 

low frequency is due to O-Ti-O bending vibrations and is particularly sensitive to any oxygen 

deficiency. The substitution of Mn in titanium sites causes a perturbation in the phonon states 

of TiO2 lattice, resulting in a gradual red shift in low-frequency eg mode of TiO2. Other 

characteristic anatase vibrations appearing at 396, 507 and 632 cm
−1

 are due to B1g, A1g, and 

E1g vibrations. In the Raman spectra of nanocomposite samples, two additional vibrations at 

1593 and 1335 cm
−1

 are due to graphitic and defect structure in graphene layers of MWCNTs, 

respectively. A strong D-band instead of G-band indicates larger defect structure after 

functionalization of MWCNTs, generating useful functional moieties for capturing metal 

nanoparticles for efficient nanocomposite formation.  
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Figure 5.1 (a) Powder XRD pattern of pristine anatase TiO2 and MnxTi1-xO2/MWCNTs 

along with bare MWCNTs annealed at 400 °C for 6 h in air. The Miller 

indices are indicated. (b) TGA curves of pristine anatase TiO2, 

TiO2/MWCNTs, and MnxTi1-xO2/MWCNTs, measured from 25 to 1000 °C in 

the air, with a heating rate of 5 °C min
−1 

The specific surface area (SSA) and pore distribution of samples are estimated from BET and 

BJH analysis. The bare TiO2 sample shows a type-III isotherm indicating no mesoporosity, 

while the Mn0.05Ti0.95O2 and Mn0.05Ti0.95O2/MWCNTs sample demonstrates type-IV isotherm 

with surface areas of 79 and 123 m
2
 g

−1
, respectively. The much higher surface area of 

MWCNTs supported nanocomposite sample is definitely due to the large surface area of 

MWCNTs offering sites for the anchoring of metal particles. The mean pore size of 

Mn0.05Ti0.95O2/MWCNTs nanocomposite sample is in the range of 2−5 nm with a pore 

volume of 25.12 cm
3
 g

−1
, as compared to the mean pore size of 9−10 nm and pore volume of 

10.02 cm
3
 g

−1
 for Mn0.05Ti0.95O2. The optimum surface area along with suitable pore size is 

highly crucial for better Li
+
-ion conductivity of these samples.  
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Figure 5.2 (a) Raman spectra of pristine anatase TiO2 and TiO2/MWCNTs showing a 

difference in form of representative D- and G-bands for nanocomposite 

sample. Nitrogen adsorption-desorption isotherms for (b) pristine anatase TiO2 

with type III curve having the solid structure, (c) Mn0.05Ti0.95O2 with type IV 

mesoporous structure, and (d) Mn0.05Ti0.95O2/MWCNTs with type IV 

mesoporous structure. (The inset in each plot shows the BJH pore-size 

distribution) 

The TEM of bare TiO2 display irregularly shaped nanoparticles with an approximate diameter 

of 35−40 nm. Figure 5.3b shows that the TiO2 nanoparticles after doping with Mn-ions are 

lower in size, due to defect structure. The nanoparticles are regularly attached on the surface 

of MWCNTs, with few smaller particles inside the tube in the nanocomposite structure. Very 

few aggregates are noticed on the surface of MWCNTs, and the metal oxide particle sizes are 
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retained, owing to restriction in nucleation and particle growth. The increase in the internal 

diameter of the MWCNTs is observed after incorporation of metal oxide particles, due to the 

degradation of graphene layers [37]. It appears from the energy dispersive X-ray elemental 

mapping results in Figures 5.3d–g that the distribution of Mn0.05Ti0.95O2/MWCNTs is fairly 

uniform on the surface of MWCNTs, with nearly no scattered particles observed. 

 

Figure 5.3 TEM of (a) aggregated pristine anatase TiO2 nanoparticles, (b) Mn0.05Ti0.95O2-

bearing nonporous structure, (c) Mn0.05Ti0.95O2/MWCNTs, and (d)–(g) the 

corresponding elemental mapping of Mn0.05Ti0.95O2/MWCNTs 

The XPS survey scan obtained to detect the elements existing on the surface of the samples 

confirmed the presence of carbon, oxygen, titanium, and manganese. Figure 5.4 shows the 

Mn 2p, O 1s, Ti 2p, and C 1s spectra that were obtained to investigate the surface oxidation 

states. The Mn 2p3/2 peak is deconvoluted into two sub-peaks located at 640.6 and 642.3 eV, 

which indicate the presence of Mn
2+

 and Mn
4+

 oxidation states, respectively. The peak at 

647.6 eV corresponds to shake-up satellite structures below the main Mn2p peaks [38]. The 

quantitative analysis shows that Mn
2+

 and Mn
4+

 exist in 1:1 ratio (50% each). The 
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coexistence of two different oxidation states is due to charge transfer between Mn and Ti 

atoms leading to Mn
2+

 along with Mn
4+

 [38]. Figure 5. 4 shows the Ti 2p spectrum, in which 

the two spin-orbit components at 458.45 and 464.20 eV are attributed to the anatase phase of 

TiO2 [39]. Between these two peaks, there is a binding energy difference of about 5.6 eV, 

which agrees well with the energy reported for Ti
4+

 in oxygen environment [40]. O 1s core 

level is resolved into three sub-peaks located at 529.8, 531.7 and 533.6 eV, typically showing 

the presence of Mn-O-Mn, [41] Ti-O, and C=O/-COOH configurations, respectively [32]. 

The C 1s spectrum is deconvoluted into four peaks. The C 1s peak at 284.6 eV is allocated to 

the sp
2
-configuration of carbon, whereas the peak at 286.2 eV is due to C-OH bonded carbon. 

The other small peaks located at 287.4 and 288.8 eV indicate the C-O-C and C=O groups, 

correspondingly [42]. 

 

Figure 5.4 XPS spectra of Mn0.05Ti0.95O2/MWCNTs, revealing Mn 2p, Ti 2p, O 1s, and C 

1s core levels 
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Figure 5.5a displays the Ti L-edge NEXAFS spectra of pure TiO2 and 

Mn0.05Ti0.95O2/MWCNTs, where Ti displays more or less a TiO6 octahedral environment. The 

Ti L-edge consist of the two-fold symmetrical spin-orbit splitting of titanium 2p level into 

2p1/2 (L2-edge) and 2p3/2 (L3-edge), and 2-fold splitting of 3d levels in the octahedral field 

[43, 44]. Pre-edge features p1 and p2 are typical for core hole d-electron coupling. In L-3 

edge features, A and B represent the transition from Ti 2p3/2 state to t2g and eg unoccupied 

states, respectively. Similarly, peaks C and D in L-2 edge show the transition from Ti 2p1/2 

state to t2g and eg unoccupied states, individually [45]. In L-2 edge, the separation energy 

between t2g and eg, which is about 1.9 eV in pure TiO2 and about 2.0 eV for TiO2/MWCNTs 

and Mn0.05Ti0.95O2/MWCNTs, is in good agreement with the anatase phase of TiO2, with 

some distortion from Oh to D2d symmetry. Although the intensities of t2g and eg of the L 2 

edge of doped and undoped TiO2 have been changed, it doesn’t correspond to any other phase 

of the TiO2 [43]. 

Oxygen K edge consists of the characteristic doublet appearing at photon energies of 531.6 

(A) and 534.2 eV (B). The doublet arises as a result of an electron transfer from O 1s orbital 

to covalently mixed state derived from O 2p and Mn and Ti-3d states. The crystal field 

splitting value of 2.6 eV suggests that Mn-ions have replaced the Ti-atoms in 

Mn0.05Ti0.95O2/MWCNTs matrix. Peaks appearing at 539.8 and 545.2 eV are assigned to 

electronic transitions from O 1s to O 2p covalently hybridized with Mn and Ti hybrid states 

[45]. A unique feature appearing at photon energies of about 553 eV (E) rules out the 

presence of any other oxidation state of Ti and is related to the long-range ordered structure 

of TiO2. The increase in the intensity of t2g and eg upon doping along with the ligand field 

splitting [∆d = E (eg) – E (t2g)] value confirms that Mn is occupying the Ti position in TiO2 

matrix [46]. 
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Mn L edge NEXAFS spectra show the presence of Mn
2+

 and Mn
4+

 species. Peaks at 653.6 

and 641.4 eV correspond to Mn 2p1/2 and Mn 2p3/2, respectively. The Mn 2p3/2 peak has a sub-

peak at 642.4 eV that is characteristic of Mn
4+ 

[38, 46-48]. 

Carbon K edge is characterized by a peak at 284.6 eV that demonstrates the electronic 

excitation from the C 1s level to the conduction π* levels of sp
2
-hybridized C [49]. A small 

pre-peak appearing at a photon energy of 282.8 eV reveals the presence of a very small 

amount of Ti-C that may belong to the carbon-doped titania nanoparticles of very small size 

(<10 nm), mainly confined inside the MWCNTs, as exposed by TEM [50]. Peaks appearing 

at 287.0 and 288.4 eV are assigned to σ* transitions of oxygen-bearing moieties of the 

functionalized MWCNTs, while the transitions at 291.3 and 291.6 eV may belong to the C 1s 

to σ* transition of sp
2
 hybridized carbon atoms within the layers of MWCNTs [49-51]. 

 

Figure 5.5 NEXAFS (a) Ti L edge, (b) O K edge, (c) Mn L edge, and (d) C K edge 

spectra  



Chapter 5                                                                                              Results and discussion 

 

114 
 

5.3.1. Electrochemical lithium-storage performance 

The bare and MnxTi1-xO2 (x = 0.03, 0.05, and 0.07) electrodes with MWCNTs are tested as an 

anode for LIBs and SIBs, using Li and Na metal as counter electrodes, respectively. The Mn-

doped TiO2/MWCNTs has a tetragonal anatase TiO2 structure with distorted octahedral 

oxygen environment (TiO6), bearing tetrahedral-octahedral sites for Li-occupancy. The 

intercalation mechanism proceeds via a two-phase equilibrium between Li-rich orthorhombic 

and a Li-poor tetragonal phase, according to Eq. 5.1 [32]. The theoretical capacity is 

calculated to be 336 mAh g
−1

 considering y  = 1; however, in general, y = 0.5 in anatase TiO2, 

due to stronger Li−Li repulsion reaching a theoretical capacity of 168 mAh g
−1

.  

    TiO2 + yLi
+
 + ye

−
 ↔ Liy TiO2  (Eq. 5.1) 

    2C + Li
+
 + e

−
 ↔ LiC2   (Eq. 5.2) 

The major capacity is derived from the redox reaction responsible for converting Ti
4+

 to Ti
3+

 

during charge- discharge, along with some contribution from carbonaceous reactions in Eq. 2 

[52]. The capacity observed in this study is more than the usual insertion rate of 0.5, due to 

effective Mn-doping, along with the contribution of highly conducting MWCNTs.   

Figure 5.6a shows the charge/discharge profile of Mn0.05Ti0.95O2/MWCNTs electrode at 

various charge-discharge cycles between 1.0 to 3.0 V at a current rate of 0.1 C. A clear 

discharge plateau at 1.75 V and corresponding charge plateau at 1.92 V confirm the initial 

anatase TiO2 structure [32]. The discharge curve is further divided into three parts, with the 

first region of rapid potential drop up to 1.85 V, due to insertions of Li
+
 into TiO2 host [53]. A 

plateau at 1.75 V is due to two-phase reaction with Li-rich and Li-poor phases, followed by a 

linear voltage drop to cut-off voltage, due to further Li
+
-insertion up to the maximum 

capacity of TiO2. As the maximum capacity observed for TiO2-based electrodes is between 

1.0 and 2.0 V, which is at a higher potential than that of conventional graphite electrode, it is 

an important factor from the viewpoint of the safety and stability of LIBs. Longer voltage 
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plateaus with lower polarization (Vch−Vdis) are observed for Mn-doped and MWCNTs 

supported electrodes in comparison to bare TiO2, confirming the significance of Mn-doping 

and MWCNTs (Figure 5.7). All the electrodes show a clear difference between the 1st and 

2nd cycle charge capacities, due to some well renowned interfacial reactions between active 

materials and electrolyte [33]. Large irreversible capacity decay for bare TiO2 is due to poor 

intrinsic conductivity, the formation of the surface insulating layer, and possible volume 

changes [8]. A charge capacity of 226.3 mAh g
−1

 for a 5% Mn electrode in the 1st cycle 

retains to 176.4 mAh g
−1

 after 80 cycles, due to conductive MWCNTs and better defect 

structure caused by appropriate Mn-doping, which reduces the conduction area between TiO2 

and electrolyte, thus minimizing irreversible side reactions. On the other hand, MWCNTs 

help TiO2 strongly anchor to their surface and reduce the chances of developing an insulating 

layer. Due to this, the charge-discharge reactions are highly reversible in succeeding cycles, 

and the curves are almost identical, suggesting stable electrode kinetics.  

Figure 5.6b shows the cycle life of all electrodes at a constant current density of 0.1 C, which 

further proves that all nanocomposite electrodes show high performance, as compared to the 

bare TiO2. The reversible charge capacities of bare TiO2, TiO2/MWCNTs and 3%, 5%, and 

7% Mn-doped samples are 119.9, 137.4, 154.3, 176.4, and 148.9 mAh g
−1

, respectively 

(Figure 5.7). The coulombic efficiency of Mn0.05Ti0.95O2/MWCNTs approached 98.4%, 

asserting the usefulness of appropriate Mn-doping concentration with MWCNTs for larger 

reversibility of electrode reactions, together with the stability of TiO2 nanostructures on 

MWCNTs surface. MWCNTs possess high surface area together with a tubular network 

structure, to facilitate electrolyte permeation, and accelerate ionic conductivity.  

The performance of TiO2-based electrodes is also measured between 0.1 and 20 C current 

rates. High charge capacities of 226.3, 180.5, 154.5, 133.8, 113.5, 90.8, 74.2, and 59.1 mAh 

g
−1

 are delivered by Mn0.05Ti0.95O2/MWCNTs electrode, which is the highest among all 
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samples (Fig. 5.6c). At higher current rates, a clear difference in specific capacities is noted 

for bare TiO2 and doped TiO2 electrodes at MWCNTs surface, as shown in Fig. 5.6d. The 

specific capacity of TiO2 significantly fades from 143.8 mAh g
−1

 at 0.1 C to only 19.1 mAh 

g
−1

 at 20 C, and cannot lift up to its average level when the testing current is returned to 0.1 

C. After operating the cells at high current densities, when it is switched back to 0.1 C, a 

stable charge capacity of 131.2 mAh g
−1

 is achieved for Mn0.05Ti0.95O2/MWCNTs electrode, 

indicating the highest stability of electrode as compared to other electrodes. These results 

further confirm the best Li-storage performance of this electrode combination for high rate 

capability and long cycle life. At higher current rates, this drastically improved performance 

is due to (1) Mn-doping and increased Ti
+4

 vacancies that enhance electronic conductivity, 

along with (2) better surface area, due to smaller sized particles compared to the bare TiO2. 

The capacities obtained in this study are compared with some already reported hetero-metal 

doped TiO2 electrodes and TiO2 on carbonaceous supports (Table 5.1) [5, 17, 21, 22, 24, 27, 

35, 48, 53-57]. 

In comparison with bare TiO2, the better electrochemical performance of 

Mn0.05Ti0.95O2/MWCNTs is credited to the high surface area allowing proper electrolyte 

penetration, and greater interfacial area of contact between the electrolyte and electrode 

increasing Li
+
-ion flux through the interface. The porous network structure of MWCNTs 

shortens Li
+
-ion transmission distances, hence speeding up the intercalation mechanism. The 

proper doping level suppresses the growth of TiO2 particles and keeps them in the nano 

range, which is helpful for improving the stability and kinetics of electrode reactions during 

charge/discharge. It is also believed that doping Mn-ions in TiO2 lattice results in increased 

Ti
4+

 vacancies generating increased free holes, contributing towards intercalation. Mn
2+

 (0.83 

Å) is believed to be responsible for overall expansion in the TiO2 lattice (Ti
4+

 = 0.61 Å) while 

a negligible lattice contraction is caused by the presence of Mn
4+

 (0.53 Å).  
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Table 5.1 Summary of experimental results compared with various literature reported metal-doped TiO2 anodes for LIBs 

 

Electrode Material Synthesis Method 
Voltage 

(V) 

Initial cycle capacity 

(mAh g
−1

) 

Reversible capacity (cycle) 

(mAh g
−1

)  

Current Density  

 
Ref 

This work Modified Hydrothermal  1.0 -3.0 226.3 176.4 (80) 0.1 C - 

Mo
6+

-doped TiO2 Solvothermal  1.0-3.0 197.4 169.5 (30) 0.8 mA cm
−2

 [5] 

Fluorine-doped carbon coated mesoporous TiO2  Facile route 1.0-3.0 252 210 (100) 0.5 C [17] 

Nb-doped TiO2 Single step electrospinning 1.2-2.3 140 - C/20 [21] 

W-doped anatase TiO2 Polymer-assisted sol–gel 1.0-3.0 252 170 (100) C/6 [22] 

Zr-Doped Anatase TiO2 Sol-gel 1.0-3.0 290 135 (35) C/10 [24] 

Nitrogen-doped carbon coated TiO2 nanocomposite Precipitation and carbonization 1.0-3.0 160.9 142.4 (170) 0.5 C [27] 

TiO2/N-doped reduced GO Hydrothermal method  1.0-3.0 126 118.4 (100) 10 C [35] 

Mn-doped TiO2 nanosheet Hydrothermal and ion-exchange process 1.0-2.5  190 174 (50) 30 mA g
−1 

at 55 
o
C  [48] 

V
5+

- doped TiO2 Solvothermal method 1.0-3.0 232.6 213.1 (30) 0.1 mA cm
−2

 [53] 

Sn-doped TiO2 Continuous hydrothermal flow synthesis 0.05-3.0 >200 <50 (300) 382 mA g
−1

 [54] 

Ni-doped TiO2 Simple ion-exchange process 1.0-2.5 ~270 225 (50) 30 mA g
−1

 [55] 

Boron-doped TiO2 Sol-gel  1.0-3.0 247 166.9 (100) 1 C [56] 

Carbon-coated mesoporous TiO2 nanocrystals on graphene Solvothermal method 1.0-3.0 145 110 (100) 0.2 A g
−1

 [57] 
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Mn
2+

 may not be useful for battery cycling as it makes the SEI layer unstable but we did not 

encounter such capacity fading issue and also Mn
2+

-ions are vulnerable to further oxidized to 

higher oxidation states due to fast Li interchange kinetic [58, 59]. 

 

Figure 5.6 Charge/discharge voltage profile of Mn0.05Ti0.95O2/MWCNTs for selected 

cycles, and (b) resulting cycling performance (charge capacities) and 

coulombic efficiency measured at 0.1 C rate with a potential window of 1.0 to 

3.0 V vs Li/Li
+
. (c) Rate capability data of Mn0.05Ti0.95O2/MWCNTs, and (d) 

the resulting cycling, rate capability, and coulombic efficiency measured from 

0.1 to 20 C rate, with a potential window of 1.0 to 3.0 V vs Li/Li
+
. 

The creation of vacancies highly contributes to ionic conductivity. It is already established 

that ionic and electronic conductivity can be best controlled by optimized dopant 

concentration and nanosizing of TiO2 particles [5]. Furthermore, the decoration of TiO2 

nanoparticles on the surface of MWCNTs enables π–π interaction of graphene sheets, and 
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results in reducing the degree of restacking of graphene layers, presenting large contact area 

between electrode/electrolyte, and hence increases in charge/discharge rates. 

It is worth mentioning that with increased Mn-doping, the electrochemical performance 

increases up to 5% of Mn, but then drops for 7% Mn-doped samples. One of the contributors 

could be the larger surface area achieved for 7% Mn-doped samples, which results in 

decreased cycle performance because of large SEI formation, which hinders the effective 

permeation of electrolyte and hence increases the charge transfer resistance, resulting in 

unstable cyclic performance. Furthermore, an abnormality in the band gap of TiO2 is 

observed with 7% Mn substitution in TiO2, which results in lowering of conduction electrons, 

and hence capacity (Figure 5.7). 

 

Figure 5.7 Charge/discharge voltage profile of (a) TiO2 (b) TiO2/MWCNTs (c) 

Mn0.03Ti0.97O2/MWCNTs (d) Mn0.07Ti0.93O2/MWCNTs for selected cycles 

measured at 0.1 C rate with a potential window of 1.0 to 3.0 V vs Li/Li
+
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5.3.2. Electrochemical sodium-storage performance 

In comparison to Li-cell, a lower potential range was chosen for sodium cells to achieve 

better capacity. In the first galvanostatic charge/discharge cycle in Fig. 5.8a, a typically 

extended plateau at about 0.17 V, which seems endless and is limited by the imposed time, is 

due to irreversible SEI formation on the surface of TiO2 and is not observed for Li-cells with 

TiO2 electrodes [60]. Three distinct regions in the discharge curve include a steep plateau 

above 1.3 V, a sloping curve down to 0.3 V, and finally a flat voltage up to 0.01 V. No other 

voltage plateau is apparent, except for a shoulder in the charging curve beyond 2.4 V, which 

is in accordance with the theoretical limits [7]. The insertion of sodium into TiO2 host also 

results in the conversion of Ti 
4+

 to Ti 
3+

, according to Eq. 5.3: 

TiO2 + yNa
+
 + ye

−
 ↔ NayTiO2  (Eq. 5.3) 

When TiO2-based electrodes are used as an anode, the initial charge capacities of bare TiO2 

and Mn0.05Ti0.95O2/MWCNTs electrode are 143.2 and 152.1 mAh g
−1

, respectively. In the 

subsequent cycles, the charge capacity of both electrodes is decreased, with a final capacity 

of 107.0 and 121.4 mAh g
−1

 for bare TiO2 and doped nanocomposite electrode, respectively. 

The rapid decrease of capacity in the initial few cycles is due to SEI formation, along with the 

irreversible capture of Na
+
 on the surface, and within the TiO2 matrix [61]. After the initial 

few cycles, the lower coulombic efficiency (76.7%) increases dramatically to 92.8%, and the 

cyclic capacity of electrodes stabilizes with slow fading (Figure 5.8b).  

Figures 5.8c and d show the rate capability for the Na
+
-ion insertion-extraction process, 

which is also evaluated at various current densities from 0.1 to 20 C. Achieving good rate 

capability is a substantial challenge for SIBs, due to the apparent volume changes upon 

insertion of large Na
+
-ions in the host matrix. The charge capacities for 

Mn0.05Ti0.95O2/MWCNTs/MWCNTs nanocomposite electrode are calculated to be 152.1, 

116.1, 97.2, 86.0, 75.8, 59.6, 40.0, and 24.3 mAh g
−1

 from 0.1 to 20 C, respectively, 
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demonstrating good rate capability as an anode for SIBs. The slow decline of charge capacity 

with increasing current rates for Mn0.05Ti0.95O2/MWCNTs electrode confirms that Mn-doping 

along with MWCNTs network imparts remarkable rate performance. In particular, when the 

current density is decreased to 0.1 C, the nanocomposite electrode after high rates can still 

demonstrate capacity as high as 117.2 mAh g
−1

, while bare TiO2 shows a very low capacity of 

58.7 mAh g
−1

, possibly due to irreversible structural changes.  

 

Figure 5.8 Charge/discharge voltage profile of Mn0.05Ti0.95O2/MWCNTs for selected 

cycles, and (b) resulting cycling performance (charge capacities) and 

coulombic efficiency measured at 0.1 C rate with a potential window of 0.01 

to 3.0 V vs Na/Na
+
 (c) rate capability data of Mn0.05Ti0.95O2/MWCNTs, and 

(d) resulting cycling, rate capability and coulombic efficiency measured from 

0.1 to 20 C rate, with a potential window of 0.01 to 3.0 V vs Na/Na
+ 
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This weak performance of TiO2 at higher current rates shows the inferior rate capability of 

the bare TiO2 electrode. Here, the significance of MWCNTs is highlighted, bearing a tunnel 

structure for fast ion diffusion, and holding particles together, and acting as a buffer to 

alleviate any volume changes at high current rates. The rate capability studies show that the 

nanocomposite electrode can endure large current, and has a good capability for the high 

charge storage system. Figure 5.8c shows the charging curves at different current densities 

from 0.1 to 20 C, which also show that the rate capacity of Mn0.05Ti0.95O2/MWCNTs is much 

better than that of the bare TiO2. The charge curves demonstrate a small plateau at 0.9 V. 

The effect of improvement in powder tap density is displayed in the form of high charge 

capacity per volume of the electrodes in Figure 5.9. The Mn0.05Ti0.95O2/MWCNTs exhibit a 

high electrode density of 1.22 g cm
−3

 which is 1.71 times higher than that of pure TiO2. The 

volumetric charge capacity of Mn0.05Ti0.95O2/MWCNTs (213.5 mAh cm
−3

) after 80 cycles is 

substantially higher than that for pure TiO2 (85.1 mAh cm
−3

) without sacrificing the 

cyclability. Mesoporous materials composed of densely packed nanocrystals are the best 

choice as electrode materials due to their high tap density and hence volumetric capacities 

[62]. As shown in Figure 5.2, the pure TiO2 possess an average pore size greater than 50 nm 

while the doped samples display type-IV mesoporous structure. Such mesoporous electrode 

materials possess high particle mobility and easily form a compact electrode layer with high 

electrode density. The TEM image in Figure 5.3a,b also demonstrates that the TiO2 particles 

are aggregated while doped samples are not completely merged together ensuring porosity 

and hence high tap density.  
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Figure 5.9 Cycling performance (charge capacities) per volume vs cycle number and 

coulombic efficiency of samples (a) within a potential window of 1.0 to 3.0 V 

vs Li/Li
+
, and (b) within a potential window of 0.01 to 3.0 V vs Na/Na

+
 

Figures 5.10a and b show a comparison of all of the electrode systems tested in this study. 

The observed lower capacity of SIBs, as compared to LIBs, is possibly due to the slower 

diffusion of the larger Na
+
-ion (1.02 Å) than the smaller Li

+
-ion (0.76 Å), and relatively less 

accommodation of Na
+
-ion on TiO2 electrodes. Due to the smaller ionic radii of Li

+
, it can be 

accommodated in the interlayer spacing of (001) and (110) planes of TiO2; however, only 

(001) planes with a relatively large spacing of 0.56 nm can accommodate the bigger Na
+
-ion, 

leading to lower electrochemical capacities for sodium-cells. Large volume changes are 

obvious when Na
+
-ion is inserted in (001) spacing, leading to volume expansion of up to 

0.64−0.68 nm [63]. For bare TiO2, this volume expansion results in rapid structural 

deteriorations, while for nanocomposite electrode, the MWCNTs act as a buffer to 

circumvent these changes. The insertion of Na
+
-ion into MWCNTs is less likely, due to the 

larger Na
+
-ion radius [14]. The suitable doping of Mn also leads to lattice expansion, which 

results in ease of Na
+
-ion diffusion. 
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Figure 5.10 Effect of Mn-doping on the overall charge capacities at various cycles for (a) 

lithium cell, and (b) sodium cell 

More specifically, the optimized Mn-doping leads to lowering in the band gap (Figure 5.11), 

thus decreasing the electronic resistance, which is beneficial for surface charge transfer 

processes in multiple cycles. In addition, the optimum doping level can enhance the specific 

surface area to a suitable level, along with nanosizing for large electrode/electrolyte contact. 

Moreover, the highly conductive MWCNTs network makes a great contribution towards 

sodium storage capacity. The capacities reported in this study are either better or comparable 

with most of the early reports on similar TiO2-based electrodes (Table 5.2) [7, 14, 28, 61, 63-

65]. 

The band gap energies (eg) of samples are calculated by using UV-vis diffuse reflectance 

spectrometer (DRS) from 200-1200 nm wavelength. By applying Kubelka–Munk function (α 

= F(R) = (1−R)
2
/2R) diffuse reflectance is converted to absorbance coefficient, where F(R)’ 

is Kubelka–Munk function, R’ is reflectance and α’ is absorbance coefficient and then band 

gap energies are determined by using Tauc relationship (F(R) hν= A(hν−eg)
2
) with hν’ as 

photon energy. The band gap energy of TiO2 slowly decreases with increases in Mn-doping 

along with MWCNTs interaction. The lowest band gap is observed for 
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Mn0.05Ti0.95O2/MWCNTs with a maximum density of conduction electrons contributing 

towards the higher specific capacities of this electrode system. 

 

Figure 5.11 Diffuse reflectance spectroscopy (DRS) band gap measurements of undoped 

and doped samples embedded on MWCNTs 
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Table 5.2 Summary of experimental results compared with various literature reported metal-doped TiO2 anodes for SIBs 

 

Electrode Material Synthesis Method 
Voltage 

(V) 
Initial cycle capacity 

(mAh g
−1

) 

Reversible capacity (cycle) 

(mAh g
−1

)  

Current Density  
Ref 

This work Modified hydrothermal 0.01-3.0 152.1 121.4 0.1 C - 

porous carbon/TiO2 composite Polymerization induced phase separation 0.01-3.0 ~190 180 (10) 0.13 C [7] 

F-doped TiO2 embedded in CNTs Hydrothermal 0.01-2.0 241 ~118 (100) 0.1 C [14] 

Boron doped TiO2 Hydrothermal 0.01-2.5 229 141 (400) 2 C [18] 
Nitrogen-doped TiO2 Chemical vapor deposition 0.01-3.0 ~350 250 (100) 100 mA g

−1
 [28] 

Graphene-TiO2 nanocomposites Vapor reaction process 0.01-3.0 ~180 ~100 (300) 0.1 A g
−1

 [61] 

TiO2(B) nanotubes Hydrothermal 0.8-3.0 87.1 50 (90) 40 mA g
−1

 [63] 

TiO2/carbon hollow spheres Template method 0.01-2.5 ~150 140.4 (100) 100 mA g
−1

 [64] 
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   Axial expansion of Ni-doped TiO2 nanorods grown on carbon nanotubes for favourable 

lithium-ion intercalation 

6.1. Introduction 

Energy crises have posed a challenge for the development of smart materials to effectively 

overcome the scarcity of currently utilized sources and the gateway has been provided by green 

technologies with advanced materials especially for energy storage and efficient delivery in a 

cheaper way with high energy density and environmental safety [1-6]. Rechargeable LIBs have 

demonstrated their remarkable role for energy driven applications but the needs of rapidly 

expanding world electronic market require new generations of LIBs with enlarged power 

density, high-temperature compatibility, enhanced safety, longer working life without much 

capacity fading and economy [7]. Several groups have explored new materials and reported 

noteworthy advancements, particularly for modifying the anode materials of the LIBs, as it is a 

major aspect of improving LIBs performance due to its higher capacity.   

TiO2 based materials have been widely explored for various devices like batteries, [4, 8-12] 

supercapacitors, [13, 14] dye-sensitized solar cells [15, 16], but the exquisite selectivity of 

anatase TiO2 over rutile and other polymorphs of TiO2 for diverse applications has placed it 

ahead of several other rivals besides being stable, cost-effective and environmentally benign [17-

19].
 
Anatase TiO2 was previously known as a structurally preferred phase especially for 

photocatalysis and other applications [20, 21],
 
however, in recent years it has proved to be 

equally promising for Li
+
/Na

+
-ion storage applications because of its inherent ability to readily 

exchange Li
+
 and Na

+
-ions and stabilize the system thermodynamically. Titanium-ions in the 

anatase occupies a tetragonal crystal structure with octahedral TiO6 configuration having two 
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slightly shorter axial Ti‒O bonds and four relatively larger equatorial Ti‒O bonds that make the 

octahedral easily distorted [22]. 

Beyond the morphological benefits displayed by bare TiO2 for activity in battery systems, there 

is an increased interest in exploring the capabilities of TiO2 in conjunction with other materials 

forming nanocomposite anodes for LIBs and SIBs [23-27]. The commercially used graphitic 

carbon anode for LIBs is not compatible for SIBs because the Na-ions cannot be intercalated into 

the interlayer spaces of the graphite lattice. A variety of other materials is compatible with both 

LIBs and SIBs because both share a similar working principle.  

The sluggish shuttling of the alkali metal ions in TiO2 anodes is due to the very low conductivity 

of TiO2 and has recently been improved by using carbonaceous materials like graphene, reduced 

graphene oxide, MWCNTs, activated carbon, porous carbon, alginate, graphite and other 

conductive media usually by mixing/coating etc [18, 28, 29]. Herein, we utilized a modified 

controlled hydrolysis method for the synthesis of nickel-doped TiO2/MWCNT (NixTi1-

xO2/MWCNTs) hybrid nanocomposite involving precipitation of the nickel and titania solution in 

a well dispersed MWCNTs nanocomposite using aqueous sodium hydroxide and then tested 

lithium shuttling by using the nanocomposite as an anode material. We have tested NixTi1-

xO2/MWCNTs anode to verify the influential role of metal and MWCNTs on the Li-ion electrode 

activity. 

The use of MWCNTs is to benefit from the diverse role that these materials can play, like 

electron accepting behaviour, as MWCNTs are known for electron acceptor while upon 

excitation can enhance electron flow into the TiO2 matrix synergistically and also being capable 

of creating new energy states within the band gap of TiO2 [30]. The incorporation of transition 

metal ions helps to lower the bandgap, thereby enhancing the electronic conductivity, surface 
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charge storage and Li diffusion kinetics [31]. To the best of our knowledge, no Ni-incorporated 

anatase TiO2/MWCNTs anode is reported for being active for LIBs. 

6.2. Experimental 

All the samples were prepared as already described in the experimental section. 

6.3. Results and discussion 

XRD patterns of a series of nickel-doped and undoped samples are presented in Figure 6.1a to 

explain the doping behaviour of NixTi1-xO2. From the literature, it is clear that the true nature of 

metal doping can be described based on the ionic radius and electronegativity of the dopant ions 

[32]. For all samples, major diffraction peaks appearing at 25.30°, 36.95°, 37.80°, 38.56°, 

48.03°, 53.89°, 55.06°, 62.11° and 62.60° due to planes (1 0 1), (1 0 3), (0 0 4), (1 1 2), (2 0 0), 

(1 0 5), (2 1 1), (2 1 3) and (2 0 4), respectively match well with the standard TiO2 as a tetragonal 

anatase structure of TiO2 (JCPDS#01-084-1285). As the ionic radius of Ni
2+

 (0.072 nm) is 

slightly bigger than the Ti
4+

 (0.068 nm) and the Pauling electronegativity of Ni
2+

 (1.91) and Ti
4+

 

(1.54) are quite similar, there is an obvious possibility of Ni
2+

 to enter into the TiO2 lattice and 

replace Ti
4+

 sites. The possible substitutional type doping can lead to change in cell volume and 

lattice parameters of TiO2 together with shifting in the XRD peaks. All the samples demonstrate 

good crystallization with anatase phase and no diffractions are detected for the presence of Ni 

species (Ni or NiO) suggesting that the dopant is nicely dispersed in the TiO2 host as a solid 

solution.  

The average crystallite size of all samples is presented in Table 6.1 as estimated by using the 

Debye–Scherrer formula, following (1 0 1) diffraction together with lattice parameters using a 

tetragonal system. It is noted that the crystallite size decreases after the gradual addition of Ni
2+

, 

implying that the doped Ni
2+

 could constrain the grain growth of TiO2 by providing differential 
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boundaries. The consolidation of 3d transition ions breaks down the crystallinity of TiO2 because 

of the thermodynamical obstruction incited by the dopant atom, which hampers the development 

of nanocrystals and further outcomes in the arrangement of smaller particles [33]. No substantial 

change in the lattice parameter ‘a’ is noticed for all doping levels however, an increase in the 

lattice parameter ‘c’ is observed when compared to bare TiO2 and is expressed in terms of 

Vegard’s law, which states that the ‘‘Change in the unit cell dimension will be linear with 

respect to the change in composition” confirming the substitution of slightly larger Ni
2+

 ion 

along the c-axis of the tetragonal TiO2 matrix [34].  

 

Figure 6.1 (a) XRD spectra of TiO2, Ni0.05Ti0.95O2 and NixTi1-xO2/MWCNTs samples. The 

peaks are indexed to the anatase-type tetragonal structure (b) an enlarged view of 

the (1 0 1) reflection at 2θ=25.30
o
 for TiO2, Ni0.05Ti0.95O2 and NixTi1-

xO2/MWCNTs samples 
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Table 6.1 Lattice constant, unit cell volume and estimated average crystallite sizes of pristine samples together with the lattice 

constant and unit cell volume change observed when the samples are lithiated 

 

Sample 

Pristine Lithiated 

Difference 

 

Expansion 

(%) 

 

 

Crystallite size 

(nm) 

 

Parameters 

(Å) 
Cell volume 

(Å
3
) 

 

Parameters 

(Å) 
Cell volume 

(Å
3
) 

a=b c a=b c 

TiO2 3.7848 9.5124 136.26 3.79129 9.6330 138.4635 2.20 1.62 78 

Ni0.05Ti0.95O2 3.7826 9.5547 136.70 3.79068 9.6425 138.6992 1.99 1.46 20 

Ni0.03Ti0.97O2/MWCNTs 3.7822 9.5321 136.35 3.79921 9.6232 138.9012 2.55 1.87 42 

Ni0.05Ti0.95O2/MWCNTs 3.7829 9.5853 137.16 3.79267 9.6609 138.9657 1.80 1.32 17 

Ni0.07Ti0.93O2/MWCNTs 3.7827 9.6012 137.38 3.79216 9.8907 142.2329 4.85 3.53 13 
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In addition, from Figure 6.1b, it can be understood that the XRD peak position of TiO2 (1 0 1), 

shifts to lower 2θ with additional Ni
2+

 doping. According to Bragg’s law nλ = 2dsinθ, the smaller 

is theta the larger will be d-spacing. Therefore, it is deduced that the value of d-spacing increases 

with the increase of Ni
2+

 which implies that Ni
2+

 diffuses into the substitutional lattice of TiO2. A 

comparable lattice expansion effect has been accounted for by other researchers likewise and has 

been elucidated as because of the incorporation of dopant ions into the lattice of the host 

materials [35-37].  

The morphology and dispersion of bare TiO2 and Ni0.05Ti0.95O2/MWCNTs nanocomposite are 

studied by FESEM. The FESEM in Figure 6.2a,b indicates a nanorod like morphology with a 

thickness of the nanorods of around ~70 nm. The nanorods were overall uniform in their 

dimensions; however, it is difficult to distinguish the small MWCNTs as they seem to have been 

fully covered or embedded within the nanorods. To further investigate the morphology and 

obtain detailed information about the samples, TEM images of the Ni0.05Ti1.95O2/MWCNTs 

nanocomposite has been obtained.  

Figure 6.2c,d shows the low and high magnification TEM image of Ni0.05Ti1.95O2/MWCNTs, 

respectively. The nanorods can be clearly seen with a diameter and length of about ~13 and ~40 

nm, respectively having an aspect ratio of approximately 0.325. MWCNTs prevent the 

agglomeration and hence homogenous nanorods have a good dispersion and narrow size 

distribution. These nanorods have smooth and defectless surface and they retain their structural 

integrity even after doping, which can be helpful in enhanced cycle life stability. 

The bonding environment and the local symmetry of the TiO2 have been explored by NEXAFS 

at the O K edge and Ti L3,2 edge as shown in Figure 6.3a,b. The O K edge NEXAFS of TiO2 

instigate from the hybridization of empty s-p and d orbital of metal cations.  
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Figure 6.2 (a) FESEM image of bare TiO2 nanorods, and (b) Ni0.05Ti0.95O2/MWCNTs sample 

(c,d) TEM of Ni0.05Ti0.95O2/MWCNTs sample at low and high magnifications 

The O K edge absorption spectra of all samples show a characteristic pair of peaks for anatase 

TiO2. The first pair of peaks with binding energies of ~531.5 and ~534.1 eV (marked as t2g and 

eg in Figure 6.3a) arise due to the hybridization from O 2p levels to the t2g and eg orbitals of TiO2 

and Ni 3d levels [38, 39]. These orbitals are more sensitive to the ligand coordination, local 

symmetry, and valence state. Another pair of peaks located at higher photon energies of ~539.7 

and ~545.1 eV are due to excitations to antibonding bonds derived from the covalent mixing of 

Ti 4s and O 2p and Ni 4p and is more responsive to long-range order as this region shows larger 
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dispersion effects  [38, 39]. The crystal field splitting energy (Δd = E(eg) – E(t2g)) between peak 

feature of  t2g and eg are generally used to estimate the degree of disorder as it is around 2.8 eV 

for anatase TiO2 and reduces significantly for doped samples [40]. The O K edge of doped 

samples matches well with the anatase TiO2 whereas the difference lies in terms of splitting 

energy and the intensity of peaks. This deviation is due to the presence of Ni impurity within 

TiO2 lattice, which causes a distortion in the octahedral symmetry along with the hybridization 

of Ni orbitals with O 2p orbitals. In case of all doped samples, the experimentally determined 

crystal field splitting energy is around ~2.5 eV, which signifies that Ni ions are occupying Ti 

sites in TiO2 matrix along with a small shift towards Ti
3+

 oxidation state. The increase in the 

intensity of t2g and eg bands with increasing concentration of Ni suggest a stronger hybridization 

between O 2p and Ti/Ni 3d orbitals.  

To further explore, the local structure and valence state of Ti was investigated from Ti L edge 

NEXAFS for TiO2 and doped samples and shown as Figure 6.3b. The Ti L edge NEXAFS 

spectra are used as a fingerprint to differentiate between different TiO2 phases and gives useful 

information on the identity of atoms, coordination number, position and disorder within the 

coordination sphere. The Ti L edge NEXAFS spectra instigates from starting 2p3/2,1/2 core 

electron transitions to final 3d5/2,3/2 conduction bands, whereas the lower binding energy L3 edge 

is due to transition from 2p3/2 (t2g and eg) to 3d5/2 and higher binding energy L2 edge is due to 

transition from 2p1/2 (t2g and eg) to 3d3/2 states [41]. The first set of peaks appearing at 458.8 and 

460.4 eV and a second set at 463.9 and 466.0 eV are assigned to L3 and L2 edge, respectively. 

For a normal octahedral symmetry (Oh) around Ti atoms, only two peaks appear in the Ti L edge 

NEXAFS however upon tetragonal distortion, the second peak of L3 edge split into a shoulder 

peak. A clear shoulder peak at 460.9 eV in the L3 edge is characteristic for anatase phase with 
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D2d symmetry while this feature appears at lower energy for rutile phase due to D2h point group 

symmetry [41, 42]. The Ti L3 edge features are in accordance with the XRD results shown in 

Figure 6.1a.  

The separation between the peaks of L3 and L2 edge is a measure of crystal field splitting energy 

and as noticed from the results almost constant crystal field splitting is noticed for all samples. A 

decrease in intensity of both L2 and L3 edge NEXAFS is observed with increasing levels for 

doping which is possible because of reduction in the unoccupied density in the 3d states with a 

small drop in concentration of Ti atoms as replaced with Ni atoms. A decrease in area in the 

curve is noticed for L3 eg peaks indicating the incorporation of Ni in TiO2 lattice with possible 

formation of oxygen vacancies.  From these results, we can say that the valence state of Ti has 

been kept intact in all doped samples with anatase phase, however, a small decrease in Ti content 

is noticed with Ni doping. It can be inferred that the charge neutrality due to divalent Ni doping 

may be balanced with the creation of oxygen vacancies.  

The Ni L2,3 edge NEXAFS of NiO reference and various Ni doping concentrations in Figure 6.3c 

show two strong absorption features because of the spin-orbit splitting of Ni 2p. The absorption 

appearing at around 853.5 eV is allocated to L3 (Ni 2p3/2 to Ni 3d excitations) and that near 870.3 

eV is assigned to L2 (Ni 2p1/2 to Ni 3d excitations). The Ni L edge NEXAFS of all doped 

samples do not exhibit any chemical shift and are identical to NiO indicating that the oxidation 

state of Ni is retained to 2+ in all samples. The Ni L-edge features intensified linearly with the 

nominal Ni loading. Additional weak features appearing in Ni L edge spectra of doped samples 

most probably originate from the multiplet splitting of paramagnetic Ni
2+

 species [43]. 

C K edge NEXAFS spectra of functionalized MWCNTs and supported samples in Figure 6.3d 

show two distinct patterns with peaks at around 285.5 and 296.5 eV which are attributed to π* 
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and δ* transitions, respectively. The feature at 285.5 eV is assigned to C‒C and the one at 296.5 

eV is due to C=C bond structures. The existence of these transitions in all doped samples, 

supported on MWCNTs, confirms that the graphitic structure is kept intact and the high 

electronic conductivity could be expected. The inset in Figure 6.3d shows that the main peak 

gradually broadens and shifts to slightly lower energy with increased Ni doping, suggesting that 

C 2p π* orbitals accept electrons from NixTi1-xO2 structure as discussed in some earlier reports. 

Also, a decrease in intensity of the π* region for all NixTi1-xO2/MWCNTs samples as compared 

to bare MWCNTs, suggest that the unoccupied π* states have dropped in number due to 

electronic transitions from metal oxide to C 2p π* unoccupied states. Another important region 

in the C K edge NEXAFS is the region between π* and δ* (in the range of 288 and 290 eV), 

showing absorption signals for C=O/C‒OH and C‒O/COOH, respectively [44, 45]. The presence 

of these groups indicate that metal oxide nanorods are firmly attached to MWCNTs through 

these O-containing functional groups. These results highlight an electrical and chemical coupling 

at the hybrid interface, which can be responsible for superior electrochemical performance. 

In order to explore the potential applicability of Ni-doped TiO2 nanocomposite samples in LIBs, 

we have evaluated the electrochemical response with respect to Li-insertion/extraction for 

undoped TiO2 and different Ni-doped samples supported on MWCNTs. 

Anatase TiO2 is a good host for lithium insertion/extraction that proceeds according to equation 

(1) with the theoretical capacity of 336 mAh g
‒1

 corresponding to x=1. Usually, anatase TiO2 

gives an insertion coefficient around 0.5 due to its sluggish charging/discharging rates [46].  

TiO2  +  xLi
+
  +  xe

‒
  ↔  LixTiO2  (0 ≤ x ≤ 1)  (1) 
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Figure 6.3 NEXAFS spectra measured at (a) O K edge for TiO2, Ni0.05Ti0.95O2 and NixTi1-

xO2/MWCNTs samples (b) Ti L3,2 edge for TiO2, Ni0.05Ti0.95O2 and NixTi1-

xO2/MWCNTs samples (c) Ni L3,2 edge for NiO reference, Ni0.05Ti0.95O2 and 

NixTi1-xO2/MWCNTs samples (d) C K edge for functionalized MWCNTs, 

Ni0.05Ti0.95O2 and NixTi1-xO2/MWCNTs samples 

Some selected voltage/capacity curves at a constant rate of C/10 for Ni0.05Ti0.95O2/MWCNTs 

sample are shown in Figure 6.4a. The charge/discharge profile of Ni0.05Ti0.95O2/MWCNTs can be 

clearly distinguished into three regions: a rapid voltage drop, corresponding to a solid-solution 

insertion mechanism [47], succeeded by a plateau at around 1.80 V, representing a typical two-

phase electrochemical reaction [47], and a region following the plateau, which is due to further 
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Li
+
 insertion in Li0.5Ti0.95O2 [47]. The discharge capacity at the first cycle is 325.5 mAh g

‒1
 

corresponding to x=0.97 and diminishes after the first cycle to a value of 261.2 mAh g
‒1

 

corresponding to x=0.78 and remains at 241.3 mAh g
‒1

 (x=0.72) after 80 cycles, much higher 

than the initial and final discharge capacity of the undoped TiO2 and unsupported Ni0.05Ti0.95O2, 

which are 296.2/131.2 and 313.8/165.7 mAh g
‒1

, respectively (Figure 6.4b).  

The first discharge curve is somewhat different with a consistent plateau at 1.81 V and a rapidly 

declining plateau down to cut-off voltage, which is ascribed to the electrolyte decomposition and 

first Li
+
 insertion into the anatase TiO2 lattice forming Li2O [48] therefore, a relatively large loss 

of initial capacity (19.6%) is observed in the second cycle. From the voltage/capacity curves, it is 

obvious that most of the capacity is delivered between 1.0 and 2.0 V which is an improvement in 

terms of safety and stability of LIBs compared to that of graphite [46]. There is no considerable 

modification within the voltage profiles even at 80 cycles, which indicates that no detectable 

structural degradation of the Ni0.05Ti0.95O2/MWCNTs nanorods happens throughout the lithium 

extraction/insertion process. 

Cycle number vs. discharge capacity and C.E plots are shown in Figure 6.4b. A small drop of 

irreversible capacity can be observed after the first charge and discharge process for virtually all 

the samples, however, the discharge capacity gradually maintains to respective levels after the 

initial few cycles. On the 10
th

 cycle, the specific capacity falls to 250.1 mAh g
‒1

, for 

Ni0.05Ti0.95O2/MWCNTs nanocomposite with a capacity loss of around 23.1%. After 80 cycles 

the C.E remained >98.7% with overall specific capacity retention of 91.3% (initial and final 

value of 325.2 and 241.3 mAh g
‒1

, respectively). Therefore, the as-prepared nano-sized 

Ni0.05Ti0.95O2/MWCNTs showed very high cycle stability at a modest current rate of C/10. It 

seems that an appropriate proportion of Ni in the TiO2 frameworks leads to an enhanced 
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reversible capacity as by increasing the concentration of Ni to 7% results in lower capacity and 

stability. Furthermore, as TiO2 has a low volume change during the insertion/extraction process, 

[49, 50] the low Ni doping in the TiO2 framework can preserve this property, thus maintaining an 

excellent cycling performance. 

The results indicate that all the Ni-doped samples demonstrate better cycling performance than 

undoped TiO2 and an appropriate Ni-doping ratio can enhance the reversible capacity of TiO2, 

which ought to be ascribed to the improved electrical conductivity as demonstrated by the DRS 

results (Figure 6.5) and enlarged specific surface area on offer due to MWCNTs network. The 

samples display characteristics of n-type semiconductors and as the concentration of Ni is 

increased from 0 to 7%, the electrical conductivity is strikingly improved by expanding the 

number of free charge carriers. Upon further addition of Ni, a drop in capacity should be ascribed 

to the fact that accurate doping is not taking place in the lattice of TiO2 (XRD result of 

Ni0.07Ti0.93O2/MWCNTs) hence the passage of lattice charge propagation and hence conductivity 

is reduced. By anchoring TiO2 nanorods on MWCNTs to form a nanocomposite structure, the 

MWCNTs can both function as a support for attaching TiO2 nanoparticles and block their 

agglomeration, and accordingly hold their huge active contact area between the electrode and 

electrolyte. Consequently, the TiO2 nanorods can add to the extra lithium storage capacity, and 

the Ni-doped TiO2 nanorods can both enhance electronic conductivity in the electrode and keep 

up the cycling stability, bringing about a synergistic impact for the improved electrochemical 

performance. 

High rate capability is one amongst the essential necessities for dynamic applications like in 

electric vehicles. Therefore, the rate capacities of samples were evaluated after cycling at 

different current densities (C-rates) changed stepwise from 0.1 to 20 C after 10 cycles at each C-
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rate (Figure 6.4c,d), and the specific capacities attained for each sample are given in Table 6.2. It 

can be decided from the rate capability results, that in addition to excellent cyclability and 

superior capacity, the Ni0.05Ti0.95O2/MWCNTs electrode also exhibits impressive rate 

performance with high C.E than bare TiO2 at all C-rates (Figure 6.4d and Table 6.2).  

 

Figure 6.4 (a) Charge and discharge profile of the lithium cell up to 80 cycles made of 

Ni0.05Ti0.95O2/MWCNTs sample at a constant current of C/10 (b) cycling 

performance and Coulombic efficiency of TiO2, Ni0.05Ti0.95O2 and NixTi1-

xO2/MWCNTs samples at a constant current of C/10 (c,d) rate curves for 

Ni0.05Ti0.95O2/MWCNTs sample at various current rates from 0.1 C to 20 C (d) 

rate capacity for  TiO2, Ni0.05Ti0.95O2 and NixTi1-xO2/MWCNTs samples at various 

current rates from 0.1 C to 20 C 
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Even at high current rates of 10 and 20 C, the reversible capacities hold at about 172.7 and 154.1 

mAh g
‒1

, respectively. Furthermore, upon completion of 80 cycles, as the current rate is reverted 

to its preliminary value of 0.1 C, we can still observe a capacity of 232.5 mAh g
‒1

 retrievable and 

accessible for 20 more cycles without any further losses (237.3 mAh g
‒1

 at the 100th cycle). The 

results suggest that the structure of Ni0.05Ti0.53O2/MWCNTs nanocomposite remains extremely 

sustainable even under high rate cycling. Conversely, the control electrode of TiO2 and 

Ni0.05Ti0.53O2 fabricated without using Ni-dopant and MWCNTs support demonstrate 

substantially lower capability (as shown in Figure 6.4d and Table 6.2), which further validates 

the benefits of doping Ni into the TiO2 lattice and supporting the doped structure on MWCNTs 

for lithium storage. The superior rate performance may be credited to the particularly efficient 

Li-ion transportation in nanostructure, with particle-particle interactions at the nanoscale in 

addition to the enhanced conductivity and improved insertion reaction from the inner Ni-doping 

and the excessive dispersion of TiO2 on MWCNTs network.  

Ex-situ XRD of all lithiated samples (TiO2, Ni0.05Ti0.95O2, NixTi1-xO2/MWCNTs) show slightly 

shifted and broadened peaks due to the expansion of the lattice upon Li-insertion that is known to 

be favoured along (1 0 1) plane, causing an increase in the c-axis (Figure 6.6) [51-53]. A first 

look at Table 6.1 reveals that Ni0.07Ti0.93O2/MWCNTs sample is capable to accommodate a 

maximum lithium storage, but the sample shows a second cycle discharge capacity of 216.9 mAh 

g
‒1

 as compared to a capacity of 261.2 mAh g
‒1

 for the Ni0.05Ti0.95O2/MWCNTs. The reason 

seems to be related to an immense increase in cell volume that causes much distortion and 

irreversible structural rearrangement, which is expressed by a decrease in crystallinity of the 

XRD peaks, thus hindering the reversible Li-ion shuttling. 



Chapter 6                                                                                                    Results and discussion 

 

151 
 

 

 

Table 6.2 Rate performances and the estimation of retention (%) in specific capacity of TiO2 based samples obtained at different 

C-rates 

Sample Specific capacity (mAh g
‒1

) at different C-rates Specific capacity retention (%) at different C-rates 

0.1C 0.25C 0.5C 1C 2C 5C 10C 20C 0.25C 0.5C 1C 2C 5C 10C 20C 

TiO2 296.2 135.1 117.7 102.2 84.8 69.95 54.3 36.3 45.65 39.7 34.5 28.6 23.6 18.3 12.2 

Ni0.05Ti0.95O2 313.8 170.5 152.6 137.7 120.41 104.9 90.0 71.5 54.3 48.6 43.8 38.3 33.4 28.7 22.7 

Ni0.03Ti0.97O2/MWCNTs 322.2 230.6 217.6 207.1 193.4 176.7 160.0 140.8 71.5 67.5 64.2 60.0 54.8 49.6 43.7 

Ni0.05Ti0.95O2/MWCNTs 325.2 242.5 228.8 220.7 208.2 191.4 172.7 154.1 74.5 70.3 67.8 64.0 58.8 53.1 47.3 

Ni0.07Ti0.93O2/MWCNTs 316.0 198.4 180.4 163.7 148.9 129.0 111.7 93.1 62.7 57.1 51.8 47.1 40.8 35.3 29.4 

 

 

Figure 6.5 DRS band gap measurements of undoped and doped samples embedded on MWCNTs 
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Figure 6.6 Ex-situ XRD of lithiated TiO2, Ni0.05Ti0.95O2 and NixTi1-xO2/MWCNTs samples; 

inset is an enlarged view of the (1 0 1) reflection 

Ex-situ XANES studies have shown that both Ni and Ti main K edge peaks have got some 

upward trend upon lithiation that suggests a change in the local environment in the anatase 

structures [54]. The normalized XANES region at the Ti K edge of the NixTi1-xO2/MWCNTs 

samples (Figure 6.7a) shows typical pre-edge features, A, B and C that arise as a result of 

transitions from 1s – 1t1g, 1s – 2t2g and 1s – 3eg, respectively [55]. The increase in intensity is 

presented at pre-edge “B” upon lithiation is indicative of enhanced distortion of theTiO6 

octahedron accompanied with a decrease in particle size. The lithiated Ni0.05Ti0.95O2/MWCNTs 

nanocomposite has shown the highest increase in intensity [55]. The pre-edge D (shown as inset 
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Figure 6.7a) represents a blue shift upon lithiation with Ni0.05Ti0.95O2/MWCNTs sample showing 

the highest shift towards lower energy. In Ti-XANES spectra the pre-edge “B” show Ti
4+

 to Ti
3+

 

shift with increased intensity upon the lithiation as the Ni-concentration is increased. The 

intensity of the main edge peaks also increases in all the samples upon lithiation. 

 

Figure 6.7 Ex-situ XANES spectra collected at (a) Ti K edge with two insets showing the 

enlarged view of pre-edge and edge positions (b) Ni K edge with the inset 

showing the shift in edge position with increased doping concentration and effect 

of lithiation 

Ni K-edge XANES spectrum is shown in Figure 6.7b. All the lithiated samples show a clear blue 

shift (inset Figure 6.7b) and the highest decrease in energy is for Ni0.05Ti0.95O2/MWCNTs sample 

indicative of some reduction of Ni
2+

. Moreover, the main edge (1s – 4p) [56] shows a decrease in 

intensity for Ni0.03Ti0.97O2/MWCNTs and Ni0.05Ti0.95O2/MWCNTs samples while an increase in 

intensity is observed for Ni0.07Ti0.93O2/MWCNTs. 

These results demonstrate that the Ni0.05Ti0.95O2/MWCNTs electrode reveals high discharge 

capacity and retention, cycling stability and outstanding rate performance.  
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    Nanoscale modification of Co-TiO2@MWCNTs and Cu-TiO2@MWCNTs composites 

safeguarding steady reversible capacity as LIB anode 

7.1. Introduction  

Recent efforts in solving world energy management problems are based on the green energy 

technologies that involve extensive efforts from the entire globe to focus on green materials. 

In this regard batteries, supercapacitors, solar and fuel cells have shown considerable promise 

to manage this challenge, but currently, batteries are dominating on the world economy, 

presenting a decent short term solution [1]. The suitably high energy and power density of the 

LIBs, garnered with longevity, have placed them ahead of the other competitors. But for the 

current high energy devices like EV’s, HEV’s, etc. [2]. Several issues relating to capacity 

failure, safety, high energy and power density and economy need to be addressed [3]. 

To optimize the workability of LIBs subtle modifications have been suggested by different 

groups for replacement of the currently operational cathode, anode, electrolyte and additive 

materials for LIBs. Much focus is placed towards replacing the currently used graphite anode 

that suffers from pulverization and other low capacity and capacity fading issues [4]. The 

most promising materials known so far, in terms of their high capacity,  are the metal oxides 

like Sn, Si and other binary/ternary oxides [5, 6] but huge volumetric expansions upon 

subsequent charging-discharging are the main discouraging factors. Anatase (TiO2) has 

notable features as LIB anode but the sluggish Li
+
 transport must be overcome. A range of 

materials and methodologies have been adopted that often employ binary systems composed 

of metal or non-metal dopants or some form of carbonaceous coatings, but the latest 

approaches use ternary systems that utilize metal or non-metal dopants along with the carbon 

compositing. In this context nitrogen-doped carbon coating inside porous TiO2 have been 

presented by J. Zheng and co-workers that gives a lithiation capacity of 182 mAh g
‒1

 at the 

end of 60 cycles under 0.5 C [7]. Li et al., [8] demonstrated a ternary system comprising of 
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nanofibrous silver/titania/carbon and reported its performance as anode material for LIBs. 

The nanocomposite material showed a specific capacity of 320 mAh g
-1

 after 150 cycles. 

Jeong et al., [9] proposed core-shell Si nanoparticle@TiO2-x/C mesoporous nanocomposite 

that offers a very high capacity of above 900 mAh g
‒1

 when cycled at 0.2 C for 50 cycles. 

The carbon coated mesoporous TiO2 Nanocrystals reported by Zhang et al., [10] are capable 

to deliver a reversible capacity of 110 mAh g
‒1

 at 0.2 A g
‒1

 after 100 charge/discharge cycles. 

Li et al., [11] reported a hybrid material by compositing nitrogen-sulfur codoped hollow 

carbon nanofibers with sulfur-TiO2, that exhibits a specific capacity of 153 mAh g
‒1

 at a 

relatively high current rate of 1 A g
‒1

 after 300 charge-discharge cycles. Qi et al., [12] in 

2017 ensured successful synthesis of carbon@TiO2@MoS2 nanofibrous composite, using a 

complex multistep approach, that exhibits a lithiation potential of 1597.2 mAh g
‒1

 at the end 

of 100 cycles under 100 mA g
‒1

 that is even greater than the theoretical capacity of the 

inherent material and the enhancement has been referred to 3D network structure. 

Tian et al., [13] fabricated carbon coated SnO2/TiO2 three-dimensional hybrid material that 

demonstrates a high initial discharge capacity of 1865.5 mAh g
‒1

 which then decays to 495 

mAh g
‒1

 up to 50 cycles but the capacity regains to 612 mAh g
‒1

 after 450 cycles. The 

capacity diminishing behaviour of the hybrid composite was ascribed to some structural 

changes that occurred during lithiation/delithiation. Recently, J. Liu and co-workers [14] 

modified TiO2 by compositing with graphene and CNTs that forms a 3D conducting network 

that is capable to reversibly deliver a capacity of 214 mAh g
‒1

 up to 700 cycles at 1 A g
‒1

 as 

LIB anode. Bai et al., reported N-TiO2 doped with carbon as LIB anode and achieved a 

capacity of 106.4 mAh g
‒1

 for 2500 cycles at a current rate of 500 mAh g
‒1

 [15]. 

The polyaniline-TiO2 reduced graphene oxide composite synthesized by Zhang and co-

workers showed a fast charging-discharging capacity of 149.8 mAh g
‒1

 at a high current rate 

of 5 C for 100 cycles [16]. Wang et al have reported Ge@graphene@TiO2 core-shell 
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nanofibers that have maintained the reversible cycling capacity of 1050 mAh g
‒1

 at  100 mA 

g
‒1

 after 100 cycles as LIB anode [17]. Similarly, stem-like MWCNTs/α-Fe2O3@TiO2, 

reported by Fu et al, are capable to demonstrate a capacity of 770 mAh g
‒1

 at a current 

density of 200 mA g
‒1

 after 200 cycles [18]. Zhang and his colleagues came up with 

graphene/carbon nanotube/SnO2 3D composite showing an improved capacity of 842 mAh 

g
‒1

 at a current density of 0.2 A g
‒1

 after 100 cycles [19]. 

In the current approach, we opted to get benefit from the synergistic role of MWCNTs and 

dopant metal to improve the electrical conductivity of the TiO2. MWCNTs are well 

recognized as an electron acceptor and also provide shorter pathways for effective Li
+
 ion 

transport through the open tubular channels [20]. In addition, the metal dopant also plays a 

crucial part in reducing the band gap of the TiO2 and is also known to modify Li diffusion 

kinetics [21]. The synthesis of the composites Co-TiO2/MWCNTs and Cu-TiO2/MWCNTs 

were carried out by a simple surfactant assisted modified hydrothermal method.  

6.2. Experimental 

All the samples were prepared as already described in the experimental section. 

6.3. Results and discussion 

XRD of the bare and composited CuxTi1-xO2/MWCNTs and CoxTi1-xO2/MWCNTs samples is 

presented in Figure 7.1a,b. All peaks are well aligned with the JCPDS 84-1285 having 

tetragonal symmetry and point space group I41/amd. It is obvious that upon doping no 

substantial change as regards to the crystal structure is observed in spite of the alteration in 

crystallinity and particle size as seen from the spectra and by calculating the crystallite size 

from the Scherer equation. However, slight peak shifts in major diffraction planes are 

observed that suggest the substitution of Ti
4+

 by Co
2+

 that has a slightly larger radius than 

Ti
4+

 resulting in slight distortion of the TiO2 lattice. No diffraction for the cobalt oxide has 

been observed in the spectrum as in previous reports [22] suggesting the minor change in the 
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neighbouring environment of TiO2 octahedra. It has been well established that in doped 

anatase, the dopant controlled restricted crystallite growth is thermodynamically favoured 

over the rutile phase [23].  

In case of XRD of copper-based samples, it is obvious that no peaks of copper in metallic or 

oxide form are present as reported previously and the presence of copper oxides are known to 

augment the anatase to rutile transformations. Also, the CuO phase, when present in the 

titania lattice, brings more defects and covers the surface with amorphous CuO that helps in 

rutile phase growth, no such findings has been observed [24-26]. 

 

Figure 7.1 Powder XRD pattern of (a) pristine anatase TiO2, TiO2@MWCNTs and 

CuxTi1-xO2/MWCNTs, and (b) CoxTi1-xO2/MWCNTs along with bare 

MWCNTs annealed at 400 °C for 6 h in air 

SEM and TEM micrographs of Co and Cu doped samples are revealed in Figure 7.2 and 7.3, 

respectively. The SEM of Co0.07Ti0.93O2/MWCNTs shows spherical particles with aggregates 

in the size of 20-30 nm. The TEM of Co0.07Ti0.93O2/MWCNTs shows the composite where 

Co-doped TiO2 nanoparticles in sizes 20-30 nm are present along with MWCNTs. The 

elemental mapping of Co0.07Ti0.93O2/MWCNTs shows the corresponding homogeneous 

distribution of the elements.   
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Figure 7.2 (a) FESEM of Co0.07Ti0.93O2/MWCNTs (b) TEM of Co0.07Ti0.93O2/MWCNTs, 

and the corresponding elemental mapping of Co0.07Ti0.93O2/MWCNTs 

Figure 7.3a shows the SEM of Cu0.05Ti0.93O2/MWCNTs showing well-dispersed MWCNTs 

interconnected with the Cu-TiO2 nanoparticles with a particle size below 50 nm. Therefore, 

elemental mapping SEM shows a uniform distribution of the elements. The TEM image in 

Figure 7.3b shows that the CuTiO2 particles are spherical in shape with MWCNTs in size 

range 15-20 nm surrounding them.  
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Figure 7.3 (a) FESEM of Cu0.05Ti0.93O2/MWCNTs (b) TEM of Cu0.05Ti0.93O2/MWCNTs, 

and the corresponding elemental mapping of Cu0.05Ti0.93O2/MWCNTs 

UV-Vis absorption profile of Co and Cu doped TiO2 samples were measured and the 

corresponding band gap of all samples was calculated to disclose the role of doping in 

altering the electronic structure of TiO2. The results of bandgap and UV-Vis absorption DRS 

are shown in Figure 7.4.  

As compared with bare TiO2 the doped samples show a clear red shift in the absorption peaks 

and the intensity of absorption seems to become stronger especially for 7% Co and 5% Cu 

doped TiO2/MWCNTs samples, which are very beneficial for the absorption of visible light 
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[27, 28]. The bandgap energies were calculated using the absorption curves of the converted 

Kubelka-Munk function vs. photon energies and the Beer-Lambert equation shown below 

was used for calculations. 

(αhυ)
2
 = A(hυ - eg)   (Eq. 7.1) 

where α, A and hυ are absorption coefficient, constant and photon energy, respectively, and 

can be found from the intercept of the linear part of Beer-Lambert equation at (αhυ)
2
 = 0 [27]. 

The calculated band gap energies of all samples indicate that the Co and Cu doping is 

effectively reducing the bandgap of anatase TiO2. The reason for narrowing of this bandgap 

is related to the development of dopant energy levels, together with oxygen vacancies, that 

will ease the charge transfer transitions and decrease the bandgap, and consequently, enhance 

the electrical conductivity of TiO2 [29]. 

 

Figure 7.4 DRS band gap measurements of undoped and Cu/Co-doped samples 

embedded on MWCNTs 

Additionally, the content of TiO2 and MWCNTs in nanocomposite samples has been 

confirmed by the TGA analysis. The total weight loss observed from room temperature to 

1000 
o
C is around 15% and the weight loss takes place in three stages. The first weight loss 

starts from room temperature and goes up to 150 
o
C indicating the loss of physically adsorbed 

water molecules. The second stage of weight loss extends up to 400 
o
C and is due to 
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chemisorbed water molecules together with a major portion due to decomposition of 

functional groups attached to MWCNTs. The third stage shows a steep weight loss curve due 

to the breakdown of the carbon framework present in MWCNTs. The weight loss in this stage 

is also a measure of the content of MWCNTs present in the samples. For both Co and Cu 

doped samples, the weight % of MWCNTs as calculated from TGA curves is approximately 

5%. According to the TGA result, the TiO2 content in the MWCNT-TiO2 composites can be 

deduced as around 94%. The nanocomposite samples remain stable above 600 
o
C.  As the 

relative concentration of Cu and Co in the doped samples increased, the weight loss seemed 

to take place at slightly lower temperatures, which are in accordance with some earlier 

reports [30]. 

 

Figure 7.5 TGA curves of pristine anatase TiO2, TiO2/MWCNTs, x% Cu- and x% Co-

TiO2/MWCNTs measured from 25 to 1000 °C in air 

Ti 2p core level spectra given in Figure 7.7 can be deconvoluted into 458.8 and 465.0 eV 

consistent with 2p3/2 and 2p1/2 spin-orbit components in TiO2. In pure titania, intense 2p 

signals appear at 458.5 and 464.2 eV, correspond to Ti
4+

 (Figure 5.4),  while in case of the 

composite CoxTi1-xO2/MWCNTs, the Ti 2p peak is quite weak in intensity, that might suggest 

the surface coverage provided by the MWCNTs and correspond to surface defects [31]. 
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In case of cobalt 2p spectrum, it is evident that the cobalt 2p peak is deconvoluted into 2p3/2 

and 2p½ appearing at 779.4 and 795.0 eV respectively and correspond to Co
2+

. Also, the 

satellite feature appearing at about 884.5 eV conclusively corresponds to Co
2+

. The position 

of the main peak along with the satellite signatures are attributable to the octahedrally 

coordinated Co
2+

 in the high spin state [32]. The spin-orbit splitting energy is above 15.6 eV 

slightly above than the normally reported value of 14.99 eV for Co 2p. Ti 2p spectrum 

(Figure 7.6) for the undoped and Cu-TiO2/MWCNTs shows a slight difference in peak 

position. In case of pure TiO2, the 2p peaks appear at 458.5 and 464.2 eV with splitting 

energy of 5.7 eV while for the Cu doped composite the peak is slightly shifted towards 

higher binding energy and appear at 459.4 and 465.2 eV showing splitting energy of 5.8 eV 

[33]. In case of both Co-TiO2/MWCNTs and Cu-TiO2/MWCNTs, the oxygen vacancies 

created from the substitution of Ti by Co and Cu are balanced by increased adsorbed oxygen 

species from H2O or from OH groups attached to the carboxyl functionalized MWCNTs (that 

resulted in increased binding energy portion). 

O 1s peak in pure TiO2 is composing of 530.1 and 532.3 eV sub-peaks. The signal at 532.3 

eV could be related to surface hydroxyl groups while the central peak at 530.1 eV could be 

attributed to lattice oxygen in TiO2. Interestingly the deconvoluted O1s spectrum shows a 

split peak that comprises a region appearing at 532.6 for the lattice oxygen and a peak at 

530.2 eV for the adsorbed oxygen, the quantification of the adsorbed oxygen clearly shows 

that there is a clear change in the native oxygen environment around the titania.  

The C 1s peak consists of a major contribution from sp
2
 graphitic carbon appearing at ~ 284.6 

eV. While the deconvoluted peak at 286.3 eV (285.4 eV in Cu sample) corresponding to OH 

groups attached to functionalized carbon nanotubes. Small peaks at 287.8 and 289 eV 

correspond to other oxygen bonded groups. ( 288.3 and 289.2 eV in Cu sample) [34]. 
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Figure 7.6 XPS spectra of Co0.07Ti0.93O2/MWCNTs, revealing Co 2p, Ti 2p, O 1s, and C 

1s core levels 

 

Figure 7.7 XPS spectra of Cu0.05Ti0.95O2/MWCNTs, revealing Cu 2p, Ti 2p, O 1s, and C 

1s core levels 
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The charge-discharge curves of Co and Cu doped TiO2 samples carried out at 0.1 C between 

1.0-3.0 V are presented in Figure 7.8 and 7.9, respectively. As noticed from the initial look at 

the charge-discharge profile of both the samples, a typical anatase TiO2 curves for LIBs is 

obvious. Two parts are easily distinguished from the first discharge curve, which are a steep 

voltage drop above 1.7 V and then a long voltage plateau at 1.8 V. Initial lithium-ion 

adsorption results in the steep plateau above 1.75 V while the reversible storage of lithium 

results in a long voltage plateau at 1.8 V. The extra capacity in the first discharge cycle for 

both Co and Cu doped samples is due to SEI layer formation and some irreversible 

generation of amorphous lithium and or lithium-containing compounds [28]. The subsequent 

cycles are quite similar due to the better reversibility of electrochemical processes. With the 

increase of the cycle number, the charge-discharge curves of TiO2/C gradually transfer to the 

lower capacity through a good overlay at different cycles indicate that Li
+
 extraction/insertion 

processes become more and more reversible with different cycling in both types of metal 

doping cases i.e., x%-Co and x%-Cu-doped TiO2. Co-doped TiO2 show an increased 

discharge capacity of 343.0 mAh g
‒1

 as associated with Cu doped samples with a 1st cycle 

discharge of 272.1 mAh g
‒1

. The initial C.Es are substantially higher for 5%-Cu-doped 

samples with 89.1% and lower efficiency of 58.0% is noted for the 7%-Co-doped sample, 

however, it jumps to 86.4% in the second cycle and remains close to 100% afterwards for 

both types of doped samples. These high initial C.Es are mainly due to enlarged anatase 

lattices, increase electrical conductivity and enhanced Li
+
-ion diffusion kinetics simulated by 

Co and Cu doping respectively together with CNTs network. 

Furthermore, an almost consistent voltage plateau position is observed for both Co and Cu 

doping in anatase TiO2, which indicates that the electrochemical polarization is effectively 

prevented in both types of electrodes, which is an important parameter affecting reversibility 

of electrode reactions. The electrochemical performance of Cu and Co-doped electrodes 
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exhibit a reversible capacity of 214.1 and 177.6 mAh g
‒1

 after 80 cycles at 0.1 C, 

respectively.  The overall capacity retention of 80.5% and 92.6% is noticed for Co and Cu 

doped sample at the end of 80
th

 cycles (when equated from second cycle capacity). The 

cycling capacity is shown in Fig. 7.8b and 7.9b for both Co and Cu doped samples 

demonstrate enhanced cycle stability, which can be credited to the improved conductivity and 

structural stability imparted by Co
2+

 and Cu
2+

 doping. 

 

Figure 7.8 Charge/discharge voltage profile of Co0.07Ti0.93O2/MWCNTs for selected 

cycles, and (b) resulting cycling performance and coulombic efficiency 

measured at 0.1 C rate vs. Li/Li
+
. (c) Rate capability data of 

Co0.07Ti0.93O2/MWCNTs, and (d) the resulting cycling, rate capability, and 

coulombic efficiency measured from 0.1 to 20 C rate, vs. Li/Li
+
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Figure 7.9 Charge/discharge voltage profile of Cu0.05Ti0.95O2/MWCNTs for selected 

cycles, and (b) resulting cycling performance and coulombic efficiency 

measured at 0.1 C rate vs. Li/Li
+
. (c) Rate capability data of 

Co0.05Ti0.95O2/MWCNTs, and (d) the resulting cycling, rate capability, and 

coulombic efficiency measured from 0.1 to 20 C rate, vs. Li/Li
+
 

To further, evaluate the cycling stability of the Co and Cu doped TiO2 composite electrodes, 

various C rates, from 0.1 C to as high as 20 C, were gradationally applied to the half-cell. As 

noticed the general trend is a fall in specific capacity with the increase of C rate from 0.1 to 

20 C. For Co-doped sample the specific capacity of the sample gradually decreases from 

343.0 (0.1 C) to 29.1 mA h g
−1

 (20 C) while for Cu doped samples it is observed from 272.1 

(0.1 C) to 128.1 mA h g
−1

 (20 C). However, when applying 0.1 C again after 20 C, the 

reversible capacity recovered to be 163.2 and 202.0 mAh g
−1

 for Co and Cu doped electrodes, 
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respectively. The rate performance demonstrates exceptionally stable capacity with 

fluctuations in current density. Nano-sized metal-doped TiO2 particles with small Li
+
-ion 

diffusion pathways and MWCNTs with open access to electrolyte can mutually contribute to 

instantaneous ion transfer in the course of large rate cycling. 

O K edge NEXAFS results of x%-Cu and x%-Co samples is given in Figures 7.10a and 6.12a 

and the two manifolds can be clearly seen. The primary overlay at lower binding energy 

comprises of two sub-folds, represented as t2g and eg which are positioned at about 531.5 and 

534.2 eV, correspondingly. The ligand field splitting of Ti/Cu/Co 3d orbitals result into these 

peaks denoted as t2g and eg and the ligand field separation energy calculated from the 

difference in binding energy between t2g and eg peaks in O-K edge spectra is 2.6 eV.  

The electronic transitions form O 1s core level to the hybridized and excited O 2p orbitals 

together with Ti/Cu/Co 3d states (t2g and eg) results in sub-fold t2g and eg and these are more 

sensitive to the ligand coordination, local symmetry and valance state [36]. The subsequent 

peaks situated at higher binding energies (539–553 eV) is associated with the electronic 

excitations from the O 1s core level to the O 2p hybridized orbitals that are mixed with Ti/Cu 

and Co 4s,p states [37]. The O K edge inquiries O 2p expected unoccupied density of states 

in the valence band caused by the covalent co-mixing between Ti and O ions. The intensity of 

these peaks is influenced by the magnitude of the covalency amongst the Ti/Cu and Co and O 

atoms.  

Figures 7.10b and 7.11b exhibit the Ti L2,3-edge NEXAFS spectra of the x%-Cu and x%-Co-

doped samples, respectively. The Ti L2,3-edge features of the spectrum can be elucidated by 

the multiplet effect, that is due to the large exchange and Coulombic effects of the 3d-3d and 

2p-3d orbitals, and is therefore strongly connected with the electron configuration and local 

symmetry of the ground state [38]. The key near-edge feature of the Ti L2,3-edge is a 

2p
6
→2p

5
c3d

1
 dipole transition, where c is the 2p core-hole and the 2p spin-orbit coupling 
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breaches the primary state into 2p1/2 and 2p3/2, bringing about two L-edge characters, 

designated as L2 and L3, individually. Both the L2 and L3 structures additionally split into L2-

eg, L3-t2g, and L3-eg, structures due to the little symmetry of the ligand field. From the 

NEXAFS spectra, the L3-eg feature splits into two peaks positioned at 460.3 eV, specifying 

the separation of the eg orbitals. This splitting can be credited to the minor deformation of the 

TiO6
8−

 octahedron within the anatase lattice, which ends up from the configurational 

distortion foretold by the Jahn-Teller theorem. The distinctive polymorphs of TiO2 are often 

recognized from the comparative intensities of the two split peaks. In the rutile type crystal 

lattice, the intensity of the first split peak is considerably weaker than that the second peak, 

while the reverse is the case for anatase structure. The NEXAFS spectrum of x%-Cu and x%-

Co samples affirmed the presence of the anatase crystal structure in the synthesized samples. 

This is in nice concurrence with the XPS results. 

Two comparatively strong features at 933.5 and 953.5 eV as shown in Figure 7.10c 

characterize the Cu L-edge spectrum and are associated with the dipole transition of the Cu 

2p3/2 (L3) and 2p1/2 (L2) electrons into the empty d-states and are frequently denoted as L3 and 

L2 features, respectively. The two main variances in the L edge spectra of CuO and Cu2O are; 

the difference in energy between L3 and L2 features, which is determined by the spin-orbit 

coupling [5] and is identified to be reliant on the oxidation state of Cu, is lower for CuO 

(around 19.0 eV) and higher (21.0 eV) for Cu2O [1] and the second one being the peak 

positions of the Cu L edge feature of CuO which appears at lower energies than those of 

Cu2O; (2). The lower energy separation in our case determines the oxidation state to be 2+. 

The L3,2 edge NEXAFS spectra of x%-Co samples are shown in Figure 7.11c where the 

spectral features look analogous to those of the Co L-edge spectrum of CoO. The spectrum 

involves a multiplet peak followed by splitting of the central edge peak into four sub-peaks 
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and a separate charge-transfer shoulder peak based on which we can propose that Co
2+

 occurs 

in octahedral surroundings. 

Figure 7.10d and 7.11d show the C K edge absorption of MWCNTs presenting the sp
2 

based 

empty σ* and π* bands at 292.2 and 285.5 eV [39]. The reasonably wide σ* resonance and 

the nonappearance of a core-exciton at about 291.55 eV, [40] direct that the sp
2
 framework in 

MWCNTs is significantly distorted, as anticipated. With the introduction of (mainly) oxygen 

functionalization, the local sp
2
 bonding configuration is interrupted hence the resonance 

appearing at 286.1, 288.5, and 289.2 eV link to such states. Particularly, the C=O based 

functional groups result into a clear π* intensity, therefore, a peak at 288.5 eV resembles 

C=O π* resonances in carboxyl groups (COOH). In the spectra in Figure 7.10d and 7.12d, the 

signal at 286.1 eV is linked with π* transition for carbon that is single bonded to oxygen 

(C−O) in form of hydroxyl groups (in agreement with prior research work) [41] and the peak 

at 285.5 eV agrees with the transition of carbon in the sp
2
 structure into the π* band. 

 
Figure 7.10 NEXAFS spectra for CuxTi1-xO2/MWCNTs measured at (a) O K edge (b) Ti 

L3,2 edge (c) Cu L3,2 edge (d) C K edge  
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Figure 7.11 NEXAFS spectra for CoxTi1-xO2/MWCNTs measured at (a) O K edge (b) Ti 

L3,2 edge (c) Cu L3,2 edge (d) C K edge  
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8.1. Conclusions 

During my PhD study, I have focused on the synthesis and characterization of titania based 

electrodes that were doped with 3d transition metals (M = Mn, Ni, Co and Cu) in different 

concentrations to see the effect of doping on the morphology, crystal structure, band gap and 

electrochemical performance of TiO2. MWCNTs were used as a support and to supplement the 

sluggish electrical conductivity of metal-doped TiO2 as they have been widely used for this 

purpose in literature. The prepared nanocomposites MxTi1-xO2/MWCNTs (x = 0.03, 0.05, 0.07) 

were electrochemically examined for their specific capacity, capacity retention, rate 

performance, C.E, and cycle life. Surfactant-assisted controlled hydrolysis approach was used 

throughout this study to prepare nanocomposite structures, as this method was low cost and 

controllable. It was found that the concentration of metal dopants play an important role in 

overall electrochemical performance together with morphology. The following are the main 

outcomes of this study. 

8.1.1. Carboxylic acid functionalization of MWCNTs 

Considering the importance of carboxyl type functionalities on the surface of the MWCNTs. A 

pragmatic approach to attach this moiety to MWCNTs has been introduced. Two types of 

treatments enhanced the dispersion of MWCNTs in water, with maximum dispersion and a 

carboxyl group concentration for NaNO2/HCl treated MWCNTs. Carboxyl groups of treated 

MWCNTs can be used as active sites for further reactions in order to expand the function of 

MWCNTs in practical applications. 

8.1.2. MnxTi1-xO2/MWCNTs as LIBs and SIBs anode 

The study presents a significant improvement in alkali metal ion uptake and release in TiO2 

doped with Mn and supported on MWCNTs. Mn-doping along with in-situ insertion of 
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MWCNTs results in controlled particle size of TiO2. The as-prepared Mn-doped TiO2/MWCNTs 

nanocomposites were found to show superb electrochemical performance as an anode for LIBs 

and SIBs. After cycling to the highest rate of 20 C, Mn0.05Ti0.95O2/MWCNTs delivers 131.2 and 

117.2 mAh g
−1

 for LIBs and NIBs at 0.1 C, as compared to a capacity of only 38.0 and 58.7 mAh 

g
−1

 for the bare TiO2 anode respectively, which clearly demonstrates the usefulness of Mn-

doping along with MWCNTs. Many factors are believed to be involved in this electrochemical 

activity, starting with the effective Mn-doping, which creates lattice distortion, reduction in 

particle size, interstitial oxygen defects, titanium vacancies, and conduction band electrons. All 

of these factors contribute towards improving the electrical conductivity, charge transfer, and 

ease of M
+
-ion diffusion and insertion; and thereby, superior cycling stability, enhanced specific 

capacity, and significant rate performance are observed. On the other hand, MWCNTs act as a 

substrate to hold TiO2 particles together, and decrease their chance of aggregation during cycling. 

Meanwhile, TiO2 particles on MWCNTs surface offer a large surface area for fast electron 

transfer. The finding of this study can be extended for other non-lithium and sodium-based 

oxides for enabling high power rechargeable batteries. 

8.1.3. NixTi1-xO2/MWCNTs as LIBs anode 

In Ni based TiO2/MWCNTs systems, the introduction of 5% Ni in TiO2 enhanced the capacity 

up to 241.3 mAh g
‒1

 after 80 cycles, which is about double the specific capacity of TiO2 (131.2 

mAh g
‒1

), at the end of 80 cycles. It has been observed that the reversible capacity for bare TiO2 

was lower, which then builds up gradually with increasing Ni content up to 5%, while further 

increase in Ni concentration (7%) leads to a lower discharge capacity, which may be closely 

related to the additional lattice expansion beyond an optimum level. The Ni0.05Ti0.95O2/MWCNTs 

electrode delivered a high discharge capacity of 220.7, 208.2, 191.4, 172.7 and 154.1 mAh g
‒1
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when the amount of current density changed subsequently from 1 to 2, 5, 10 and 20 C, 

respectively. More significantly, once the current density was diminished back to 0.1 C from a 

high current rate of 20 C, a specific capacity of 232.5 mAh g
‒1

 can still be distributed, 

representing the extraordinary perspective as a highly capable anode material. From the Ti L3,2 

edge NEXAFS it can be concluded that both the local symmetry as well valence state is kept 

constant with increased levels of Ni doping, however, a small decrease in unoccupied 3d states 

of Ti was noticed. Ni L3,2 edge NEXAFS spectra revealed the incorporation of Ni-ions into the 

TiO2 network with Ni
2+

 valence states. An electron transfer between the nanorods and MWCNTs 

with strong chemical interaction is observed from C K edge NEXAFS. The asymmetry of t2g and 

eg bands at the O K edge NEXAFS reflected the modification in the oxygen co-ordination around 

Ti
4+

 cations due to Ni doping. Ex-situ XANES together with ex-situ XRD proves the lattice 

expansion upon lithiation in all samples and edge shift towards Ti
4+

 to Ti
3+

 and a Ni
2+

 to Ni
0 

which is most pronounced for Ni0.05Ti0.95O2/MWCNTs sample. 

8.1.4. CoxTi1-xO2/MWCNTs and CuxTi1-xO2/MWCNTs as LIBs anode 

A variety of phase-pure anatase TiO2 and Cu and Co-doped TiO2 nanocomposites with the 

formulation MxTi1-xO2 (where x = 0.03, 0.05, 0.07 and M = Cu and Co) has been synthesized 

using a controlled hydrolysis method. The local structures of Co and Cu atoms in metal-doped 

TiO2 were studied by NEXAFS and found that both types of dopants retain their oxidation state 

(2+) in the nanocomposite structure while Ti mainly exists as Ti
4+

. The Co and Cu -doped TiO2 

anodes showed better charging and discharging cycle reversibility than the pristine TiO2 anode, 

as metal doping aids to improve the formation of oxygen vacancies, wettability with electrolyte, 

and the active surface on metal-doped TiO2 anodes. Amongst these, the metal-doped TiO2 anode 

demonstrates highest capacity retention of 177.6 mAh g
−1

 (80.5%) for 7% Co-doped sample and 
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214.1 mAh g
−1

 (92.6%) for 5% Cu-doped sample after 80 cycles at 0.1 C current density. These 

samples also show superior rate performance and cycling capabilities once equated with bare, 

and other wt.% doping of Co/Cu in TiO2 anodes and is credited to doping induced decrease of 

the band gap. In addition, the 5% Cu-doped TiO2 illustrates greater and stable C.E up to 80 

galvanostatic charge/discharge cycles as compared to 7% Co-doped TiO2 representing decent 

reversibility. In other words, copper helps more in increasing electron transfer ability of TiO2 

nanoparticles.  

It is anticipated that this work would create new possibilities for established researchers to 

prepare environmentally benign metal-doped TiO2 nanoparticles. Besides, metal doping is a 

standout amongst the most ideal approaches to upgrade the electronic conductivity of TiO2 

nanoparticles and thus study is ongoing to comprehend the impact of other dopant metals and 

their concentration on the electrochemical performance for its application in a LIB. This study 

can give rise to the new understanding about design and synthesis of next-generation, high-

power TiO2-based advanced anodes for LIBs. 

8.2. Future prospects 

TiO2 based materials are highly interesting materials mainly in the fields of photocatalysis and 

rechargeable batteries owing to their low cost, unique structures, and excellent physicochemical 

properties. Nevertheless, TiO2 alone has several inherent drawbacks which severely restrict its 

practical applications. Therefore, in recent years, increasing numbers of researchers have devoted 

much effort to constructing TiO2 based composites for enhanced photocatalytic activity and 

rechargeable battery performance. Although considerable developments have been realized in 

these areas, some fundamental and essential issues require more effort and further research. 
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Firstly, optimizing the size and morphology of various non-transition metal-doped TiO2 

nanostructures with optimized synthetic approaches that are low cost, scalable and use easily 

available precursors can be applied as a successful procedure to shorten the Li
+
-ion diffusion 

pathway and electrolyte disintegration prompting high C.E. The interface lies at the heart of the 

overall properties of these composites. Therefore, more attention must be paid to the controlled 

preparation of modified TiO2-based composites with high-quality interfaces. Understanding and 

controlling the synthesis process is believed to be the key step to achieve further breakthroughs 

in photocatalysis and rechargeable battery research. 

Secondly, the storage sites, electron transport, Li/Na-ion diffusion, and structural stability of the 

electrode determine the electrochemical performance, therefore, these properties should be 

measured by adjusting the structure, composition, and morphology of the electrode. The effect of 

some other active support materials like graphene and carbon quantum dots is planned to be 

investigated. Hybrid supports in form of CNTs-graphene can also be used as an adjustable ratio 

to yield better electronic properties to the TiO2 based composites for better battery performance. 

Thirdly, although significant advances have been achieved to improve the practicality of TiO2-

based LIBs, including large storage capacity, high initial C.E, and high-rate long-cycle life. 

Studies of SIBs have not been much exploited to date, probably due to the difficulty of Na-ion 

transport. As doping with transition metals has been much focused there are rare reports on the 

use of non-transition metal-doped TiO2. Recently we have prepared indium doped 

TiO2/MWCNT composite that has shown remarkably high performance as SIB anode. Hence, it 

is still obligatory to investigate the consequence of the metal ion on the TiO2 structural changes, 

composition, and microscopic morphology of electrodes during battery operation via numerical 

modelling and theoretical calculations and by using advanced in-situ characterization techniques. 
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