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ABSTRACT 

  Lithium-ion batteries (LIBs) continue to attract a tremendous amount of interest 

because they are the most promising candidate to power hybrid electric vehicles (HEV), 

electric vehicles (EV) and stationary energy storage systems. However, to meet the needs 

of the soaring markets, new generations of LIBs are required with increased energy and 

power density, longer cycle life, improved safety, and lower cost. To achieve this goal, 

electrode materials discovery and development is necessary. In particular, anode 

materials remain a key factor in improving the performance of LIBs due to their notably 

higher capacities than cathode materials. However, for a large fraction of anode 

materials, major critical challenges are the poor cyclic stability and safety issue during 

the repeated charging and discharging operations. Therefore, it is still greatly important to 

develop new materials for overcoming these problems.  

  In this thesis, a two-step strategy comprising synthesis and surface modification was 

adopted to develop various novel anodes materials for LIBs. First, we synthesized 

morphology-controlled TiO2, Li4Ti5O12, and MoS2 nanomaterials, and then used surface 

modification methods including doping, calcination, composites and coating to improve 

the electrochemical performance of prepared materials.  

  It was found that the undoped TiO2 showed an initial capacity of 201 mAh g-1 but only 

had 44.1% of the initial capacity retained after 50 cycles at mixed current densities of 30, 

150, and 500 mA g-1 at 55 °C, while the Mn-doped one exhibited an initial capacity of 

190 mAh g−1 and 91.4% capacity retention with superior reversible capacity under the 

same test conditions. A similar result was also observed in the nitrogen-treated porous 

TiO2, which exhibited a higher capacity of 293 mAh g-1 than that of air-treated sample 



 xvii 

(187 mAh g-1) after 50 cycles. In addition, the nitrogen-treated Li4Ti5O12-TiO2 sample 

showed significantly improved capacity, good rate capability, and cycling stability 

compared with pure Li4Ti5O12. It delivered capacities of 220 mAh g-1, 213 mAh g-1 at a 

current density of 30 mA g-1 when tested at room temperature and 55 °C, respectively; it 

still had a capacity of 184 mAh g-1, 197 mAh g-1 after 50 cycles, which was noticeably 

higher than the known theoretical capacity of pure Li4Ti5O12 (175 mAh g-1). Furthermore, 

compared with the previous results, the hierarchical nanocomposites of MoS2@Li4Ti5O12 

showed much improved capacity (433 mAh g-1 after 70 cycles at various current 

densities), good rate capability (320 mAh g-1 and 210 mAh g-1 at 500 mA g-1 and 2000 

mA g-1, respectively), outstanding cycling stability (174 mAh g-1 after 1000 cycles at 

5000 mA g-1) and wide operating temperature range extending from -15 to 55 ºC when 

used as anode materials for lithium ion batteries. Finally, the mechanism of surface 

modification on the improvement of nanomaterials’ performance has been studied, and 

simple methods to fabricate promising candidates for the next generation anode materials 

are given. 



 1 

INTRODUCTION 

A. Background on Lithium-Ion Batteries 

The continuous increase in demand for oil and the associated environmental 

issues are continuing to exert pressure on the already strained world energy 

infrastructure. Therefore, there has been an ever increasing and urgent demand for a 

prolonged cycle life, earth-abundant elements, and environmentally friendly 

high-power energy systems.1-3 Significant progress has been made in the development 

of renewable energy technologies such as solar cells, fuel cells, and bio-fuels.4-6 

Among them, rechargeable lithium-ion batteries (LIBs) have been widely studied due 

to its relatively high specific energy and specific power, and it has revolutionized 

portable electronic devices.7 At present, LIBs are efficient, light-weight, and 

rechargeable power sources for consumer electronics such as laptops, digital cameras, 

and cell phones.8 Moreover, they have been intensively studied for use as power 

supplies of electric vehicles and hybrid electric vehicles, which require high energy 

and power densities. The worldwide market for rechargeable lithium-ion batteries is 

now valued at 10 billion dollars per annum and growing.9  

Generally, the rechargeable lithium battery is a simple lithium-ion 

electrochemical device that consists of an anode and a cathode separated by a 

non-aqueous liquid electrolyte. Anodes and cathodes are made of different materials; 

anode wants to oxidize by giving up electrons and cathode wants to reduce through 

accepting electrons. When the anode and cathode separated by an electrolyte are 
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connected with a wire, chemical reactions occur on the surfaces and in inside both 

electrodes, meanwhile, the chemical potential converts to electrical energy. The 

principal concept of lithium-ion batteries is illustrated in Figure 1-1. As shown in this 

figure, anode and cathode are separated by the electrolyte, which is an electronic 

insulator but an ion conductor. Upon charging, lithium ions are released by the 

cathode and intercalated at the anode. When the cell is discharged, lithium ions are  

 

Figure 1-1. Schematic representation of a lithium-ion battery (from ref. 10)  

 

Figure 1-2. Specific energy and power densities of different rechargeable batteries. 

Reproduced with the permission from ref. 7 (Copyright 2001 Nature Publishing 

Group). 
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extracted by the anode and inserted into the cathode. During these processes, the 

electrons pass through the external circuit. A more detailed description of LIBs can be 

found in the literature.8-11 Compared with the traditional nickel-cadmium and 

nickel-metal-hydride rechargeable batteries, LIBs have both higher energy and power 

densities (Figure 1-2). The limiting factor in LIBs is the performance of the 

electrodes, which is, in turn, determined by the chemistry, crystal structure, 

microstructure, and physical properties of the materials used as the electrodes. 

Electrode materials must fulfill three fundamental requirements to reach the goal of a 

high specific energy and power density: (1) a high specific charge and charge density, 

that is, a high number of available charge carriers per mass and volume unit of the 

material; (2) a high cell voltage, resulting from a high (cathode) and low (anode) 

standard redox potential of the respective electrode redox reaction; and (3) a high 

reversibility of electrochemical reactions at both cathodes and anodes to maintain the 

specific charge for hundreds of charge/discharge cycles.4 

First-generation of LIBs used metallic lithium as the anode, which combined a 

very negative redox potential with a low weight. It was later replaced by carbon-based 

material because of safety concerns, and the graphite becomes a major choice for 

commercial anodes in LIBs. The first commercial LIBs appeared in 1991, which 

utilized graphite as the anode material, and lithium cobalt oxide (LiCoO2) as the 

cathode material. The electrochemical reactions involved in this typical LIB can be 

expressed as follow: 
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(Anode)                            (1-1) 

(Cathode)                   (1-2) 

More recently, replacement of graphite by lithium intercalation compounds has 

attracted attention due to their observed improvement on the cells’ cycle life, capacity 

and safety. Compared with anode materials, there are two types of cathode materials. 

One comprises layered compounds with an anion close-packed lattice; transition 

metal cations occupy alternate layers between the anion sheets, and lithium ions are 

intercalated into remaining empty layers. LiTiS2, LiCoO2, and LiNi1-xCoxO2 all 

belong to this group. Among them, LiCoO2 has been the dominant cathode material 

for lithium-ion batteries owing to its ease of preparation and stable electrochemical 

cycling performance, provided the lithium utilization is no more than 50%.12 

Concerns about the high cost of cobalt and the safety issues of the batteries have led 

to the development of alternative cathode materials that offer lower cost, longer life, 

and improved abuse tolerance. The developments have focused on lithium 

transition-metal phosphates (LiMPO4, M=Mn, Ni, Co).13-16 Another group of cathode 

materials has more open structures, such as vanadium oxides17 and the tunnel 

compounds of manganese oxides.18 These materials generally provide the advantages 

of better safety and lower cost compared to the first group. The disadvantage is that 

they have the lower energy density (energy per unit of volume) owing to their more 

open lattices.  

Figure 1-3 listed various anode and cathode materials presently used or are 

promising for the next generation of LIBs together with their working voltages and 
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specific capacities.19 Compared with cathode materials, anode materials have higher 

specific capacities: for example, Si anode has a theoretical capacity over 4000 mAh 

g-1, which is more than 20 times larger than that of cathode materials. Meanwhile, 

anode materials also suffer from the side reactions to form solid electrolyte interface 

(SEI) especially operate under a low voltage (< 1 V).20 Therefore, it is urgent to 

develop new anode materials with high capacity, good safety, and rate capability in 

order to meet the future demands of commercial vehicles. In this project, we will 

focus on the study of anode materials, and the detailed discussions are shown in 

section B. 

 

 

Figure 1-3. The road map for R&D of new electrode materials, compared to today’s 

state-of-the-art. The y and x-axes are voltage and specific capacity, respectively. 

Reproduced with the permission from ref. 19 (Copyright 2011 Royal Society of 

Chemistry). 
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B. Advanced Anode Materials and Challenges in Current Studies 

  Generally, there are four most promising groups of materials that can be used in the 

anode electrodes as follows: 

1. Carbonaceous materials  

  Carbonaceous materials, especially graphite, are the most used anode materials and 

will remain important and relevant for the foreseeable future. They can avoid the 

problem of Li dendrite formation by reversible intercalation of Li ion into graphite 

host lattice during cycling, which provides good cyclic stability for LIB anodes. In 

addition, graphite also has high intrinsic electrical conductivity (1×106 S cm-1), low 

lithiation potential (0.25-0.05 V vs. Li+/Li) and relatively high specific capacity (~372 

mAh g-1).21 When lithium ions’ are inserted into graphite at a potential of lower than 1 

V vs. Li+/Li, the electrolyte will be reduced, accompanied by the formation of a 

passivating solid electrolyte interface (SEI) film on the graphite surface. This film has 

a porous structure that allows lithium ions to move from the electrolyte solution into 

the graphite and prohibits solvent molecules from intercalating into the graphite host 

since the size of solvent molecules is much greater than that of lithium ions. As a 

result, it will avoid the rest of graphite further reacts with electrolyte and maintain the 

stability of anodes during cycling.21-23 However, the formation of SEI film is 

accompanied by some initial irreversible capacity loss and the existence of gas 

products, which is highly undesirable from the process and safety points of view. 

Meanwhile, this passivation reaction depends on the surface area of materials, 
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indicating that higher surface area will consume excessive electrolyte solution and 

charges to form more SEI film leading to a greater irreversible capacity loss. More 

important is the fact that most of the lithium intercalated into graphite at potentials 

less than 100 mV versus Li+/Li aggravates the batteries’ initial capacity loss. 

Eventually, this formed SEI film will become thinner when exposed to an elevated 

temperature due to the excessive electrode and electrolyte reactions, thus leading to 

serious safety concerns.9 For example, Chen and co-workers showed that the 

exothermal reaction observed in lithiated carbon in the temperature range between 

110 °C and 180 °C in the presence of electrolyte was caused by the continuous 

formation of a SEI film until all reactants are depleted.24 To overcome this problem, 

many work has been done to improve the thermal stability of lithiated graphite 

through different approaches.20,25,26  

2. Sn and Si-based alloys and composites 

  Lithium can be electrochemically alloyed/dealloyed with some semi-metallic 

elements in groups IV-VI, such as Sn, Si, Ge, P and S, and also many metallic 

elements, such as Al, Mg, Zn, Fe and Ag.27-29 These alloyed anodes are well-known 

for their promise of high specific capacities (900 mAh g-1 and above) (Figure 1-4), 

compared with the conventional graphite anode. As an example, the alloying reaction 

between Li and Si can lead to a final product of stoichiometry Li4.4Si, delivering a 

capacity of 4200 mAh g-1 (vs. 372 mAh g-1 for graphite). However, the consequence 

of accommodating such a large amount of lithium is large volume expansion–

contraction (>300%) upon cycling, for instance, a Si anode electrode with the 
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thickness of 40 µm can expand to over 150 µm in the charge process.20 These changes 

lead to rapid deterioration of the electrode (cracks, and eventually, pulverization), 

thus limiting its lifetime to only a few charge/discharge cycles. The main approaches 

to overcome this problem are through the use of both nanoparticles and composite 

structures, which can better accommodate these huge volume changes.30 

 

Figure 1-4. Specific capacities and capacity densities for selected alloy anodes. 

Reproduced with the permission from ref. 20 (Copyright 2012 John Wiley and Sons). 

  For example, Zhang’s group30 reported the preparation of Si nanocomposites by 

embedding Si nanoparticles in polypolyacrylonitrile (PAN) fibers using the 

electrospinning method. Then, the prepared Si/PAN fibers were calcined at high 

temperature to get the final Si-filled carbon (Si/C) nanocomposites (Figure 1-5a and 

b). This as-prepared Si/C nanocomposite combined the advantages of both carbon 

(long cycle life) and Si (high Li-storage capacity) and exhibited high reversible 

capacity (around 800 mAh g-1 at 100 mA g-1) and relatively good capacity retention 

(84.5% after 20 cycles) when tested as anodes in LIBs (Figure 1-5c and d). The good 

electrochemical performance of these nanocomposites can be ascribed to the 

existence of carbon fibers cores that acted as efficient electron transport pathways and 
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stable mechanical support for keeping the structural integrity of the electrodes during 

cycling. However, achieving longer cycle life of these alloyed anodes remains a 

challenge. 

 

Figure 1-5. a) SEM and b) TEM images of Si/carbon nanocomposites, and c) 

Galvanostatic charge-discharge curves and d) cycling performance of Si/carbon 

nanofibers. Current density: 100 mA g-1. Reproduced with the permission from ref. 30 

(Copyright 2009 Royal Society of Chemistry).   

3. Metal oxides 

  Metal oxides are considered to be promising candidates for anode materials due to 

relative ease of large-scale fabrication, specific crystal structures, and their rich redox 

reactions involving different ions which contributes to high specific 
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capacities/capacitances.31 All metal oxide-based anodes can be divided into three 

groups depending on their reaction mechanism: 1) Li-alloy reaction mechanism, 2) 

insertion/extraction reaction mechanism that involves the insertion and extraction of 

Li+ into and from the lattice of the metal oxide, and 3) conversion reaction mechanism 

that involves the formation and decomposition of Li2O, accompanying the reduction 

and oxidation of metal nanoparticles.25,32-34 These three reaction mechanism can be 

expressed as follows:25 

  Li-alloy reaction mechanism: 

          (1-3) 

                    (1-4) 

  Insertion reaction mechanism: 

                (1-5) 

  Conversion reaction mechanism: 

          (1-6) 

Among them, transitional metal oxides (e.g. TiO2), which store Li+ via the insertion 

reaction mechanism, attract many people’s attention due to their low cost and 

non-toxicity. Furthermore, TiO2 also has a relatively higher lithium 

insertion/extraction voltage (1.7 V vs. Li+/Li), which can avoid metallic lithium 

dendrite formation and improve the safety of batteries by reducing the excessive 

formation of SEI film and lithium plating on anodes.35 Among the several polymorphs 

of TiO2, anatase TiO2 is considered to be the most promising anode materials for 

lithium-ion batteries because of its high reversible capacity.36 Typically the Li+ 
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insertion/extraction reaction for TiO2 occurs in the potential range of 1.4-1.8 V vs. 

Li+/Li, according to the following reaction: 

                                (1-7) 

  The maximum theoretical capacity is 335 mAh g-1 which corresponds to x=1 and to 

the complete reduction of Ti4+ to Ti3+. However, the number of electrons involved in 

this insertion reaction is generally less than one because Li can only be 

accommodated into the sites in TiO2. Therefore, TiO2 has relatively low specific 

capacity in practice (below 200 mAh g-1).37 To overcome this problem, various 

nanostructured TiO2 has been reported with much improved electrochemical 

performance. For instance, Jiang et al. studied three different commercially available 

anatase nanopowders with crystallite sizes of 6, 15 and 30 nm, respectively (Figure 

1-6).38 They reported a first discharge capacity of more than 350 mAh g-1 and 209 

mAh g-1 for the first charge with the 6 nm material. Moreover, they obtained very 

good capacities at ultra fast regime (~137 mAh g-1 at 40 A g-1). The good 

performance is attributed to the small crystallite size and the porous structures, which 

favor the complete wetting of the TiO2 by the liquid electrolyte so that rapid Li+ 

insertion/extraction can be achieved. However, like other nanomaterials, more 

significant side reactions with electrolyte will reduce their cycle life and stability in 

the practical applications. 

xLi+ +TiO2 + xe- = LixTiO2
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Figure 1-6. Discharge/charge profiles of the nanocrystalline anatase electrodes with 

different particle sizes tested at 100 mA g-1 for 30 cycles. Reproduced with the 

permission from ref. 38 (Copyright 2007 Elsevier). 

4. Li4Ti5O12 Electrodes 

  In the search for safe materials with better cyclic stability at various operation 

environments to replace conventional carbon-based anodes, lots of efforts have been 

made to investigate spinel lithium titanate (Li4Ti5O12) because of its several inherent 

advantages. First, lithium titanate-based materials exhibit long flat operation potential 

plateau and high lithiation redox voltage (~1.55 V vs. Li+/Li), which could avoid the 

safety issues of forming too many SEI films, because undesirable electrolyte 

decomposition mostly occurs at the reduction potential lower than 1 V (vs. 

Li+/Li).39,40 Second, the spinel Li4Ti5O12 is a zero-strain insertion material and can 

accommodate three Li+ per molecule with no volume change, resulting in excellent 

cyclic stability (Figure 1-7). The insertion reaction can be expressed as follows: 
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Figure 1-7. a) Li4Ti5O12 spinel structure type and b) Li7Ti5O12 rock salt structure type: 

blue tetrahedra represent lithium, and green octahedra represent disordered lithium 

and titanium. Reprinted with permission for ref. 41 (Copyright 2006 American 

Chemical Society). 

Third, Li4Ti5O12 is a cost-effective anodic material due to the abundance of element 

Ti. However, Li4Ti5O12 has limited intrinsic capacity (175 mAh g-1) and low 

electronic conductivity (<10-13 S cm-1) which makes this material almost irrelevant for 

the high energy density and fast charge/discharge batteries required for practical 

applications.42 Using the strategy of nanomaterials could remarkably improve their 

electrochemical performance.43,44 For example, Chen et al. synthesized vertically 

aligned Li4Ti5O12 nanosheet arrays grown directly on Ti foil by a hydrothermal 

process in LiOH solution and subsequent topotactical transformation via thermal 

decomposition. This self-supported LTO nanosheet arrays standing on Ti foil 

exhibited an excellent rate capability (a reversible capacity of 163 mA h g-1 and 78 

mA h g-1 at 20 C and 200 C, respectively) and an outstanding cycling performance (a 

capacity retention of 124 mA h g-1 after 3000 cycles at 50C) (Figure 1-8).44 However, 
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due to the low intrinsic capacity of Li4Ti5O12, new approaches still need that could 

further enhance its capacities. 

 

 

Figure 1-8. a) and b) SEM images of LTO nanosheet arrays standing on Ti foil 

obtained at [LiOH]=0.05 M, c) Specific capacity and Coulombic efficiency for 3000 

cycles at 50 C for LTO. Reproduced with the permission from ref. 44 (Copyright 

2013 Royal Society of Chemistry). 

C. The Solutions with Surface-Modified Nanomaterials 

  Nanostructuring is a common way to improve the electrochemical performance of 

materials used in LIBs. The advantages of using nanomaterials include: easier to 

occur electrode reactions compared to bulk materials, short distances for lithium-ion 

transport within the electrodes, high lithium-ion flux across the interface, and better 

accommodation of strain associated with intercalation.9 Therefore, numerous studies 

have been focused on the study of nanomaterials used in electrodes, and remarkable 
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improvement on the performance of lithium-ion batteries have been reported. 

Comprehensive reviews to cover a large variety of nanostructured electrode materials 

can be found in the literatures.4,9,13,19,20 However, nanomaterials are certainly not a 

panacea. Nanomaterial-related challenges include: difficult to control synthesis 

conditions, more significant side reactions with electrolyte, more difficulty 

maintaining interparticle contact, and low volumetric energy density.9  

  Surface modification is an approach that has been successfully utilized to 

circumvent some of these challenges surface modification methods include:45,46 

carbon coating,47 doping,48 conductive networks,49 and hierarchical structures.50 For 

instance, Ali et al. reported Zn-doped mesoporous TiO2 microspheres synthesized via 

a combined sol-gel and solvothermal method. As shown in Figure 1-9, the specific 

capacity of Zn-doped mesoporous TiO2 microspheres was significantly higher than 

that of the bare TiO2 nanopowder at high charge/discharge rates (75 mAh g-1 at 10 C 

vs. 25 mAh g-1 for undoped TiO2). More importantly, doped TiO2 delivered a good 

cyclic stability when tested at 1C for 100 cycles; the capacity retention ratio after 100 

cycles was 80%.48 

  In addition, Cui’s group demonstrated the design of the hierarchical sulphur-TiO2 

yolk-shell nanostructures with internal void space to accommodate the volume 

expansion of sulphur (Figure 1-10a). This specific yolk-shell exhibited an initial 

specific capacity of 1030 mAh g-1 at 0.5 C and long cycling stability over 1000 

charge/discharge cycles, with a capacity decay as small as 0.033% per cycle (Figure 

1-10b). While further cycling at 0.5, 1 and 2 C, this hierarchical nanostructured 
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sample still showed high reversible capacities of 810, 725 and 630 mAh g-1, 

respectively (Figure 1-10c).50 

 

  

Figure 1-9. SEM images of Zn-doped mesoporous TiO2 microspheres a, b), c) 

Discharge capacity of Zn-doped mesoporous TiO2 microspheres and anatase TiO2 

nanopowder tested at different current rates, d) Cycling performance and Coulombic 

efficiency of Zn-doped mesoporous TiO2 up to 100 cycles at 1 C. Reproduced with 

the permission from ref. 48 (Copyright 2012 Royal Society of Chemistry). 

  The above examples demonstrate that various surface modification methods are 

useful to improve disadvantages of applying nanomaterials in LIBs. Even though 

important progress has been made so far, it deserves to be explored further for high 

performance electrodes in LIBs. Meanwhile, more efforts should also be devoted to 

understanding the underlying mechanism for performance improvement by surface 

modification. 
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Figure 1-10. a) SEM and TEM image of prepared sulfur-TiO2 yolk-shell hierarchical 

nanostructures, b) Capacity retention of sulfur-TiO2 cycled at 0.5C, in comparison 

with bare sulfur and sulphur-TiO2 core-shell nanoparticles, c) Charge/discharge 

capacity of sulfur-TiO2 yolk-shell nanostructures cycled at various current rates from 

0.2 to 2 C. Reproduced with the permission from ref. 50 (Copyright 2013 Nature 

Publishing Group). 

D. Overview and Outline of This Thesis 

  The broad goal of this research is to improve performance of LIBs by development 

of novel anodes with high specific capacity, low cost, and environmentally friendly 

surface-modified nanomaterials. To achieve this goal, two aspects of work need to be 

done, which include an understanding of materials synthesis and processing and 

ultimately improve device performance and an understanding of how prepared 

materials affect device performance. Thus, the nature of this work requires iteratively 

synthesizing and characterizing materials, testing electrochemical properties, 
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understanding structure-property relationships and returning to the synthesis process 

for better materials. The connecting theme among all the materials research in this 

work is the ultimate enhancement of LIBs by applying surface modification methods, 

and the detail objectives in this thesis are shown as follows: 

1.  Synthesis of Surface-Modified Nanomaterials 

1) To develop scalable methods to produce morphology controlled TiO2, Li4Ti5O12, 

and MoS2 as potential anode materials, such as, nanosheet-based spheres TiO2, porous 

Li4Ti5O12 and so on. A relation between different experimental parameters and the 

morphology of prepared samples was established. 

2) To explore feasible and energy-efficient ion-exchange methods to modify the 

surface of TiO2 and Li4Ti5O12 nanostructures for potential anode application. The 

influence of these treatments on the crystal structure and morphology of these 

materials were investigated. 

3) To investigate the enhanced effect of TiO2 phase on the electrochemical 

performance of Li4Ti5O12/TiO2 nanocomposite. In addition, the underlying 

mechanism of TiO2 second phase was revealed and discussed. 

4) To develop kinds of hierarchical nanomaterials (Li4Ti5O12/MoS2, TiO2/MoS2) with 

high electrochemical performance in LIBs. Different substrates, including Li4Ti5O12 

nanosheet arrays and MoS2 nanospheres were used in the various systems. 

2.  Morphology and Structural Characterization 

The morphology of obtained samples was characterized with scanning electron 

microscopy and Transmission electron microscopy, respectively. The phase structure 



 19 

was determined by X-ray diffraction. The surface element composition was measured 

by energy dispersive spectroscopy and X-ray photoelectron spectroscopy. And the 

specific surface area of the obtained samples was calculated using the nitrogen 

adsorption-desorption measurements. 

3.  Electrochemical Performance Evaluation 

    Lithium ion battery performance tests were carried out with a half-cell 

configuration using CR-2032 coin cells. Li foil was used as both the counter and 

reference electrode. The electrodes were assembled in an Argon-filled glove box. 

Galvanostatic discharge/charge tests were performed using an Arbin-BT 2000 

measurement system at different current densities at various temperatures (25, 55 °C 

and so on). Electrochemical impedance spectroscopy and cyclic voltammetry studies 

were carried out on a CHI650E electrochemical workstation. 
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DESIGNING ION-DOPED TIO2 NANOSTRUCTURES AS ANODE 

MATERIALS FOR LITHIUM-ION BATTERIES 

A. Introduction 

  Today, the demand for clean and sustainable energy is becoming more and more 

critical owing to climate change and the decreasing availability of fossil fuels. As 

powerful energy storage devices, rechargeable lithium-ion batteries (LIBs) have 

demonstrated their significant roles in mobile applications.1-5 However, to meet the 

needs of the soaring market, new generations of LIBs are required with increased 

power density, wider work-temperature range, improved safety, and lower cost. After 

decades of research, many studies have been published around the world,6-8 and anode 

materials will be a key factor in improving the performance of lithium-ion batteries 

due to their impressively higher capacities than cathode materials. However, a large 

fraction of anode materials suffers poor cyclic stabilities during repeated lithium ion 

insertion/extraction processes due to the complicated properties of their 

electrode/electrolyte interface, well known as solid electrolyte interface (SEI). As a 

result, most anode materials studied in the lab exhibit poor performance in 

commercial applications. So far, graphite has been used as the anode for most LIBs in 

practice because of its low electric potential (0.1 V vs. Li+/Li) and high capacity (~300 

mAg-1).9 However, problems include low power density and decomposition of the 

solid electrolyte interphase (SEI) on lithiated graphite at elevated temperatures, 

severely limiting its application in future development.10-11 Therefore, new materials 
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for overcoming these problems need to be developed. Compared to graphite, titanium 

dioxide (TiO2) has a relatively higher lithium insertion/extraction voltage (~1.7 V vs 

Li+/Li), which can improve the safety of batteries by reducing the excessive formation 

of SEI and lithium plating on anodes.12-13 Furthermore, TiO2 has promising 

electrochemical properties, high chemical stability, and non-toxicity.14-15 These 

characteristics make it a favorable candidate to replace graphite as an anode material 

for a new generation of LIBs used in some specific applications requiring fast 

response and high stability in numerous cycles, i.e. start-stop batteries.  

  Among different TiO2 polymorphs, anatase TiO2 is considered as one of most 

promising candidates for energy storage due to its easy fabrication, fast Li+ insertion–

extraction reactions, and high theoretical insertion capacity.16-19 However, in most 

applications the real capacity of anatase TiO2 is lower than the predicted maximum of 

335 mAhg-1 15,20 due to the phase transition from tetragonal crystal structure to 

orthorhombic crystal structure and the resulting 1-D diffusion limitation in the 

Li-ordered Li0.5TiO2.
21 Moreover, it also has a low intrinsic electrical conductivity 

(10-12 scm-1) for application in practice.22,23 To solve this problem, various TiO2 

nanostructures have been fabricated in order to improve its Li-ion intercalation 

performance by shortening Li-ion and electron diffusion paths, enlarging the 

electrode/electrolyte interfacial area, and facilitating strain relaxation during the 

insertion/extraction processes.24-27 However, more severely capacity fading can be 

observed when applied nanomaterial in some specific situations (elevated 

temperature, etc.) To solve this problem, one common approach is to modify the 
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surface of electrodes with transition metal ions, transition metals, transition metal 

oxides and so on. Many methods have been used to accomplish this, such as 

solution-based coating,28 physical vapor deposition (PVD),29 and atomic layer 

deposition (ALD).30 However, these methods require complicated procedures and 

induce high cost; in addition, it is still not easy to obtain homogeneously modified 

nanostructures. Therefore, there is an immediate need for a simple, low cost and 

reliable synthesis method to fabricate homogenously modified TiO2 that can be used 

as anodes at elevated temperatures.  

  In this chapter, we adopt a two-step strategy through the synthesis of two kinds of 

nanostructured anatase TiO2  (nanosheet-based spheres, nanoparticles) and doping 

manganese/nickel ions into the structure via an ion-exchange process. These novel 

nanostructured materials exhibited high capacity and cyclic stability when used as a 

lithium-ion battery electrode. Therefore, it is promising as the anode material for a 

new generation of LIBs.  

B. Mn-Doped TiO2 Nanosheet-Based Spheres  

1. Experimental procedure 

  Mn-doped TiO2 nanosheet-based spheres have been synthesized in three steps. 

First, TiO2 nanospheres were prepared via a sol-gel process as reported in the 

literature.31 In a typical synthesis process, 0.1987 g of hexadecylamine (HDA, 98%, 

Sigma-Aldrich) was dissolved in 20 ml of anhydrous ethanol (>99.5%, Anhydrous, 

Sigma-Aldrich), followed by the addition of 0.08 mL of KCl (≥99.0%, Sigma) 
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solution (0.1 M). Then, 0.4525 ml of titanium (IV) isopropoxide (TIP, 97+%, Alfa 

Aesar) was added under vigorous stirring for 2 mins. The milky white suspension was 

kept static for 18 h and then centrifuged; the precipitation was washed with ethanol 

(200 Proof, Ultra-Pure) three times and dried in air at 40 °C. Then, 0.1 g of 

as-prepared TiO2 precursor was dissolved in 20 ml of anhydrous ethanol together with 

17 ml of ammonium hydroxide (ACS, 30%, Alfa Aesar) and 3 ml of deionized (DI) 

water. The mixture was then transferred to a Teflon-lined stainless steel autoclave 

(Parr Instrument Co.), heated to 130 °C and kept static for 72 h. After this treatment, 

the autoclave was cooled down to room temperature at a rate of 1 °C min-1. The 

obtained products were washed with DI water three times and the pH was adjusted to 

6 by rinsing with diluted HNO3 (0.1N, Alfa Aesar) solution. Then, the obtained 

powders were dispersed in 200 ml of manganese nitrate tetrahydrate (98%, Alfa 

Aesar) solution (0.09 M) under constant stirring for 2 h. After that, it was washed 

three times by DI water to remove excess Mn ions and dried in air at 40 °C. Finally, 

the prepared powders were calcined at 400 °C for 3 h. For comparison, TiO2 powders 

without Mn-doping were also calcined under the same conditions. Within this study, 

the samples are designated as TiO2-PS (precursor sphere), TiO2-HT (after 

hydrothermal treatment), HT-400 (after hydrothermal and calcination without Mn ion 

doping), HT-Mn-400 (after hydrothermal treatment, Mn ion-exchange process and 

calcination). 

  The morphologies of obtained samples were characterized by scanning electron 

microscopy (SEM, FEI Quanta 200) and Transmission electron microscopy (TEM, 
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JEM-2100F) with the accelerating voltage of 20 kV and 200kV, respectively. The 

phase structures were determined by X-ray diffraction (XRD, Bruker D2) on a 

Scintag diffractometer with CuKα1 radiation (= 1.54060 Å) at a scanning rate of 

0.017 s−1 in the 2 range from 5 to 75. The surface element composition was 

measured by energy dispersive spectroscopy (EDS) using the FEI Quanta 200 and 

X-ray photoelectron spectroscopy (XPS, VG Multilab 2000, Thermo Electron 

Corporation) with A1Kα X-ray as the excitation source. The nitrogen adsorption and 

desorption isotherms were collected at 77 K in the range of relative pressures of 

0.0002-0.99P/P0 using a TriStar II 3020 surface area and porosity measurement 

system (Micromeritics Instrument Corp.) and used for measurements of the pore size 

distribution in the 1.7-300 nm range. After drying the powder under a vacuum at 80 

C for at least 12 h, 50-100 mg of each powder sample was degassed under a N2 gas 

flow at 150 C for at least 1 hr before weighting and gas sorption measurements. The 

pore size distribution was calculated using the Barrett-Joyner-Halenda (BJH) 

methods, using Micromeritics DataMaster software. 

  Electrochemical impedance spectroscopy (EIS) study was carried out using a 

CHI650E electrochemical workstation. The applied AC perturbation was 5mV and the 

frequency range was from 100 kHz to 0.1 Hz. The frequency range was from 100 kHz 

to 0.1 Hz. Lithium ion battery performance tests were carried out with a half-cell 

configuration using CR-2032 coin cells. Li foil was used as both the counter and 

reference electrode. The working electrode was prepared by mixing active materials 

(85%), carbon black (Alfa Aesar, 10%), and polyvinylidene fluoride (PVDF, Alfa 
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Aesar, 5%) in N-methyl-2-pyrrolidone (NMP, Alfa Aesar). After uniform stirring, the 

above slurries were coated on copper foil and dried at 120 °C in vacuum for 6 h. Then, 

the electrode was pressed and cut into disks before assembly in an Argon-filled glove 

box for coin-cell assembling. 1 M LiPF6 in a mixed solution of ethylene carbonate and 

diethyl carbonate (1:2 volume ratio, Novolyte, USA) were used as the electrolyte. 

Galvanostatic discharge/charge tests were performed using an Arbin-BT 2000 

measurement system in the potential window of 1-2.5 V versus Li+/Li at different 

current densities of 30 mAg-1, 150 mAg-1 and 500 mAg-1 at both room temperature and 

55 °C.  

2. Results and discussion 

2.1 Characterization of Mn-doped TiO2 nanosheet-based spheres 

  As shown in Figure 2-1a, the uniformity of monodisperse spheres were investigated 

by SEM. The size of a single particle is around 600-700 nm. Figures 2-1b and c show 

the low and high magnification SEM images of hydrothermally prepared 

nanosheet-based spheres (TiO2-HT). Compared to the sphere precursor, their 

morphology changes dramatically. It can be observed that the spheres turn into  

flower-like structures formed by nanoflakes. Figures 2-1d and e show the SEM 

images of samples after calcination at 400 °C for 3 h without and with Mn ion doping 

(HT-400 and HT-Mn-400). As shown in these two images, little morphology 

difference can be found between them and they are also similar to TiO2-HT (Figure 

2-1b). Figure 2-1f shows the TEM image of HT-Mn-400. It can be found that 

HT-Mn-400 possesses a solid sphere core. Although SEM and TEM images do not 



 30 

show noticeable morphology change among these three samples, nitrogen adsorption 

isotherms and XRD patterns reveal obvious differences between them in surface area 

and crystallinity (To be discussed later). 

  To investigate the doping effect of the ion-exchange process, surface element 

compositions of HT-400 and HT-Mn-400 were studied by EDS and XPS. As shown 

in Figure 2-2, HT-400 has no manganese element peak existing in the spectrum 

(Figure 2-2a) while HT-Mn-400 has visible manganese element peaks (Figure 2-2b). 

Furthermore, the molar percentage of Mn ions in HT-Mn-400 is 3.1%, which is much 

higher than the EDS test result of 1.9% of TiO2 nanotubes reported by Szirmai et al 

using a similar ion-exchange process.32 

  Figure 2-3 shows the XPS spectra of HT-400 and HT-Mn-400. Mn 2p peaks are 

clearly identified in the spectrum of HT-Mn-400, while there is no corresponding 

peaks existing in the spectrum of HT-400 (Figure 2-3a). It agrees well with the EDS 

result, which indicates that ion-exchange processing is an effective method to dope  

Mn ions in the TiO2 nanostructure. High resolution XPS spectrum in Figure 2-3b 

shows that Mn 2p peaks are with binding energies of 641.4 eV for 2p2/3 and 653.9 eV 

for 2p1/2, suggesting that the oxidation state of Mn ions is 2+. And it can be further 

confirmed through the unique satellite feature around 647 eV, which is not shared by 

the other oxidation states of Mn ions.33-35 This result indicates that the Mn ions 

oxidation state will not change after calcination at 400 °C for 3 h. 
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Figure 2-1. SEM and TEM images of TiO2 nanostructures obtained after different 

processes: (a) TiO2 nanospheres (TiO2-PS), (b, c) low and high mignification SEM 

images of TiO2 nanosheet-based spheres synthesized via hydrothermal process 

(TiO2-HT), (d) TiO2 nanosheet-based spheres calcined at 400 °C for 3 h (HT-400), (e, 

f) SEM and TEM images of TiO2 nanosheet–based spheres doped by manganese ions, 

and then calcined at 400 °C for 3 h (HT-Mn-400). 
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Figure 2-2. EDS spectra of TiO2 samples treated before (a) and after (b) Mn 

ion-exchange process.   

  

Figure 2-3. XPS spectra of TiO2 samples: (a) Wide-scan spectra of HT-400 and 

HT-Mn-400  (b) High resolution XPS Mn 2p peaks of HT-Mn-400. 

  To get more insights into the influence of the doping and calcination processes on 

TiO2 samples, nitrogen adsorption-desorption measurments were conducted to 

characterize the specific surface areas of TiO2-PS, TiO2-HT, HT-400 and 

HT-Mn-400. Figure 2-4 shows their adsorption and desorption isotherm curves. The 

isotherm curves of TiO2-HT, HT-400 and HT-Mn-400 exhibit the typical adsorption 

hysteresis that belongs to type IV isotherm curves, indicating that these three samples 

have mesoporous structures.36 Their specific surface areas are calculated using the 

BJH method to be 110.7 m2 g-1, 230.7 m2 g-1 and 222.0 m2 g-1, respectively. All of 
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these samples have higher specific surface areas than TiO2-PS (4.5 m2 g-1), which has 

type II isotherm curve with little porosity. Furthermore, it also can be found that 

TiO2-HT and HT-Mn-400 possess nearly the same specific surface area, whereas 

HT-400 possesses only about half as much. It is well-known that a decrease in surface 

area is a common phenomenon after calcination because of particle agglomeration.37 

However, the surface area of Mn-doped TiO2 does not show any decrease after 

calcination compared to TiO2-HT, which did not receive any heat treatment. When 

the calcination temperature was raised to 500 °C, the morphology of Mn ions doped 

sample exhibits noticeable change.  Nanosheets of the spheres become thicker and 

start to agglomerate with each other (Figure 2-5). Above results indicate that Mn ions 

doping will enhance the structure stability of the TiO2 nanosheet-based spheres when 

the calcination temperature is lower than 500 °C.  

 

Figure 2-4. Nitrogen sorption isotherms of TiO2-PS, TiO2-HT, HT-400 and 

HT-Mn-400. 
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Figure 2-5. SEM images of Mn ions doped HT-TiO2 calcined at 500 ºC for 3h 

(HT-Mn-500). 

  Figure 2-6 shows the XRD patterns of TiO2-HT, HT-400 and HT-Mn-400. As can 

be found, TiO2-HT shows a diffraction peak of 2≈9.7°, which is assigned to the 

protonated dititanate (PDF, 047-0124). When calcined at 400 °C for 3 h, without Mn 

ion doping, TiO2 nanosheet-based spheres (HT-400) show a typical anatase crystal 

structure. However, when Mn ions are doped via ion-exchange before heat treatment 

(HT-Mn-400), there is almost negligible intensity of anatase peaks in the XRD 

pattern. Even when the calcination temperature is increased to 500 °C, the anatase 

peak of Mn ions doped TiO2 is still not well-defined (Figure 2-7). In addition, there is 

no manganese compounds peaks existing in the XRD pattern of HT-Mn-400, which 

suggests that Mn ions have been inserted into the lattic of TiO2. As demonstrated by 

relevant studies, impurity ions could act as a strong barrier to the phase transition 

during calcination. Similar inhibition effects on the TiO2 phase transition have been 

reported by other groups doping with various ions and methods.28,38 On the basis of 

the BET and XRD tests, we can conclude that  Mn ions doping  process improved 
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the structure stability and inhibited the crystallization of the TiO2 nanosheet-based 

structure. 

 

Figure 2-6. XRD patterns of TiO2-HT, HT-400, HT-Mn-400 and the blank sample 

holder, the diffraction peaks of 2≈16° and 74° existing in all four samples are the 

background peaks of substrate. 

 

Figure 2-7. XRD patterns of HT-Mn-400, HT-Mn-500, TiO2-HT and the blank 

sample holder. The diffraction peaks of 2≈16° and 74° existing in the samples are 

the background peaks of substrate. 
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2.2 Growth mechanism of Mn-doped TiO2 nanosheet-based spheres 

  Based on above results, we believe that the formation of these nanosheet-based 

spheres via hydrothermal processing is a modified dissolution-recrystallization 

process as reported in the literature.39-42 The growth process is depicted schematically 

in Figure 2-8. First, in a hot and alkaline condition, the precursors of TiO2 

nanospheres were partially dissolved in the mother solution to form a small quantity 

of Ti(OH)4 and a large quantity of free titanate ions after complex chemical reactions. 

As the process continues and the mother solution becomes supersaturated, the 

dissolved ions will initiate heterogeneous nucleation and regrowth on the surface of 

the reacted TiO2 spheres to form flowerlike sphere structures, which is driven by 

thermodynamic force to reduce the structure’s total surface energy.43 As the mass 

diffusion and ripening process proceeded, nanosheets continued to grow until small 

nanoparticles were totally consumed; thereby the uniform nanosheet-based spheres 

were fabricated via a dissolution-recrystallization process.        

 

Figure 2-8. Growth schematic of TiO2 nanosheet-based spheres prepared by a 

hydrothermal process. 

  Furthermore, it can also be deduced that the obtained TiO2 nanosheets have been 

converted to ammonium titanate [(NH4)2Ti2O5·H2O] at least on the surface of the 

structure during this hydrothermal process according to findings of similar 
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experiments in the literature.40, 43-46 NH4
+ was later replaced by H+ in acid solutions 

during the washing process and [(NH4)2Ti2O5·H2O] was converted to protonated 

dititanate (H2Ti2O5·H2O). The existence of H2Ti2O5·H2O was confirmed by the XRD 

diffraction pattern of TiO2-HT. As shown in Figure 2-6, after hydrothermal and acid 

washing treatment, the nanosheet structure of TiO2-HT exhibits a strong peak at 

2≈9.7° corresponding to the (200) lattice plane that fits the PDF card of 

H2Ti2O5·H2O (047-0124)’s first strongest diffraction peak. It indicates that protonated 

dititanate exists in HT-400. Then, protons in as-prepared [H2Ti2O5·H2O] were 

exchanged by manganese ions (Mn2+) to obtain Mn2+ doped MnxH4-xTi2O6.    

  Compared to NaOH solution which is usually used in the hydrothermal process to 

obtain Na2Ti3O7,
32, 43-46 NH4

+ can be easily exchanged by H+ in acidic solutions 

because of the larger hydrated ionic radius than Na+,47 which can increase the amount 

of obtained [H2Ti2O5·H2O] for the following Mn2+ ion-exchange treatment. Although 

protonated dititanate has been frequently synthesized via hydrothermal growth 

together with acid solution ion exchange,40,41,43-46 there are few reports about further 

ion-exchange of prepared H2Ti2O5·H2O.48 Here, we report on further ion-exchange 

synthesis of Mn-doped TiO2 nanosheet-based spheres using H2Ti2O5·H2O as the 

precursor. 

2.3 Lithium-ion intercalation properties investigation 

  To study the effects of Mn doping on improving the performance of TiO2 

nanosheet-based spheres as lithium-ion storage electrodes at elevated temperatures, 

we investigated lithium-ion insertion/extraction properties of HT-Mn-400 by 
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galvanostatic discharge/charge measurements at both room temperature and 55 °C for 

50 cycles. To make comparisons, HT-400 and TiO2-HT were also tested under 

identical conditions. As shown in Figure 2-9, measurements at rooms temperatures 

indicated that all the tested samples possessed similar initial capacities but 

HT-Mn-400 exhibited better cyclic stability. It is well known that when the testing 

temperature of lithium ion batteries is increased to more than 50 °C, the capacity of 

batteries increases at the cost of cyclic stability. So in our study, we are focusing on 

studying the battery performance at 55 °C. Figure 2-10 shows the discharge and  

 

 

Figure 2-9. Charge/discharge capacity vs. cycle number of (a) HT-400, (b) sample 

HT-Mn- 400 and (c) TiO2-HT cycled at different current densities of 30mAg-1, 150 

mAg-1 and 500mAg-1 under room temperature. 
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charge curves of these three samples in the first and last 3 cycles at a discharge/charge 

current density of 30 mA g-1 at the testing temperature of 55 °C. It is observed that the 

initial discharge capacities of HT-400, HT-Mn-400 and TiO2-HT are 201 mAh g-1, 

190 mAh g-1 and 240 mAh g-1, respectively. As shown in Figure 2-10a, HT-400 

shows noticeable plateaus at approximately 1.8 V (discharge process) and 1.9 V 

(charge process) during the first 3 cycles, which is similar to reported nanostructured 

anatase.23,49 During the first discharge process, TiO2 voltage drops rapidly from the 

open circuit voltage (OCV) to 1.8 V and reaches a plateau, which suggests that phase 

transition from a Li-poor phase to a Li-rich phase occurs. After that it gradually 

decreases to the cut-off voltage of 1.0 V. In the last 3 cycles, the discharge plateaus 

decline to a lower voltage at approximately 1.5 V and become much less 

well-defined, while the charge plateaus disappear. Correspondingly, the discharge 

capacity is only 89 mAh g-1 at the 50th cycle. However, this decline is not seen in 

HT-Mn-400. In contrast to HT-400, the initial discharge curve of HT-Mn-400 exhibits 

a sloping manner from a much lower OCV as shown in Figure 2-10b, suggesting less 

pure TiO2 phase due to Mn-ion doping. In the 2nd cycle, the discharge curve exhibits a 

much smaller plateau with similar position to that of HT-400. This phenomenon 

resembles what was reported of V2O5 xerogel films with oxygen vacancies on the 

surface50 and reveals a more complicated interface formation on HT-Mn-400, which 

can be ascribed to doped ions on the surface of the nanostructures. In addition, the 

position and size of these plateaus exhibit little change after cycling. Compared to 

HT-400 and HT-Mn-400, TiO2-HT shows a sloping profile of voltage-capacity 
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relationship during the discharge and charge processes (Figure 2-10c). These curves 

are typical for electrode materials with amorphous structure due to the absence of heat 

treatment. In addition, its capacity exhibits noticeable degradation in the initial cycles. 

XRD patterns of the HT-400 electrode and the HT-Mn-400 electrode after cycling 

were also studied and compared with those before cycling in Figure 2-11. The 

HT-400 electrode shows a significant decay on crystallinity. The fine anatase crystal 

peaks almost disappear after the cycling (Figure 2-11a), while the XRD patterns of 

the HT-Mn-400 electrode show little peak intensity change before and after cycling 

(Figure 2-11b).    

  

 

Figure 2-10. Galvanostatic discharge (lithium insertion)/charge (lithium extraction) 

curves vs. Li+/Li of (a) HT-400, (b) HT-Mn-400 and (c) TiO2-HT cycled at a current 

density of 30 mAg-1 in the first 3 and last 3 cycles of the 50-cycle tests.  
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  Above results indicate that anatase structure deteriorates severely during cycling at 

the elevated temperature for HT-400, while HT-Mn-400 exhibits little structure 

change in the same process. 

 

Figure 2-11. XRD patterns of HT-400 a) and HT-Mn-400 b) prepared electrodes 

before and after cycling. 

  Figure 2-12 displays the cyclic performance of HT-400, HT-Mn-400 and TiO2-HT 

at different current densities of 30 mA g-1, 150 mA g-1 and 500 mA g-1 in the potential 

window of 1-2.5 V at the testing temperature of 55 °C. As shown in Figure 2-12a, the 

discharge capacity of HT-400 increases from 201 mAh g-1 to 224 mAh g-1 after the 

first 5 cycles at the discharge current density of 30 mA g-1. However, it drops very 

quickly in the subsequent 5 cycles to 167 mAh g-1 at the same discharge current 

density. When the discharge current density is increased to 150 mA g-1 at the 11th 

cycle, the capacity drops to 125 mAh g-1 when the discharge current density is further 

increased to 500 mA g-1 at the 21st cycle, the discharge capacity drops to 44 mAh g-1. 

After the discharge current density is changed back to 30 mA g-1 at the 41st cycle, the 

discharge capacity recovers to 69 mAh g-1 and increases to 89 mAh g-1 at the 50th 

cycle, with a capacity retention ratio of 44.1 % after 50 cycles at different current 
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densities. In contrast, HT-Mn-400 starts with a little lower initial discharge capacity 

of 190 mAh g-1 but experiences much less capacity degradation in the first 10 cycles. 

The rate capability of HT-Mn-400 is also obviously better than HT-400: its discharge 

capacity is 169 mAh g-1 at a current density of 150 mAh g-1 and 147 mAh g-1at a 

current density of 500 mAh g-1. When the current density is changed back to 30 mAh 

g-1, its discharge capacity is 173 mAh g-1 which shows little capacity fading in the 

following cycles and is still as high as 174 mAh g-1 at the 50th cycle. The capacity 

retention rate is 91.4 % after 50 cycles at different current densities (Figure 2-12b). In 

addition, the coulombic efficiency of HT-Mn-400 is above 97% during the whole 

testing process except in the initial cycles, indicating that this sample has a superior 

reversible capacity that contributes to the good cycling stability. For comparison, we 

also tested the capacity performance of TiO2 nanosheet-based spheres without any 

doping or calcination (TiO2-HT). In Figure 2-12c, its capacity drops from 240 mAh 

g-1 to 153 mAh g-1 after the first 10 cycles at the low current density of 30 mA g-1, and 

the coulombic efficiency is lower than 95%. As the test continues, the capacity has a 

little fading at different current densities; after 50 cycles, the capacity is 137 mAh g-1 

and the capacity retention is 57.0%. 

  All of these electrochemical results indicate that Mn-doped TiO2 samples have 

noticeably better Li-ion storage capability than undoped ones when used as an anode 

at an elevated temperature of 55 °C. Furthermore, the kinetic properties of these 

samples are also measured by electrochemical impedance spectroscopy (EIS). As 
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shown in Figure 2-12d, the equivalent circuit (Figure 2-12d inset), Rs and Rct are the 

ohmic resistance (total resistance of the electrolyte, separator and electrical contacts)   

 

 

 

Figure 2-12. Charge/discharge capacity vs. cycle number of a) HT-400, b) 

HT-Mn-400 and c) TiO2-HT cycled at different current densities of 30mAg-1, 150 

mAg-1 and 500mAg-1. (d) Nyquist plots of HT-400, HT-Mn-400 and TiO2-HT after 

cycling and the equivalent circuit (the inset shows an expanded view of the high 

frequency region of the plots). 

and charge transfer resistance, respectively, and W represents the Warburg impedance 

of Li ion diffusion into the active materials. CPE is the constant phase-angle element, 

involving double layer capacitance. The system resistance of Rs is similar for HT-400, 

HT-Mn-400 and TiO2-HT because of the fact that both materials are grown directly 

on the substrates that are used at the current collectors, which ensures good electrical 



 44 

conductivity in the electrodes. The charge transfer resistance Rct after cycling for the 

three samples is in the order of HT-400 (270.6 Ω)> TiO2-HT (39.7 Ω)> 

HT-Mn-400(18.6 Ω), which indicates that Mn-ion doping can improve the charge 

transfer process at the electrode/electrolyte interface and maintain good electronic 

conductivity during long-term cycling. Thus, these improved interface properties are 

considered to be a factor in improving the performance of Mn-doped TiO2. Together 

with the results from XRD and BET tests (Figures 2-4, 5, and 6), we can deduce the 

effects of Mn-ion doping in this experiment as follows: during ion-exchange, Mn2+ 

replaced some of the H+ in the structure of H4Ti2O6 to form a multi-structure, which 

improved the structure stability of flower-like TiO2 nanosheets51 i.e. it inhibited the 

crystal structure conversion under thermal treatment. As a result, the specific surface 

area and crystal structure of Mn-doped sample HT-Mn-400 had little change after 

calcination compared to the uncalcined sample TiO2-HT. Meanwhile, doped Mn ions 

modified the surface chemistry of TiO2 nanosheets and maintained their good 

interface electronic conductivity during long-term cycling. It took a couple of cycles 

for HT-Mn-400 to build up a more stable interface between the electrode and 

electrolyte in the electrochemical test. This could explain very well why the discharge 

curve shape of HT-Mn-400 did not stabilize in the initial discharge/charge cycle 

(Figure 2-10b). This stable interface contributed to the surface integrity of the 

Mn-doped TiO2 electrode at elevated temperatures, as evidenced by the cyclic 

stability improvement during lithium ion insertion/extraction tests. Its possible roles 

include reduction of TiO2 dissolution into the electrolyte and better retention of 
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nanosheet morphology, which keeps a comparably high electroactive area and thus 

causes less performance degradation. In addition, during recharge, doped Mn ions 

may have also made it easier to break some covalent Li-O bonds whose presence is 

believed to account for a partial loss of charge capacity as reported by Hadjean et al.52 

3. Conclusion 

  In summary, a simple and effective strategy is developed based on the hydrothermal 

method and ion-exchange process to obtain Mn-doped TiO2 nanosheet-based spheres. 

Compared to TiO2 nanosheet-based spheres without doping, the Mn-doped sample 

exhibits superior reversible capacity, improved cycling stability and rate capability 

when used as lithium ion battery electrodes. The improved electrochemical 

performance can be ascribed to the roles of Mn ions in inhibiting crystal structure 

conversion under calcination and improving the electrode/electrolyte interface sta- 

bility. All of these effects make Mn ion-exchanged TiO2 a promising anode for a next 

generation of LIBs. And the proposed synthesis strategy would also open up new 

opportunities in the development of high performance nanostructures used in relevant 

fields.  

C. Ni-Doped TiO2 Derived from Protonated Layered Titanate 

1. Experimental procedure 

  For the synthesis of Ni-doped TiO2 structures, the precursor of layered protonated 

dititanate was first prepared via an aqueous solution based reaction at room 
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temperature similar to reported in the literature.53 In a typical synthesis process, 

2.9762 mL of titanium (IV) isopropoxide (TIP, 97%, Sigma-Aldrich) was added to 10 

mL of anhydrous ethanol (>99.5%, Anhydrous, Sigma-Aldrich), followed by the 

addition of 40 mL of ammonium hydroxide (ACS, 30%, Alfa Aesar) under stirring. 

The milky white suspension was kept static for 10 min and then centrifuged; the 

precipitate was washed with DI water three times and suspended in 25 mL of 

ammonium carbonate (ACS, Fisher Chemical) solution (1.5 M). Then, 3 mL of 

hydrogen peroxide (ACS, 30.0 to 32.0 %, Fisher Chemical) was added to the solution 

and stirred overnight. The obtained products were washed with DI water three times 

and dried in air at 50 °C. After this treatment, the obtained precursors were dispersed 

in 200 mL of nickel chloride (98%, Anhydrous, Alfa Aesar) solution (0.09 M) under 

constant stirring for 2 h. After that, the powders were washed three times by DI water 

to remove excess ions and dried in air at 50 °C. For comparison, the precursor 

powders were also doped with Li and Mn ions in the same concentration of lithium 

hydroxide and manganese nitrate tetrahydrate (98%, Alfa Aesar) solutions. Finally, 

the doped and undoped TiO2 powders were calcined at 400 °C for 3 h. Within this 

study, the samples are designated as TiO2-P (precursor), TiO2-400 (after calcination 

without ion doping), TiO2-Ni-400 (after the Ni ion-exchange process and calcination), 

and TiO2-Mn-400 (after the Mn ion-exchange process and calcination). The structural 

characterization and electrochemical measurement are similar as shown in part A. 

2. Results and discussion 

2.1 Characterization of Ni and Mn-doped TiO2 structures  
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  As shown in Figure 2-13a, the low-resolution scanning electron microscope (SEM) 

image shows that the synthesized TiO2 precursor (TiO2-P) is granular in nature. 

Furthermore, the transmission electron microscope (TEM) image in Figure 2-13b 

reveals that a single particle is formed by layered nanosheets overlapping each other. 

Figure 2-13c shows a SEM image of the TiO2 after calcination at 400 °C for 3 h 

(TiO2-400). Compared to the sample before calcination, there is little noticeable 

morphology change. Figure 2-13d shows the SEM image of TiO2 doped with Ni, and 

then calcined under the same conditions at 400 C (TiO2-Ni-400). As shown in this 

image, TiO2-Ni-400 has a similar morphology to TiO2-400. The Mn ion doped sample 

TiO2-Mn-400 also exhibits a similar morphology to TiO2-400 and TiO2-Ni-400 

(Figure 2-13e). All these images indicate that this ion-exchange process has negligible 

influence on the morphology of prepared samples. However, obvious differences in 

crystallinity, surface composition, and surface area can be identified among them 

through the study of XRD patterns, XPS spectra, and nitrogen adsorption isotherms. 

  The effect of doped ions on crystallinity evolution of TiO2 is studied by XRD and 

the patterns are shown in Figure 2-14. In Figure 2-14a, the XRD pattern of prepared 

protonated titanate has two diffraction peaks of 2≈9.7, 27.6 corresponding to the 

first and second strongest diffraction peaks of H4Ti2O6 (PDF, 047-0124, a=1.926, 

b=0.378, c=0.300). After calcination at 400 C for 3 h, the undoped sample TiO2-400 

shows a typical anatase crystal structure (Figure 2-14b). The Ni-doped sample 

TiO2-Ni-400 shows a similar anatase crystal structure but lower peak intensity, which 

suggests that nickel ions have inhibition effects on the TiO2 phase transition. 
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Figure 2-13. Images of TiO2 structures obtained after different processes: a) SEM 

image of TiO2 layered protonated titanate, b) TEM image of TiO2 layered protonated 

titanate, c) SEM image of TiO2 structure calcined at 400 °C for 3 h, d) and e) SEM 

image of TiO2 structure doped by nickel, manganese ions, and then calcined at 400 °C 

for 3 h. 
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  This inhibition effect is more noticeable in the case of manganese ion doping. As 

shown in the same figure, the Mn-doped sample TiO2-Mn-400 shows very weak 

crystalline peaks in its XRD pattern, suggestion various ions have different level of 

delay for the crystallization temperature of TiO2. To more clearly identify this result, 

high temperature XRD patterns of protonated titanate doped with and without Li+ 

were recorded from 200 to 700 C with the interval of 50 C. As shown in Figure 

2-14c, when the temperature increased to 350 C, Li-doped sample exhibited a tiny 

diffraction peak around 25.6 corresponding to the first strongest diffraction peak of 

anatase. However, the similar diffraction peak can be clearly observed in undoped 

protonated titanate when the temperature is only at 250 C (Figure 2-14d). Above 

inhibition effect was also observed in our work in part A. And some other groups also 

reported a similar result using a traditional calcination doping process.28,38 However, 

the exact mechanism of surface ion-doping in inhibition of crystallization is still a 

subject of further study.  

  Besides the crystallinity inhibition effect, it is important to note that diffraction 

peak shift is identified in TiO2-400 and TiO2-Ni-400 patterns. The XRD patterns of 

these two samples fit the tetragonal structure of anatase well (PDF, 01-071-1166). 

The lattice parameters a and c for these two samples can be calculated by the software 

of TOPAS (Bruker, USA). TiO2-Ni-400 has a larger lattice value of a (3.7938±0.0013 

Å), and a smaller value of c (9.4830±0.0027 Å) than that of undoped sample 

TiO2-400 (a= 3.7874±0.0007 Å, c=9.5021±0.0016 Å). The volume of the unit cell for 

TiO2-Ni-400 (136.488 Å3) is larger than TiO2-400 (136.302 Å3).  
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Figure 2-14. XRD patterns of different TiO2 samples: a) Protonated titanate 

fabricated at room temperature, the black line represents the blank sample holder, 

which has diffraction peaks of 2θ≈16°and 74°existing in all samples, b) 

TiO2-400, TiO2-Ni-400 and TiO2-Mn-400, c) and d) HTXRD patterns of protonated 

titanate doped with c) and without Li+ d), the measurement were recorded from 200 to 

700 °C with the interval of 50 °C. 

  This result suggests that after Ni doping the c axis of the anatase unit cell becomes 

shorter while the a and b axes become longer, making the tetragonal structure more 

cubic and the unit cell volume larger. According to previous studies, these two trends 

are both favorable for reversible lithium ion insertion.21,54 In addition, the grain size of 

TiO2-Ni-400 (33.4 nm) and TiO2-400 (67.3 nm) are also different through the 
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calculation from TOPAS, which will affect their specific surface area after 

calcination. 

  To investigate the doping effect of the ion-exchange process, surface element 

compositions of TiO2-400, TiO2-Ni-400 and TiO2-Mn-400 were studied by XPS. As 

shown in Figure 2-15, two distinct peaks at binding energies of 855.5 and 873.8 eV 

are observed in the Ni 2p high-resolution spectrum of TiO2-Ni-400 (Figure 2-15a), 

which correspond well to the Ni 2p3/2 and Ni 2p1/2 peaks of Ni2+.55,56 In addition, two 

small peaks at 861.2 and 879.1 eV can be attributed to 2p3/2 sat and 2p1/2 sat of 

NiO.56,57 Fig. 3b shows the Mn 2p high-resolution spectrum of TiO2-Mn-400. There are 

two distinct peaks at 641.3 and 653.4 eV, which may be assigned to the 2p3/2 and 2p1/2 

peaks of Mn2+. And it can be further confirmed through the unique a broad shake-up 

satellite peak around 645 eV, which is not shared by the other oxidation states of Mn 

ions.35,36 This suggests that the doped ions’ oxidation state do not change after 

calcination at 400 °C for 3 h. This data provides direct evidence for the presence of Ni 

and Mn in TiO2-Ni-400 and TiO2-Mn-400. Furthermore, the concentration of Ni and 

Mn ions can also be obtained via high-resolution scans and the application of 

empirically derived relative sensitivity factors. The atomic ratio of Ni in TiO2-Ni-400 

is approximately 7 % and the atomic ratio of Mn in TiO2-Mn-400 is approximately 4 

%.  
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Figure 2-15. XPS spectra of TiO2 samples: (a) TiO2-Ni-400 and (b) TiO2-Mn-400. 

  Ion doping also affects the specific surface area of TiO2 after calcination. Here, we 

studied the surface area of different samples by using nitrogen adsorption-desorption 

measurements. Figure 2-16 shows the adsorption and desorption isotherm curves of 

these three samples. TiO2-Ni-400 and TiO2-Mn-400 exhibit adsorption hysteresis that 

belongs to type IV isotherm curves, indicating that these two samples have 

mesoporous structures.58 Their specific surface areas are calculated using the BJH 

method to be 30.4 m2 g-1 and 46.3 m2 g-1, respectively. TiO2-400 shows type II 

isotherm curves that suggest little porosity. The specific surface area is only 14.5 m2 

g-1. Based on the above results, we can deduce that doped ions act as nucleation 

barriers to inhibit the crystallization process and phase transition during calcination. As 

a result, the doped TiO2 has a less crystallinity than the undoped TiO2. In addition, the 

doped ions also have effect on the reducing of TiO2 grain size, which will finally 

result in the increasing of the specific surface area.59,23 As a result, the doped sample 

has larger specific surface areas and less crystallinity than the undoped sample after 

calcination. In addition, this effect varies according to the different doped ions. As 
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shown in Fig. 2-14b and Fig. 2-16, the Mn ions doped TiO2 (TiO2-Mn-400) shows a 

larger surface area and less crystallinity than the Ni doped one (TiO2-Ni-400).  

 

Figure. 2-16 Nitrogen sorption isotherms of TiO2-400, TiO2-Ni-400 and 

TiO2-Mn-400. 

2.2 Electrochemical performance of doped and undoped TiO2 

  To study the effects of ion doping on the performance of anatase TiO2 structures as 

lithium ion storage electrodes, the lithium-ion insertion/extraction properties of TiO2 

anatase (TiO2-400) and doped TiO2 (TiO2-Ni-400 and TiO2-Mn-400) were evaluated 

by galvanostatic discharge/charge tests at room temperature for 50 cycles. Fig. 

2-17a-c shows discharge and charge curves of these three samples in the initial and 

last 3 cycles at a discharge/charge current density of 30 mAg-1 in the potential 

window of 1-2.5 V. It is observed that the initial discharge capacities of TiO2-400, 

TiO2-Ni-400 and TiO2-Mn-400 are 128 mAh g-1, 448 mAh g-1 (this high value was 

largely due to the parasitic reaction in the first cycle and will not be used for any 

capacity comparison in later discussions) and 145 mAh g-1, respectively. As shown in 

Figure 2-17a, TiO2-400 shows well-defined plateaus at approximately 1.8 V 

(discharge process) and 1.9 V (charge process) during the initial 3 cycles, which is 
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similar to reported nanostructured anatase.16,60 In the last 3 cycles, the lengths of 

plateaus increased slightly as do the capacities. This result suggests that the 

as-synthesized anatase TiO2 without doping can only be used as an anode for batteries 

that do not require high capacity but emphasize good stability. In contrast, Ni doped 

TiO2 clearly exhibits higher capacities. As shown in Figure 2-17b, TiO2-Ni-400 

exhibits a remarkably higher initial discharge capacity of 448 mAh g-1, which is 

almost four times that of TiO2-400. This higher than theoretical value consists of 

irreversible capacity contributed by side reactions during electrode/electrolyte 

interface formation, which is demonstrated by subsequent capacity degradation from 

448 mAh g-1 to 271 mAh g-1 at the 2nd cycle. After this initial capacity degradation, 

the nickel-doped sample TiO2-Ni-400 exhibits relatively stable performance during 

cycling. It is also noticed that discharge and charge plateaus of TiO2-Ni-400 are much 

less well defined as compared to those of TiO2-400. Different from TiO2-400 and 

TiO2-Ni-400, TiO2-Mn-400 shows a sloping profile of voltage-capacity relationship 

during discharge and charge processes (Figure 2-17c). These curves are typical for 

electrode materials with low crystallinity, which agrees well with the XRD finding. In 

addition, although the discharge capacity of TiO2-Mn-400 in the 1st is a little higher 

than TiO2-400, its capacity exhibits noticeable degradation in the subsequent cycles. 

Figure 2-17d displays the cyclic performance of these three samples at different 

current densities of 30 mA g-1, 150 mA g-1 and 500 mA g-1. As shown in this figure, 

TiO2-400 exhibits a good cycling stability. The discharge capacity of TiO2-400 shows 

a little increase from 128 mAh g-1 to 132 mAh g-1 after 50 cycles. However, its rate 
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performance is very poor, the discharge capacity is 88 mAh g-1and 58 mAh g-1 under 

the current density of 150 mA g-1 and 500 mA g-1，respectively. In contrast, 

TiO2-Ni-400 starts with a remarkably high discharge capacity of 448 mAh g-1 

followed by a noticeable decay in the 2nd cycle. After this degradation, capacity loss 

still exists in initial cycles but is much smaller. After 10 cycles, the discharge capacity 

is 230 mAh g-1, which is more than twice that of TiO2-400. In addition, the rate 

capability of TiO2-Ni-400 is also obviously better than TiO2-400: its discharge 

capacity is 200 mAh g-1 at a current density of 150 mA g-1 and 179 mAh g-1 at a 

current density of 500 mA g-1. When the current density is changed back to 30 mA 

g-1, its discharge capacity is 221 mAh g-1, which fluctuates slightly in the following 

cycles and is as high as 226 mAh g-1 after 50 cycles. This value is obviously higher 

than doped TiO2 samples reported by other papers. For instance, Djerdj et al. reported 

a mesoporous Nb-doped TiO2 synthesized via a sol-gel process. The capacity was 

168.4 mAhg-1 at a rate of C/8 after 10 cycles.61 Huang et al. synthesized a conformal 

N-doped carbon on nanoporous TiO2 by a solution-phase process. The product 

exhibited a capacity of 170 mAh g-1 at a current density of 100 mA g-1 and 102 mAh 

g-1 at a current density of 200 mA g-1.62 Figure 2-17d also shows that TiO2-Mn-400 

possesses even lower performance than TiO2-400. It has a lower capacity of 91 mAh 

g-1 after 50 cycles. And for higher current densities of 150 mA g-1 and 500 mA g-1, the 

discharge capacity is only 60 mAh g-1and 36 mAh g-1, respectively. The contrasting 

performance of TiO2-Mn-400 and TiO2-Ni-400 indicates that only certain ion doping 

can enhance TiO2’s performance as a lithium ion insertion electrode. These different 
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ion doping effects on the electrode peroformance are also in agreement with the result 

reported by Jiao’s group.48 

  

 

Figure 2-17. Galvanostatic discharge (lithium insertion)/charge (lithium extraction) 

curves vs. Li+/Li of TiO2-400, TiO2-Ni-400 and TiO2-Mn-400 cycled at a current of 

30 mAg-1 in the initial and last 3 cycles of a 50-cycle test (a-c), (d) Rate 

performances of all these three samples, measured at various rates with a voltage 

window between 1.0 and 2.5 V. 

  Above results are also supported by the analysis of the kinetic properties of these 

samples. Here, electrochemical impedance spectroscopy (EIS) was used to test the 

charge transfer resistance (Rct) before and after electrochemical cyclic tests. Figure 

2-18a shows the equivalent circuit: Rs, Rf and Rct are ohmic resistance (total resistance 
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of the electrolyte, separator and electrical contacts), film resistance, and charge 

transfer resistance, respectively, and Zw represents the Warburg impedance of Li ion 

diffusion into active materials. CPE is the constant phase-angle element, involving 

double layer capacitance.  

  The system resistance of Rs is similar for TiO2-400, TiO2-Ni-400 and TiO2-Mn-400 

because of the fact that all the materials are coated directly on copper substrates that 

are used as current collectors, which ensures good electrical conductivity in the 

electrodes. Before the cycling, the total resistance of Rf and Rct for three samples are 

in the order of TiO2-Ni-400 (110 Ω)> TiO2-Mn-400 (89 Ω)> TiO2-400 (80 Ω) (Figure 

2-18b). After cycling, the film resistance of Rf is similar for these three samples, the 

charge transfer resistance Rct is in the order of TiO2-Mn-400 (57 Ω)> TiO2-400 (41 

Ω)> TiO2-Ni-400 (29 Ω) (Figure 2-18c), respectively. Before cycling, both doped 

samples exhibit higher resistance than the undoped one, which can be ascribed to the 

formation of a more complicated electrode/electrolyte interface induced by ion 

doping. After electrochemical cycling, TiO2-Ni-400 shows the lowest Rct, which 

explains its high discharge capacity and good rate capability. To the opposite, 

TiO2-Mn-400’s charge transfer resistance Rct is much higher than that of 

TiO2-Ni-400’s after electrochemical tests. This explains well the different 

performance of Ni and Mn doped samples. Furthermore, all these three samples 

exhibit impedance reduction after cycling, which can be ascribe to the electrode 

activated before and after cycling, and also due to the effects of doped ions on the 
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electronic conductivity of the whole electrode. The similar impedance reduction has 

been reported before.63  

 

 

Figure 2-18. The equivalent circuit of EIS (a), Nyquist plots of TiO2-400, 

TiO2-Ni-400, and TiO2-Mn-400 before (b) and after cycling (c). 

  Based on above results, we can summarize the effects of nickel ion doping on TiO2 

as follows: during ion-exchange, Ni2+ ions replaced the removable H+ in the 

protonated titanate, which would form a multi-structured TiO2. During calcination, 

the existence of Ni2+ ions induced an unit cell volume increase of the crystal structure 

and also casued lattice distortion, which would partially inhibit the growth of 

crystalline phase and reduce the grain size of TiO2. As a result, more lithium ions 

could be inserted into Ni-TiO2, justifying the high capacity during cycling. At the 

same time, Ni ions contributed to the formation of a more favorable 

electrode/electrolyte interface during cycing, as demonstrated in the EIS study. This 
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interface facilitated the charge transfer process during lithium ion insertion and its 

existence explained why TiO2-Ni-400 possessed a better rate capability than other 

samples. 

3. Conclusion 

  In summary, an effective doping strategy was developed based on the ion-exchange 

process to obtain Ni-doped TiO2 structures at room temperature. Compared to the 

undoped anatase TiO2, Ni ion doping improved the electrochemical performance of 

as-prepared TiO2 notably when used as lithium ion battery electrodes. This 

enhancement can be ascribed to the effect of doped Ni ions on the TiO2 structure, 

including the inhibition of crystallinity under calcination, by causing lattice distortion. 

In addition, the introduction of Ni ions onto the surface of TiO2 structure contributed 

to the formation of a favorable electrode/electrolyte interface that reduced the charge 

transfer resistance significantly during repeated lithium ion insertion. All of these 

effects were achieved by a simple surface doping process. And the product can be 

easily scaled up at room temperature. This proposed synthesis strategy would provide 

a novel and feasible doping method in the development of high performance materials 

used in lithium ion batteries and relevant fields. 
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Effect of Calcination Atmosphere on Electrodes: Macro-/Mesoporous 

TiO2 Anode as an Example 

A. Introduction 

  Hybrid electric vehicles and renewable energy devices are with enormous 

potentials for low-emission and they have been the impetus for the research and 

development of high performance lithium ion batteries,1-3 wherein increasing the 

performance of such batteries at elevated temperatures (typically up to 55-70 ºC) is of 

ultimate relevance to their safe use. Normally, elevated temperatures can accelerate 

the degradation of battery materials, causing capacity degradation and premature cell 

death. Furthermore, raising the temperature can also provoke the onset of thermal 

runaway, where the cell temperature increases uncontrollably as a result of some 

exothermic side reactions.4 Therefore, the thermal stability of electrode materials is 

critical for practical battery applications. Unfortunately, the conventional lithium-ion 

intercalation anode, graphite, faces the challenge of severe decomposition of the solid 

electrolyte interphase (SEI) on lithiated graphite at elevated temperatures, i.e. above 

50 ºC.5 Irreversible reactions can begin below 60 ºC at the surface of graphite, which 

will badly diminish its performance, causing lower capacity, poorer cycling stability, 

etc. Therefore, materials with higher thermal stability are needed to replace graphite 

as lithium ion battery anode at elevated temperatures. Titanium dioxide (TiO2) is one 

valuable candidate material for investigation because of its high chemical stability, 

low price, abundance, and nontoxicity.6,7 However, low intrinsic electrical 
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conductivity has impeded its application in practice.8,9 To solve this problem, 

nanostructuring is often implemented and it has been proved to be effective in 

improving the electrochemical performance of TiO2 at room temperature via 

shortening Li-ion and electron diffusion paths, enlarging the electrode/electrolyte 

interfacial area, and facilitating strain relaxation during the insertion/extraction 

processes.10-13 However, the complicated fabrication process and relatively low yields 

are major problems to restrain this method from practical applications. In addition, the 

large specific surface area of nanostructured TiO2 can induce faster performance 

degradation at elevated temperatures. To date, it is still a challenge to devise 

nanostructured TiO2 with stable performance at elevated temperatures.  

  The most widely adopted strategy of improving the stability of nanostructured 

electrodes is surface modification. There are various surface modification approaches 

that have been reported for enhancing materials’ cyclic performance, such as 

solvothermal deposition,14 doping,15 and atomic layer deposition.16 These methods 

normally introduce extra elements to improve the performance of native electrode 

materials. A few papers reported an alternative strategy of introducing frozen native 

defects (e.g., frozen oxygen nonstoichiometry in oxides) to the crystal structure of the 

electrode material.17-19 Compared to the former approaches, the strategy of 

introducing surface defects is a simple and useful way to improve the material’s 

lithium ion intercalation performance by avoiding side reactions. The presence of 

defects at the electrode/electrolyte interface could possibly facilitate the phase 

transition experienced during lithium ion reactions due to modified surface 
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thermodynamics. In addition, the electrode layer consisting of defects at the electrode/ 

electrolyte interface could well preserve the integrity of the electrode surface 

morphology, improving the cyclic stability of intercalation electrodes.19 

  Based on the above statement, in this chapter, we fabricated a macro-/mesoporous 

TiO2 nanostructure of a high specific area (473 m2 g-1) by a facile and large-scale 

method at room temperature20 and used the nitrogen-treated macro-/mesoporous TiO2 

as electrode materials for lithium-ion batteries at an elevated temperature of 55 ºC. 

This nitrogen-treated TiO2 exhibited noticeable improvement in lithium ion 

intercalation capability compared to air-treated sample and can be considered as a 

very promising anode material for a new generation of lithium-ion batteries working 

at elevated temperatures. 

B. Experimental Procedure 

1. Materials synthesis 

  For the synthesis of nitrogen-treated macro-/mesoporous TiO2 nanostructures, the 

precursor of macro-/mesoporous TiO2 was first prepared via a hydrolysis reaction at 

room temperature according to a modified approach as reported by Yu’s group.20 In a 

typical synthesis process, 2 mL of titanium (IV) isopropoxide (TIP, 97%, 

Sigma-Aldrich) was added dropwise to 40 mL water without any surfactant and 

stirring. The white suspension was kept static and aging for 6 h. Then, the precipitates 

were removed and washed with DI water three times. Then, the obtained products 

were dried in air at 40 °C. After this treatment, the obtained precursors were calcined 
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at 300 °C for 3 h under nitrogen and air atmosphere, respectively. Within this study, 

the samples are designated as TiO2 (precursor), TiO2-N (calcination under nitrogen 

atmosphere), and TiO2-A (calcination under air atmosphere). 

2. Structural characterization 

  The morphology of the obtained samples were studied by scanning electron 

microscopy (SEM, FEI Quanta 200) with the accelerating voltage at 20 kV. The 

crystal structures were determined by X-ray diffraction (XRD, Bruker D2) on a 

Scintag diffractometer with CuKα1 radiation (= 1.54060 Å) at a scanning rate of 

0.03 °s−1 in the 2 range from 5° to 75°. The surface chemistry was measured by 

X-ray photoelectron spectroscopy (XPS, PHI Quantera) with Al Kα X-rays 

(monochromatic, beam size=100 µm) at an output power of 25.5 W, with an electron 

energy of 1486.6 eV and a step size of ~0.025 eV. The optical absorption spectra of 

the samples were recorded with an UV−visible spectrophotometer (PerkinElmer 

Lambda 950). The wavelength range and step size used was 200–600 nm and 1 nm, 

respectively. The nitrogen adsorption and desorption isotherms were collected at 77 K 

in the range of relative pressures of 0.0002-0.99P/P0 using a TriStar II 3020 surface 

area and porosity measurement system (Micromeritics Instrument Corp.) and used for 

estimation of the pore size distribution in the 1.7-300 nm range.  

3. Electrochemical evaluation  

  Electrochemical impedance spectroscopy (EIS) study was carried out using 

CHI650E electrochemical workstation. The frequency range was from 100 kHz to 0.1 
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Hz. Lithium ion battery performance tests were carried out with a half-cell 

configuration using CR-2032 coin cells. Li foil was used as both the counter and 

reference electrode. The working electrode was prepared by mixing active materials 

(80%), carbon black (Alfa Aesar, 10%), and polyvinylidene fluoride (PVDF, Alfa 

Aesar, 10%) in N-methyl-2-pyrrolidone (NMP, Alfa Aesar). After uniform stirring, the 

above slurries were coated on copper foils and dried at 120 °C in vacuum for 6 h. 

Then, the electrode was pressed and cut into disks before assembly in an Argon-filled 

glove box for coin-cell assembling (MSK-110, MTI). 1 M LiPF6 in a mixed solution 

of ethylene carbonate and diethyl carbonate (1:2 volume ratio, Novolyte, USA) was 

used as the electrolyte. Galvanostatical discharge/charge tests were performed using 

an Arbin-BT 2000 measurement system in the potential window of 1-2.5 V versus 

Li+/Li at different current densities of 30 mA g-1, 150 mA g-1 and 500 mA g-1
 at both 

room temperature and 55 °C. 

C. Results and Discussion  

1. Characterization of the nitrogen-treated macro-/mesoporous TiO2 

nanostructure  

  Figure 3-1a shows the low- and high-magnification scanning electron microscope 

(SEM) images of hierarchical macro-/mesoporous TiO2 prepared at room temperature. 

As shown in Fig. 1a, the as-synthesized macro-/mesoporous TiO2 exhibits relatively 

homogeneous and long-range periodical pores with pore diameters of 2-6 µm and 

pore-wall thicknesses around 2-4 µm. In addition, it can also be clearly seen that the 
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pore-walls of the macroporous TiO2 are composed of small-interconnected TiO2 

particles with sizes from tens of nm to one hundred nm (the inset of Figure 3-1a). Yu’s 

group reported a similar nanostructure of TiO2 synthesized via a different titanium salt 

as the reactant.20 However, our macro-/mesoporous TiO2 shows more visible 

mesopores in SEM images and a higher specific surface area (to be discussed later), 

which will provide larger interface for lithium ion intercalation reactions. After 

calcination under nitrogen or air atmosphere at 300 °C for 3 h, the morphology of the 

macro-/mesoporous structure had no obvious change (Figure 3-1b and c). Although 

SEM images do not show noticeable morphology difference between nitrogen-treated 

TiO2 and air- treated TiO2, nitrogen adsorption isotherms and XRD patterns reveal 

remarkable differences between them in surface area and crystallinity. 

  The effect of atmosphere calcination on crystallinity evolution of TiO2 was studied 

by XRD and the patterns are shown in Figure 3-1d. After calcination at 300 °C for 3 h, 

the sample under the air atmosphere (TiO2-A) exhibits a typical anatase crystal 

structure, although TiO2-A is not fully crystallized due to the relatively low 

calcination temperature. Compared to TiO2-A, the nitrogen-treated sample TiO2-N 

shows much lower crystallinity: only the first strongest diffraction peak of anatase 

TiO2 can be observed, which suggests that nitrogen atmosphere had inhibition effects 

on the TiO2 phase transition. This inhibition effect was also observed in other papers 

that used nitrogen atmosphere in calcining samples.21,22 
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Figure 3-1. SEM images of macro-/mesoporous TiO2 before a) and after calcination 

at 300 °C for 3h under nitrogen b) and air c) atmosphere, respectively, d) XRD 

patterns of TiO2 samples calcined under air (TiO2-A) and nitrogen (TiO2-N) 

atmosphere at 300 °C for 3 h.    

  Figure 3-2 shows the nitrogen adsorption–desorption isotherm curves of TiO2, 

TiO2-A, and TiO2-N. The specific surface area of these three samples were calculated 

using the BJH method to be 473.5 m2 g-1, 330.2 m2 g-1, and 248.1 m2 g-1, respectively 

(TiO2, TiO2-N and TiO2-A). They are much higher than that of the similar TiO2 

nanostructure reported in the literature.20 As shown in Figure 3-2a, all these samples 

have type I isotherm curves and exhibit no adsorption hysteresis. Besides, all the 

isotherm curves have two very distinct regions: at the low relative pressure, the 
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isotherm curves exhibit high adsorption, suggesting the presence of micropores. 

However, when the pressure approaches the saturation vapor pressure, the isotherm 

curves exhibit a very fast increase, suggesting that there are gaps between 

micro-particles, which can induce a phenomenon similar to macropores’ adsorption. 

Meanwhile, the adsorption isotherm of the TiO2 sample exhibits a large increase in 

the relative pressure (P/P0) range of 0.2–0.4, which is characteristic of capillary 

condensation within mesopores.23 Figure 3-2b shows the corresponding pore-size 

distribution curves of the TiO2 samples. It can be observed that the all these three 

TiO2 samples exhibit a narrow pore-size distribution range centered at 2 nm (Figure 

3-2b inset), which indicates that this hierarchical macro-/mesoporous nanostructure 

TiO2 is stable under calcination at 300 °C for 3h.  It is well-known that thermal  

  

Figure 3-2. a) Nitrogen-adsorption–desorption isotherms and b) pore-size distribution 

curves of TiO2, TiO2-N and TiO2-A (the inset shows an expanded view of the small 

diameter region of the plots). 

treatment will decrease the specific surface area of oxides because of particle growth 

and agglomeration.24 However, the nitrogen environment leads to less surface area 
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reduction than air environment, which can be ascribed to the oxygen-deficiency 

environment that inhibits particle growth.25 

  To get more insight into the effect of nitrogen atmosphere in the calcination process, 

the surface element compositions of TiO2-N and TiO2-A were studied by XPS. As 

shown in Figure 3-3a, sample TiO2-A exhibits two clear peaks at binding energies of 

458.33 and 464.19 eV in the Ti 2p high-resolution spectrum, which correspond well 

to the Ti 2p3/2 and Ti 2p1/2 peaks of Ti4+.26,27 Compared to TiO2-A, TiO2-N has two 

similar peaks that belong to Ti 2p3/2 and Ti 2p1/2 peaks of Ti4+ with the binding 

energies of 458.50 and 464.19 eV.27,28 However, in addition to these peaks, there is 

another small peak existing at a binding energy of 457.90 eV in the spectrum of 

TiO2-N, which could be assigned to the Ti3+ species according to the reference (Figure 

3-3b).29 The presence of Ti3+ suggests that oxygen vacancies also exist in sample 

TiO2-N considering the charge balance principle. In other words, some defects were 

created on the surface of TiO2 after calcination under nitrogen atmosphere.  

 

Figure 3-3. XPS spectra of TiO2 samples: a) TiO2-A, and b) TiO2-N. 
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Figure 3-4. UV-visible absorption spectra of samples TiO2-N and TiO2-A. 

  Furthermore, the existence of surface defects was also demonstrated by UV-visible 

absorption spectra. As shown in Figure 3-4, in contrast to the air-treated sample 

TiO2-A, an additional visible-light absorption shoulder appears around 320-450 nm in 

sample TiO2-N, which is consistent with its yellow color as shown by the inset in 

Figure 3-4. This observed extra absorption shoulder was reported in the literature and 

was believed to be caused by defects corresponding to the existing Ti3+ species.30,31 

From the XPS and UV-Vis results, it can be deduced that there are some Ti3+ species 

and oxygen vacancies created after nitrogen calcination in our sample.  

2. Lithium-ion intercalation properties investigation  

  To study the effects of various atmospheres’ calcination on the performance of 

hierarchical macro-/mesoporous TiO2 nanostructures as lithium ion storage electrodes 

at elevated temperatures, the lithium-ion insertion/extraction properties of 

macro-/mesoporous TiO2-N and TiO2-A were evaluated by galvanostatic 

discharge/charge tests at 55 °C for 50 cycles. Figure 3-5 shows the discharge and 

charge curves of these two samples in the first and last 3 cycles at a discharge/charge 
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current density of 30 mA g-1 in the potential window of 1-2.5 V. It is observed that the 

initial discharge capacities of TiO2-N and TiO2-A are 360 mAh g-1 and 496 mAh g-1, 

respectively. As shown in Figure 3-5a, TiO2-A shows plateaus at approximately 1.8 V 

(discharge process) and 1.9 V (charge process) during the first 3 cycles, which is 

similar to reported nanostructured anatase.9 In the last 3 cycles, both the discharge and 

charge plateaus become much less well-defined. Correspondingly, the discharge 

capacity is only 187 mAh g-1 at the 50th cycle. However, this plateau shrinkage is 

remarkably less noticeable in TiO2-N. As shown in Figure 3-5b, TiO2-N exhibits 

plateaus of relatively shorter length than TiO2-A during the first 3 cycles, which 

suggests its less crystallinity and agrees well with the XRD finding for these two 

samples. However, unlike in TiO2-A, the position and size of these plateaus in TiO2-N 

show negligible change after 50 cycles, suggesting that the crystal structure of TiO2-N 

experiences little change after cycling at elevated temperatures. Above results indicate 

that surface defects created by nitrogen-based calcination contributed to the 

stabilization of the intercalation capacity of macro-/mesoporous TiO2.
32 In 

comparison, these two samples were also tested at room temperature for their lithium 

ion intercalation properties by running the same 50-cycle measurement. For the 

air-treated TiO2, plateau shrinkage was also observed but less noticeable than that of 

the elevated-temperature measurement; in addition, the nitrogen-treated TiO2 didn’t 

show as much improvement on the stability of plateaus as at elevated temperature 

(Figure 3-6). 
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Figure 3-5. Galvanostatic discharge (lithium insertion)/charge (lithium extraction) 

curves vs. Li+/Li of (a) TiO2-A and (b) TiO2-N at a current density of 30 mA g-1 in the 

first 3 and last 3 cycles of the 50-cycle tests at an elevated temperature of 55 ºC. 

  

Figure 3-6. Galvanostatic discharge (lithium insertion)/charge (lithium extraction) 

curves vs. Li+/Li of (a) TiO2-A and (b) TiO2-N at a current density of 30 mA g-1 in the 

first 3 and last 3 cycles of the 50-cycle tests at room temperature. 

  Figure 3-7a displays the cyclic performance of these two samples in the 50-cycle 

test at 55 °C at different current densities of 30 mA g-1, 150 mA g-1 and 500 mA g-1. 

As shown in Figure 3-7a, TiO2-A exhibits a much higher discharge capacity in the 

first cycle than TiO2-N. The capacity is 496 mAh g-1. However, this capacity drops 

continuously, with a capacity of 187 mAh g-1 left after 50 cycles and the capacity 

retention rate is only 31.7%. Furthermore, its rate performance is also poor: the 
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discharge capacity is 147 mAh g-1and 76 mAh g-1 at the current densities of 150 mA 

g-1 and 500 mA g-1，respectively. This obvious performance degradation was greatly 

inhibited when the nitrogen-treated sample TiO2-N was used as the electrode material. 

As shown in the same figure, TiO2-N starts with a relatively lower initial discharge 

capacity of 360 mAh g-1 but experiences much less capacity degradation in the first 

10 cycles. The rate performance of TiO2-N is also obviously better than TiO2-A: its 

discharge capacity is 248 mAh g−1 at a current density of 150 mA g−1 and 181 mAh 

g−1 at a current density of 500 mA g−1. When the current density is changed back to 

30 mA g−1, its discharge capacity is 301 mAh g−1, which shows little capacity fading 

in the following cycles and is still as high as 293 mAh g−1 at the 50th cycle. The 

capacity retention rate is 84.1% after 50 cycles at different current densities. 

However, this notable performance improvement of TiO2-N cannot be observed when 

these two samples were tested at room temperature. Although TiO2-N exhibited 

decent cyclic stability, its capacity was obviously lower than TiO2-A in each cycle of 

a similar 50-cycle test (Figure 3-8a). This demonstrates that while the existence of 

surface defects of Ti3+ species and oxygen vacancies on the electrode surface might 

improve the electrode performance at elevated temperatures significantly, they 

diminish the room temperature performance.  

  According to above results, we can conclude the reasons as below: the 

nitrogen-treated TiO2 would have a thin layer of surface defects after calcination, 

which enhanced the initial electrical conductivity of the electrode (Figure 3-7c). 

However, these surface defects also resulted in an extra less active layer by reducing 
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Figure 3-7. a) Rate performances of TiO2-N and TiO2-A, measured at various current 

densities of 30, 150 and 500 mAh g-1, with a voltage window between 1.0–2.5 V at 55 

°C, b) The equivalent circuit of EIS, c) and d) Nyquist and fitted plots of TiO2-N and 

TiO2-A before and after cycling. 

the number of available Ti4+ that can transform to Ti3+ compared to the pristine TiO2. 

This explained why the nitrogen-treated TiO2 (TiO2-N) exhibited lower initial 

capacity compared to the air-treated TiO2 (TiO2-A) during cycling at both room and 

elevated temperatures. This less active layer also increased the Li-ion diffusion path 

length into TiO2-N, causing poor cyclic stability at room temperature. However, at the 

elevated temperature, the diffusion coefficient of Li-ion diffusion would increase,33 

which enhanced the insertion/extraction speed of lithium ions into the TiO2, 
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compensating for the longer diffusion path. In addition, the common problem of 

excessive electrode and electrolyte reactions at elevated temperatures were alleviated 

 

Figure 3-8. a) Rate performances of TiO2-N and TiO2-A, measured at various current 

densities of 30, 150 and 500 mAh g-1, with a voltage window between 1.0-2.5 V at 

room temperature, and b) Nyquist and fitted plots of TiO2-N and TiO2-A after 

cycling. 

by the existence of the surface defects, which would act as protective barrier layer 

between the liquid electrolyte and the electrode surface to inhibit electrolyte 

oxidization during cycling and the HF etching generated by trace amount of moisture 

reacting with LiPF6 based electrolyte.34,35 As a result, TiO2-N has a noticeably better 

cyclic stability at 55 °C than at room temperature. Similar results have also been 

reported by other research groups where surface modified samples had worse cyclic 

performances at room temperature than the pristine ones.36-38  

  Meanwhile, above electrochemical test results at the elevated temperature are also 

supported by the measurement of the kinetic properties of these samples. 

Electrochemical impedance spectroscopy (EIS) was used to test the resistance before 

and after electrochemical cyclic tests. Figure 3-7b shows the equivalent circuit for 
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fitting Nyquist plots: Rs, Rf and Rct are ohmic resistance (total resistance of the 

electrolyte, separator and electrical contacts), film resistance and charge transfer 

resistance respectively, and Zw represents the Warburg impedance of Li ion diffusion 

into active materials. CPE is the constant phase-angle element, involving double layer 

capacitance. Figure 3-7c and d show the fitted Nyquist plots of these two samples 

before and after cycling at 55 °C by using the equivalent circuit. Before cycling, it is 

found that nitrogen-treated sample TiO2-N (37 Ω) has a smaller charge transfer 

resistance than air-treated sample TiO2-A (45 Ω) (Figure 3-7c). After cycling, the 

charge transfer resistance of sample TiO2-N (41 Ω) increases slightly while that of 

sample TiO2-A increases to almost double its value before cycling (89 Ω) (Figure 

3-7d). For both of the samples, the charge transfer resistance increased after test due 

to the complicated interface formation between the electrode and electrolyte during 

cycling. However, for TiO2-N, due to the calcination in a non-oxidizing environment, 

the existence of surface defects acted as a thin layer of conductive coating, which 

would inhibit the charge transfer resistance increase from the formed complex 

interface. Therefore, it only had a little increase after 50 cycles. By contrast, there was 

no such inhibition effect existing for TiO2-A. As a result, the charge transfer 

resistance increased to almost double its pre-cycling value after cycling. In addition, 

the charge transfer resistance of these two samples is in the order of TiO2-N  (56 Ω) > 

TiO2-A (48 Ω) tested after cycling at room temperature, which also agrees well with 

the result of discharge capacities for these two samples (Figure 3-8b). It is 

well-known that thermal treatment in a non-oxidizing environment will enhance the 
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electrical conductivity of TiO2,
17-19,39 which is also observed in the EIS results of 

sample TiO2-N and TiO2-A before cycling. However, for the nitrogen-treated TiO2 

here, the result shows that the introduction of surface defects has little effect on the 

improvement of electrochemical performance of TiO2 tested at room temperature. A 

similar enhancement like other gas-thermal treatment17-19,39 will be observed if the 

nitrogen-treated TiO2 is tested at elevated temperatures. This result also agrees well 

with the EIS result after cycling at elevated and room temperature, respectively. The 

TiO2-N shows little increase at elevated temperatures but obvious increase at room 

temperature (Figure 3-7d and Figure 3-8b). Therefore, it can be found that 

nitrogen-based calcination can improve the charge transfer process at the 

electrode/electrolyte interface and maintain good electronic conductivity during 

long-term cycling at elevated temperatures. Thus, this improved interface property is 

considered to be a factor in improving the performance of TiO2-N at elevated 

temperatures.  

  Base on above results, we can deduce the effects of nitrogen treatment in this 

experiment as follows: the nitrogen calcination created Ti3+ and oxygen vacancies on 

the surface of macro-/mesoporous TiO2, which are important for the cyclic stability of 

nanostructured TiO2 as lithium ion battery anode at elevated temperatures. It is 

reasonable that elevated temperatures can contribute to a high capacity compared to 

room temperature. However, without these surface defects, the capacity degradation 

will be obvious during cycling as demonstrated in TiO2-A. With these surface defects, 

the capacity retention is much better as demonstrated in TiO2-N. These surface 
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defects are just acting as a thin layer of conductive coating because of the narrowed 

intrinsic banding gap of TiO2,
40 which will enhance the performance of electrodes in 

two aspects. On one hand, it increases conductivity (lower resistance and better rate 

performance); on the other hand, it protects the electrode surface at elevated 

temperatures to keep interface stability. All these reasons explain why 

nitrogen-treated sample TiO2-N possesses a better electrochemical performance than 

air-treated one (TiO2-A). 

D. Conclusions 

  In summary, hierarchical macro-/mesoprous TiO2 were prepared and calcined 

under different atmospheres (nitrogen and air). Nitrogen-treated and air-treated TiO2 

exhibited varied crystallinity, surface chemistry, and electrochemical performance. 

Compared to air-treated TiO2, nitrogen-treated TiO2 exhibited notable improvement 

in the electrochemical performance when used as a lithium ion battery electrode at 

elevated temperatures. This improvement can be ascribed to the contribution of 

surface defects, in addition to higher specific surface area and lower crystallinity. The 

existence of Ti3+ species and oxygen vacancies not only enhanced the charge-transfer 

conductivity but also behaved as a protecting layer to ensure the interface stability of 

the TiO2 sample during cycling. This proposed calcination strategy would provide a 

novel and feasible method in the development of high performance materials used in 

lithium ion batteries at elevated temperatures and relevant fields. 
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R.J. Behm, N. Hüsing, U. Kaiser, K. Landfester, and M. Wohlfahrt-Mehrens, 

“High Surface Area Crystalline Titanium Dioxide: Potential and Limits in 

Electrochemical Energy Storage and Catalysis,” Chem. Soc. Rev., 41 5313-5360 

(2012). 

[8] S. Yang, X. Feng, and K. Muellen, “Sandwich-Like, Graphene-Based Titania 

Nanosheets with High Surface Area for Fast Lithium Storage,” Adv. Mater., 23 

3575−3579 (2011). 

[9] I. Moriguchi, R. Hidaka, H. Yamada, T. Kudo, H. Murakami, and N. 

Nakashima, “A Mesoporous Nanocomposite of TiO2 and Carbon Nanotubes as 

a High-Rate Li-Intercalation Electrode Material,” Adv. Mater., 18 69-73 (2006). 

[10] H. Han, T. Song, E.K. Lee, A. Devadoss, Y. Jeon, J. Ha, Y.C. Chung, Y.M. 

Choi, Y.G. Jung, and U. Paik, “Dominant Factors Governing the Rate 

Capability of a TiO2 Nanotube Anode for High Power Lithium Ion Batteries,” 

ACS Nano, 6 8308-8315 (2012). 

[11] J. Liu, J.S. Chen, X. Wei, X.W. Lou, and X.W. Liu, “Sandwich-Like, Stacked 

Ultrathin Titanate Nanosheets for Ultrafast Lithium Storage, Adv. Mater., 23 

998-1002 (2011). 



 85 

[12] J. Ye, W. Liu, J. Cai, S. Chen, X. Zhao, H. Zhou, and L. Qi, “Nanoporous 

Anatase TiO2 Mesocrystals: Additive-free Synthesis, Remarkable 

Crystalline-Phase Stability, and Improved Lithium Insertion Behavior,” J. Am. 

Chem. Soc., 133 933-940 (2011). 

[13] P.G. Bruce, B. Scrosati, and J.M. Tarascon, “Nanomaterials for Rechargeable 

Lithium Batteries,” Angew. Chem. Int. Ed., 47 2930-2946 (2008). 

[14] G.D. Du, Z.P. Guo, P. Zhang, Y. Li, M.B. Chen, D. Wexler, and H.K. Liu, 

“SnO2 Nanocrystals on Self-organized TiO2 Nanotube Array as 

Three-Dimensional Electrode for Lithium Ion Microbatteries,” J. Mater. Chem., 

20 5689-5694 (2010). 

[15] W. Zhang, W.D. Zhou, J.H. Wright, Y.N. Kim, D.W. Liu, and X.C. Xiao, 

“Mn-Doped TiO2 Nanosheet-Based Spheres as Anode Materials for 

Lithium-Ion Batteries with High Performance at Elevated Temperatures,” ACS 

Appl. Mater. Interfaces, 6 7292-7300 (2014). 

[16] J.W. Zhang, J.W. Zhang, Z.S. Jin, Z.S. Wu, and Z.J. Zhang, “Electrochemical 

Lithium Storage Capacity of Nickel Mono-oxide Loaded Anatase Titanium 

Dioxide Nanotubes,” Ionics, 18 861-866 (2012). 

[17] J.-Y. Shin, J.H. Joo, D. Samuelis, and J. Maier, “Oxygen-Deficient TiO2−δ 

Nanoparticles via Hydrogen Reduction for High Rate Capability Lithium 

Batteries,” Chem. Mater., 24 543-551 (2012). 

[18] D. Liu, Y. Zhang, P. Xiao, B.B. Garcia, Q. Zhang, X. Zhou, Y.-H. Jeong, and 

G.Z. Cao, “TiO2 Nanotube Arrays Annealed in CO Exhibiting High 

Performance for Lithium Ion Intercalation,” Electrochim. Acta, 54 6816 (2009).  

[19] D.W. Liu, Y.Y. Liu, A.Q. Pan, K.P. Nagle, G.T. Seidler, Y.H. Jeong, and G.Z. 

Cao, “Enhanced Lithium-Ion Intercalation Properties of V2O5 Xerogel 

Electrodes with Surface Defects,” J. Phys. Chem. C, 115 4959 (2011).  

[20] J. Yu, Y. Su, and B. Cheng, “Template-Free Fabrication and Enhanced 

Photocatalytic Activity of Hierarchical Macro/Mesoporous Titania,” Adv. 

Funct. Mater., 17 1984-1990 (2007). 

[21] M. Kitano, K. Funatsu, M. Matsuoka, M. Ueshima, and M. Anpo, “Preparation of 

Nitrogen-Substituted TiO2 Thin Film Photocatalysts by the Radio Frequency 

Magnetron Sputtering Deposition Method and Their Photocatalytic Reactivity 

under Visible Light Irradiation,” J. Phys. Chem. B, 110 25266-25272 (2006).  

[22] J. Wang, D.N. Tafen, J.P. Lewis, Z.L. Hong, A. Manivannan, M. Zhi, M. Li, 

and N.Q. Wu, “Origin of Photocatalytic Activity of Nitrogen-Doped TiO2 

Nanobelts,” J. Am. Chem. Soc., 131 12290-12297 (2009). 



 86 

[23] S. Lowell, J.E. Shields, M.A. Thomas, and M. Thommes, Characterization of 

Porous Solids and Powders: Surface Area, Pore Size and Density, Kluwer, 

London, 2004. 

[24] S. Yamanaka, and G.W. Brindley, “High Surface Area Solids Obtained by 

Reaction of Montmorillonite with Zirconyl Chloride,” Clays Clay Miner., 27 

119-124 (1979). 

[25] X.Y. Pan, M.-Q. Yang, X.Z. Fu, N. Zhang, and Y.-J. Xu, “Defective TiO2 with 

Oxygen Vacancies: Synthesis, Properties and Photocatalytic Applications,” 

Nanoscale, 5 3601-3614 (2013). 

[26] R.P. Netterfield, P.J. Martin, C.G. Pacey, W.G. Sainty, and D.R. Mckenzie, 

“Ion-Assisted Deposition of Mixed TiO2-SiO2 Films,” J. Appl. Phys., 66 1805 

(1989). 

[27] R. Sanjines, H. Tang, H. Berger, F. Gozzo, G. Margaritondo, and F. Levy, 

“Electronic Structure of Anatase TiO2 Oxide,” J. Appl. Phys., 75 2945 (1994).  

[28] V.I. Nefedov, Y.V. Salyn, A.A. Chertkov, and L.N. Padurets, “X-ray Electron 

Study of the Electron Density Distribution in Hydrides of the Transition 

Elements,” Zh. Neorg. Kimii, 16 1443-1445 (1974). 

[29] C.M. Chan, S. Trigwell, and T. Duerig, “Oxidation of an NiTi Alloy,” Surf. 

Interface Anal., 15 349-354 (1990). 

[30] H. Noda, K. Oikawa, T. Ogata, K. Matsuki, and H. Kamata, “Preparation of 

Titanium (IV) Oxides and Its Characterization,” Chem. Soc. Jpn., 8 1084 

(1986). 

[31] G. Liu, Y.N. Zhao, C.H. Sun, F. Li, G.Q. Lu, and H.M. Cheng, “Synergistic 

Effects of B/N Doping on the Visible-Light Photocatalytic Activity of 

Mesoporous TiO2,” Angew. Chem. Int. Ed., 47 4516 (2008).  

[32] M.V. Ganduglia-Pirovano, and J. Sauer, “Stability of Reduced V2O5 (001) 

Surfaces,” Phys. Rev. B, 70 045422 (2004). 

[33] P. Xu, B.N. Popov, J.A. Ritter, and R.E. White, “Determination of Lithium Ion 

Diffusion Coefficient in Graphite,” J. Electrochem. Soc., 146 8 (1999). 

[34] L. Yu, X. Qiu, J. Xi, W. Zhu, and L. Chen, “Enhanced High Potential and 

Elevated Temperature Cycling Stability of LiMn2O4 Cathode by TiO2 

Modification for Li-Ion Battery,” Electrochim. Acta, 51 6406 (2006). 

[35] S.T. Myung, K. Izumi, S. Komaba, Y.K. Sun, H. Yashiro, and N. Kumagai, 

“Role of Alumina Coating on Li-Ni-Co-Mn-O Particles as Positive Electrode 

Material for Lithium-Ion Batteries,” Chem. Mater., 17 3695 (2005). 



 87 

[36] W.H. Jang, M.C. Kim, S.H. Kim, V. Aravindan, W.S. Kim, W.S. Yoon, and 

Y.S. Lee, “Understanding the Exceptional Elevated Temperature Performance 

of High Voltage LiNi0.5Mn1.5O4 Cathodes by LiFePO4 Modification,” 

Electrochim. Acta, 137 404 (2014). 

[37] K.A. Walz, C.S. Johnson, J. Genthe, L.C. Stoiber, W.A. Zeltner, M.A. 

Anderson, and M.M. Thackeray, “Elevated Temperature Cycling Stability and 

Eectrochemical Impedance of LiMn2O4 Cathodes with Nanoporous ZrO2 and 

TiO2 Coatings,” J. Power Sources, 195 4943 (2010). 

[38] Y.L. Chen, V. Aravindan, and S. Madhavi, “Improved Elevated Temperature 

Performance of Al-intercalated V2O5 Electrospun Nanofibers for Lithium-Ion 

Batteries,” ACS Appl. Mater. Interfaces, 4 3270 (2012). 

[39] S.M. Dong, X. Chen, L. Gu, X.H. Zhou, H.X. Xu, H.B. Wang, Z.H. Liu, P.X. 

Han, J.H. Yao, L. Wang, G.L. Cui, and L.Q. Chen, “Facile Preparation of 

Mesoporous Titanium Nitride Microspheres for Electrochemical Energy 

Storage,” ACS Appl. Mater. Interfaces, 3 93-98 (2011). 

[40] P. Liu, G. Liu, and H.-M. Cheng, “Nitrogen Vacancy-Promoted Photocatalytic 

Activity of Graphitic Carbon Nitride,” J. Phys. Chem. C, 116 11013-11018 

(2012). 

 

 

 

 

 

 

 

 

 

 

 

 



 88 

FACILE SYNTHESIS OF NANOCOMPOSITES FOR HIGH 

PERFROMANCE LITHIUM-ION BATTERY ANODES 

A. Introduction 

  Lithium-ion batteries (LIBs) have been considered to be one of the most promising 

energy storage devices for powering electric vehicles and other large-scale 

facilities.1-3 In the previous chapters, we have demonstrated the important of using 

surface-modified approaches (doping and atmosphere calcination) to enhance the 

performance of nanostructured TiO2, which show obvious improvement on the both 

capacity and cyclic stability compared to bare ones. Besides TiO2, lithium titanate 

(Li4Ti5O12) has also been recognized as one high-profile alternative to carbonaceous 

anodes, which suffer well-known safety issues due to their unique, intrinsic 

characteristics.4-6 One of the notable advantages of Li4Ti5O12 (LTO) is that it does not 

undergo significant structure change during lithiation, which makes it a zero-strain 

insertion material.7,8 In addition, the high thermodynamic stability of LTO will 

address the safety limitations of lithium-ion batteries in the applications.9-11 Zhong et 

al. reported that Li4Ti5O12 can be lithiated up to Li8.5Ti5O12, which provides a 

theoretical capacity about 1.5 times higher than that of the compound lithiated to 

Li7Ti5O12 by means of first-principles calculations.9 And Yi et al. also investigated 

the structure and thermal stability of LTO through density functional theory (DFT) 

plane-wave pseudopotential technique and experimental methods, indicating that LTO 

has very high structural and thermodynamic stability. The reason can be ascribed to 
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the strong covalent bonding characteristic between Ti and O according to the electron 

density difference diagram.10 Another advantage of LTO is that it exhibits a flat 

potential plateau and high operating voltage of approximately 1.55 V vs. Li+/Li, 

which can avoid excessive reduction of electrolyte on the surface of the electrode and 

formation of the solid-electrolyte interphase (SEI) layer.12,13 These two features make 

it a promising candidate for the anode material of LIBs. However, LTO also suffers 

major drawbacks, including low electronic conductivity (ca. 10-13 S cm-1) and 

comparatively low theoretical capacity of 175 mAh g-1.14-16 To address the above 

issues, many efforts have been made to improve the capacity and conductivity of 

LTO. Common methods include reducing the particle size of the materials,14 doping 

with foreign atoms,17 and introducing conductive coatings.18 For example, Bai et al. 

reported a La-doped Li4Ti5O12, which exhibited excellent long-term cyclic stability, 

high coloumbic efficiency, and outstanding capacity retention at high current rates of 

10-50 C. The reversible capacity was 157 mAh g-1 after 30 cycles at a rate of 0.1 C 17. 

All of these methods significantly improve the electrochemical performance of LTO. 

However, most of the processes are either complicated or require specialized 

instruments. 

  Recently, combine LTO with other anode materials has been found to be an 

effective way of improving the performance of LTO electrodes. For example, there 

have been successful attempts involving graphene, Fe2O3, and TiO2.
 19-21 Through 

previous work, we have proved TiO2 is one of the best candidates as a lithium ion 

host. Therefore, mixing LTO with TiO2 is considered to be an advisable approach to 
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improve the capacity. Wang et al. reported a successful route to synthesize rutile 

terminated dual phase LTO-TiO2 composites without other conductive materials. 

These composites exhibited much higher capacity than that of pure LTO at various 

rates.22 Rahman et al. also developed amorphous carbon-coated dual phase LTO-TiO2 

(anatase) nanocomposites through in situ conversion of citric acid to amorphous 

carbon by low-temperature molten salt precipitation; such dual-phase LTO-TiO2 

possessed high capacity (166 mAh g-1 at a current density of 0.5 C) and excellent rate 

capability (110 mAh g-1 at a current density of 10 C).23 However, the introduced TiO2 

(anatase) decreased the length of the typical potential plateau in LTO. In addition, the 

synthesis process was complicated and the amounts of the phases LTO and TiO2 were 

not adjustable in the final products. Therefore, there is still an immediate need for a 

simple, low cost, and reliable synthesis method to fabricate homogeneous LTO-TiO2 

composites with the tunable phase assemblage that can be used as anode materials for 

lithium-ion batteries.   

  Therefore, in this chapter, we tried to enhance the performance of LTO via two 

aspects: phase tunable synthesis of LTO-TiO2 composites and facile doping. The 

results were shown in part A and B. In part A: we reported a one-step room 

temperature approach for the rapid fabrication of LTO-TiO2 nanoporous precursor, 

which was followed by a simple calcination to obtain homogeneous LTO-TiO2 

composites. Phases of the composites could be tuned by employing different 

calcination temperatures. In part B: we fabricated similar LTO-TiO2 composites that 

were doped with nickel ion through our former ion-exchange approach. Finally, all 
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the samples in these two parts were calcined under the nitrogen atmosphere to create 

surface defects, which was believed to be a novel and useful way to improve the 

material’s lithium ion intercalation performance by improving the conductivity of the 

composites.24 These processes of synthesizing the LTO-TiO2 composites has never 

before been reported. The as-prepared samples possessed high charge-discharge 

capacities and good cyclic performance and rate capability, when used as an anode 

material for lithium-ion batteries at both room temperature and 55 °C. They 

demonstrate a great practical application potential for the next generation of lithium 

ion batteries.  

B. Facile Synthesis of Nanoporous Li4Ti5O12-TiO2 Composites 

1. Experimental procedure 

  Li4Ti5O12-TiO2 (LTO-T-NPs) nanoporous precursors were synthesized by a 

one-step procedure at room temperature. Typically, lithium hydroxide monohydrate 

(ACS, Alfa Aesar) (1.3473 g, 32.1 mM) and hydrogen peroxide (ACS, 30.0-32.0 %, 

Fisher Chemical) (2.1632 mL) were mixed in deionized (DI) water (20 mL) at 

ambient temperature. The solution was stirred for 10 min using a magnetic stirrer. 

Then, titanium (IV) isopropoxide (TIP, 97%, Sigma-Aldrich) (2 mL, 6.6 mM) was 

added drop-wise to the solution without using any surfactant. The light yellow 

suspension was kept static and aging for 1 h before the precipitates were removed and 

washed with DI water three times. The obtained products were dried in air at 40 °C. 

Finally, the obtained precursors were calcined at 700 °C, 750 °C, and 800 °C for 2 h 
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under nitrogen atmosphere. Within this study, the samples are designated as 

LTO-T-NPs (precursor), S-700-N, S-750-N, and S-800-N (calcination at 700 °C, 750 

°C, and 800 °C under nitrogen atmosphere), respectively. Structural characterization 

and electrochemical evaluation were similar to the previous chapters.   

2. Results and discussion 

2.1 Structural and morphological analysis 

  Figures 4-1a and 4-1b show typical scanning electron microscope (SEM) images of 

the nanoporous Li4Ti5O12-TiO2 precursor (LTO-T-NPs) prepared at room 

temperature. The SEM images clearly show that the as-synthesized nanoporous 

structure is composed of amorphous interconnected nanoparticles, which have 

diameters of around 100 nm. After calcination under nitrogen at 700, 750, and 800 °C 

for 2 h, all the as-obtained LTO-T-NPs remain in the original nanoporous morphology 

except for increased agglomeration between particles compared with the precursor. 

No fundamental morphology difference was observed between these samples (Figure 

4-2). SEM images of the sample, calcined under nitrogen atmosphere at 750 °C 

(S-750-N), are shown in Figures 4-1c and 4-1d. It can be observed that nanoporous 

structure was still clearly seen in S-750-N, except that agglomeration was observed 

with obvious particle size increase. As the calcination temperature was increased in 

this experiment, the agglomeration would aggravate (Figure 4-2 c and d).  
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Figure 4-1. SEM images of LTO NPs structures obtained after different processes: 

low a) and high-magnification b) SEM images of LTO NPs precursor fabricated at 

room temperature; low c) and high-magnification d) SEM images of LTO NPs 

calcined under nitrogen atmosphere at 750 °C for 2 h. 

  To further investigate the structure and morphology of the synthesized LTO 

composites, transmission electron microscope (TEM) images and selected-area 

diffraction (SAED) patterns of S-750-N were shown in Figure 4-3. It can be clearly 

found that the nanograins comprised two components (Figure 4-3a and 4-3c), and the 

corresponding SAED proved the coexistence of TiO2 rutile (Figure 4-3b) and 

Li4Ti5O12 (Figure 4-3d), giving clear clues on the dual-phase formation of S-750-N.  
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Figure 4-2. Low and high-magnification SEM images of LTO NPs calcined under 

nitrogen atmosphere at 700 °C a), b), and 800 °C c), d) for 2 h. 

Furthermore, the high-resolution (HR) TEM images of S-750-N in Figure 2e-f 

provide clear microstructure details for the nanograins. The clear lattice fringes 

demonstrated the high crystallinity of the S-750-N, which is consistent with the sharp 

reflections in the XRD (Figure 4-4). The lattice fringes had spacings of 0.48 and 0.25 

nm, corresponding to the {111} and {311} planes of the Li4Ti5O12 (Figure 4-3f). 

Upon observation at HRTEM, the nanoporous S-750-N still had porous structures 

after calcination at a high temperature. The observed pores in Figure 4-3e ranged 

from 2-5 nm (a pore with ~ 4 nm diameter highlighted in Figure 4-3e). 
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Figure 4-3. a, c)TEM images and b, d)corresponding SAED patterns of LTO NPs 

calcined under nitrogen atmosphere at 750 °C for 2 h (S-750-N), the SAED patterns 

showing the co-existence of LTO and rutile-TiO2 in the composite; e, f) HRTEM 

images of S-750-N. 

  The effect of different calcination temperatures on the crystalline evolution of LTO 

NPs was studied via X-ray diffraction (XRD) and the diffraction patterns are shown in 

Figure 4-4. Before calcination, the room temperature synthesized LTO-T-NPs showed 

an amorphous crystal structure, no diffraction peaks could be observed in the XRD 

pattern. The only little diffraction peak existed around 2θ≈66°, which can be assigned 

to the background peak of the sample holder. After calcination under nitrogen 

atmosphere at 700, 750, and 800 °C for 2 h, all three samples (S-700-N, S-750-N, 

S-800-N) exhibited the spinel phase Li4Ti5O12 (PDF No. 00-049-0207, space group 
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Fd m(227), a= 8.36 Å), and the peaks are indexed in Figure 4-4. In addition, 

diffraction peaks of rutile-TiO2 (PDF No. 03-065-0191) are also observed in these 

three samples. Additional diffraction peaks of anatase-TiO2 (PDF No. 01-071-1168) 

also appear when the samples were calcined at the temperature of 700 °C. As the 

calcination temperature was increased from 700 °C to 750 °C, anatase-TiO2 

transformed into rutile-TiO2. At a further increased calcination temperature of 800 °C, 

the peak intensity of rutile-TiO2 decreased with the increased intensity of Li4Ti5O12 

peaks. This result indicates that the phase composition of Li4Ti5O12-TiO2 (LTO-T) 

composites can be easily tuned by changing calcination temperature. Another 

noteworthy observed result is that the temperature required for the complete 

conversion from anatase-TiO2 to rutile-TiO2 is much higher than that of nanophase 

TiO2 calcined in an ambient environment,22,25,26 which suggests that nitrogen 

atmosphere has inhibiting effects on the samples’ phase transition. This inhibiting 

effect was also reported in other papers.27-29  

  To further characterize the calcination effect on LTO NPs, we studied surface areas 

of the samples before and after calcination by using nitrogen adsorption-desorption 

measurements. Figure 4-5 shows the nitrogen adsorption-desorption isotherm curves 

of LTO-T-NPs, S-700-N, S-750-N, and S-800-N. The specific surface areas of these 

four samples were calculated using the BJH method, and found to be 78.7, 3.4, 2.4, 

and 1.6 m2 g-1. As shown in Figure 4-5a, all these four samples have type I isotherm 

curves and exhibit no adsorption hysteresis. Besides, all the isotherm curves have two 

distinct regions: at the low relative pressure, the isotherm curves exhibit high 

3
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adsorption, suggesting the presence of micropores; when the pressure approaches the 

saturation vapor pressure, the isotherm curves exhibit a very fast increase, suggesting  

 

Figure 4-4. XRD patterns of the as-prepared LTO NPs, and corresponding samples 

calcined under nitrogen atmosphere at 700, 750, and 800 °C for 2h. 

that there are gaps between micro-particles, which can induce a phenomenon similar 

to macropores’ adsorption.30 Corresponding pore-size distribution curves of these 

samples are shown in Figure 4-5b. As shown in this figure, pores with size of less 

than 100 nm decreased noticeably after calcination. However, the samples still 

exhibited large porosity with pore sizes under 100 nm, which agrees well with the 

TEM results. Above results explain the theory that thermal treatment decreases the 

specific surface area of materials because of particle growth and agglomeration.31 

However, the samples still keep the nanoporous structure after nitrogen calcination. 

  To get more insight into the effects of nitrogen atmosphere on the surface 

chemistry of the samples during the calcination process, surface element compositions 
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Figure 4-5. a) Nitrogen-adsorption–desorption isotherms and b) pore-size distribution 

curves of as-prepared LTO NPs, and corresponding samples calcined under nitrogen 

atmosphere at 700, 750, and 800 °C, respectively. All the samples were calcined for 2 

h. 

of samples S-700-N, S-750-N, and S-800-N were studied by X-ray photoelectron 

spectroscopy (XPS). As shown in Figure 4-6, all three samples exhibit two clear 

peaks at binding energies of 463.4, 458.0; 463.6, 458.5; and 463.6, 458.3 eV in the Ti 

2p high-resolution spectra, respectively (error is 0.26 eV). All these data correspond 

well with the Ti 2p3/2 and Ti 2p1/2 peaks of Ti4+.32-36 Furthermore, in addition to these 

peaks, there is another peak existing at the binding energies of 465.5, 457.4, and 

457.3 eV for these three samples. These extra peaks appear 1.7 eV to the right of the 

main 2p3/2 peak, which can be assigned to the Ti3+ species according to references.37,38 

The presence of Ti3+ suggests that oxygen vacancies exist in the nitrogen-treated 

samples when considering the charge balance principle. This is consistent with the 

creation of defects on the surface after calcination under nitrogen atmosphere. In 

addition, the intensity of Ti3+ peaks becomes higher with increased calcination 

temperature. This result clearly indicates that nitrogen calcination under different 
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temperatures significantly influences the surface chemistry of the samples, resulting 

in different Li+ storage performances that will be discussed in the next section. 

 

Figure 4-6. XPS spectra of the as-prepared LTO NPs calcined under nitrogen 

atmosphere at 700, 750, and 800 °C, respectively. All the samples were calcined for 2 

h. 

2.2 Electrochemical performance 

  To study the performance of LTO-T composites as lithium-ion storage electrodes, 

the lithium-ion insertion/extraction properties of the S-700-N, S-750-N, and S-800-N 

electrodes were characterized by galvanostatic discharge/charge measurements at 

both room temperature and 55 °C for 50 cycles. Figure 4-7a shows cyclic 

performance profiles of these samples during the 50-cycle test at room temperature, 

with different current densities of 30 mA g-1, 150 mA g-1, and 500 mA g-1. As shown 

in this plot, at the current density of 30 mA g-1, S-750-N-R (R denotes that the sample 



 100 

was tested at room temperature) shows a capacity of 212 mAh g-1 after an initial 

degradation, which is higher than the theoretical capacity of Li4Ti5O12 (175 mAh g-1), 

owing to capacity contribution from rutile-TiO2 (336 mAh g-1). It is also higher than 

those of S-700-N-R (138 mAh g-1) and S-800-N-R (157 mAh g-1). At a high current 

density of 500 mAg-1, S-750-N-R can still deliver a capacity of 117 mAh g-1, while 

the S-700-N-R and S-800-N-R only deliver capacities of 73 and 78 mAh g-1, 

respectively. After 50 cycles, S-750-N-R exhibits a capacity of 187 mAh g-1, which is 

much higher than those of the other two samples (S-700-N-R, 127 mAh g-1; 

S-800-N-R, 141 mAh g-1). All the mentioned data are listed in Table I, as shown 

below. Above results indicate that samples composed of two phases (rutile-TiO2 and 

LTO) (S-750, S-800) exhibit better performance than those composed of three phases 

(anatase-TiO2, rutile-TiO2, and Li4Ti5O12) (S-700). This can be explained by the 

presence of the extra anatase phase, which contributes less capacity improvement than 

rutile phase to the LTO composites.22,23 The outstanding performance of the S-750 

samples could be attributed to two factors: 1) A well-known theory is that electronic 

transport properties can be tuned by interfacial design and by varying the spacing of 

interfaces down to the nanoscale regime, in which grain boundaries apparently act as 

channels to allow Li+ to enter the particles. Therefore, lithium ions can reversibly 

react with atoms at and within the grain boundaries.23,39,40 Compared with S-800-N, 

S-750-N possesses a higher specific surface area, which may provide more grain 

boundary interface for the reaction of Li+ ion insertion/extraction, resulting in higher 

capacity; 2) As the temperature increased, the amount of rutile phase, which has 
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higher capacity than LTO, decreased in the final composites. Therefore, the S-750 

sample has more rutile phase than the S-800 sample, which also accounts for its 

higher capacity.  

  Similar to measurements at room temperature, the performances of the samples at 

55 °C are shown in Figure 4-7b. As shown in this figure, S-750-N-E (E denotes that 

the sample was tested at 55 °C) delivers capacities of 209, 170, 141 mAh g-1 at the 

three different current densities, which are higher than the other two samples. After 50 

cycles at different current densities, the capacities for these three samples scale as: 

S-750-N-E > S-800-N-E > S-700-N-E (detailed data is shown in Table I). This result 

indicates that nitrogen-treated samples display higher capacities at the elevated 

temperature (55 °C) than at room temperature. Furthermore, the rate performances of 

these nitrogen-treated samples are also improved at 55 °C, compared to the results at 

room temperature (Figure 4-7a). As shown in Figure 4-7b, compared to the capacities 

of 185, 209, and 182 mAh g-1 at the current density of 30 mA g-1, S-700-N-E, 

S-750-N-E, and S-800-N-E still have capacities of 82 mAh g-1, 141 mAh g-1, and 98 

mAh g-1 at the current density of 500 mA g-1. The capacity losses are apparently 

lower than those of the corresponding samples tested at room temperature. This 

enhancing effect on the rate performance of tests at elevated temperatures can be 

attributed to the accelerated diffusion of lithium ions, which will be explained in more 

detail. 

  To further study the electrochemical performance of LTO-T composites in Li-ion 

batteries, sample S-750-N, which had the best performance of these three samples, 
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Figure 4-7. Discharge capacity vs. cycle number of S-700-N, S-750-N, and S-800-N 

cycled at different current densities a) at room temperature and b) the elevated 

temperature of 55 °C. 

Table I. Discharge Capacities of LTO-T Composites at 25 and 55 °C [mAh g-1] 

            S-700-N-R  S-700-N-E  S-750-N-R  S-750-N-E  S-800-N-R  S-800-N-E 

  30 mA g-1    138      185     212      209      157      182 

  150 mA g-1    95      107     147      170      106      129 

  500 mA g-1    73       82     117      141       78       98 

 Discharge capacities of the 2nd cycle at the current density of 30 mA g-1 

was chosen for additional study. Figure 4-8a displays its discharge/charge voltage 

profiles in the initial and final three cycles at the current density of 30 mA g−1, tested 

at room temperature. It shows a long flat voltage plateau at the potential of ~1.55 V 

vs. Li+/Li, which can be assigned to the reversible conversion reaction of Li4+xTi5O12 

to Li4Ti5O12 similar to reported LTO.7 It is observed that the initial discharge capacity 

of S-750-N-R is 271 mAh g-1. In the 2nd cycle, there is an obvious degradation due to 

irreversible electrochemical decomposition of the electrolyte or impurity phase over 

the LTO/TiO2 surface.23,41 After this capacity degradation, S-750-N-R shows 

reasonable capacity fading in the following cycles. Finally, S-750-N-R delivers a 
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capacity of 187 mAh g-1 at the 50th cycle, which is still higher than the theoretical 

capacity of LTO. The discharge/charge voltage profiles of S-750-N at 55 °C are also 

shown in Figure 4-8b. Similar to the room temperature test, it experiences a 

remarkable discharge capacity degradation from the initial cycle to the 2nd cycle. 

However, very little capacity fading can be observed in the following cycles. As 

shown in this figure, the capacity curves of the 2-3th and 48-50th cycles almost 

overlap. It delivers a capacity of 201 mAh g-1 after 50 cycles, which is comparable to 

the capacity of mesoporous TiO2 reported recently.42 Furthermore, capacities of 186 

and 201 mAh g-1 at room temperature and 55 °C are both higher than those of 

nanoporous LTO,43 carbon-coated LTO composites,23 and TiN-coated LTO18 reported 

in other recent papers. Figure 4-8c compares the cyclic performance of sample 

S-750-N at both room temperature and 55 °C with different current densities. After 

initial degradation, the capacity of S-750-N-E only has a minor decrease from 209 

mAh g-1 to 201 mAh g-1, and the capacity retention rate is 96.1%. In comparison, 

S-750-N-R has a decrease from 212 mAh g-1 to 187 mAh g-1 with a capacity retention 

rate of 88.2%. Additionally, S-750-N-E kept 70% of its capacity when tested at a 

higher current density of 500 mA g-1, while S-750-N-R only kept 62.6% of its 

capacity when tested under the same condition. The better performance of S-750-N-E 

than that of S-750-N-R can be attributed to several reasons. 

  Samples calcined under nitrogen atmosphere generated a thin layer of surface 

defects, which results in an extra, less active coating on the electrode by reducing the 

number of available Ti4+ that can transform to Ti3+ (Figure 4-6). This less active layer 
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may reduce the diffusion rate of lithium ions into the electrode, causing samples to 

exhibit relatively low rate performance at room temperature. While being tested at 55 

°C, the elevated temperature will enhance the insertion/extraction rate of lithium ions 

into the electrode,44 compensating for the loss from less active layers. Furthermore, 

this less active layer also acts as a protective layer between the liquid electrolyte and 

electrode surface, which obviously alleviates the excessive electrode and electrolyte 

reactions at elevated temperatures.45 Together with the above effects, we can conclude 

that sample S-750-N exhibits both higher capacity and better rate performance at 55 

°C than at room temperature. 

  Generally, capacity degradation can be more readily observed when tested using a 

small current density.46,47 Herein, to investigate the cycle stability, sample S-750-N 

was also tested using a small constant current density of 30 mA g-1 for 50 cycles both 

at room temperature and 55 °C. As shown in Figure 4-8d, S-750-N delivered a 

capacity of 345 mAh g-1 and 287 mAh g-1 in the initial cycle at room temperature and 

55 °C, respectively. After 50 cycles, the discharge capacity for S-750-N was 

measured to be 184 and 197 mAh g-1 at room temperature and 55 °C, respectively. 

The capacity losses were 15.6% and 6.2% after the initial capacity fading. The results 

indicated that S-750-N has good cyclic stability under these operating conditions. In 

addition, it was remarkably stable when tested at the elevated temperature of 55 °C. 

The morphology of S-750-N after cycling at 55 °C was also investigated, the results 

showed that there were no much morphology difference between the samples before 
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and after cycling. The nanoporous structure can be also observed in the cycled 

Li4Ti5O12-TiO2 electrode (Figure 4-9). 

 

Figure 4-8. Galvanostatic discharge/charge voltage profiles of S-750-N cycled in the 

initial and final 3 cycles at different current densities at a) room temperature and b) 55 

°C; c) discharge capacity vs. cycle number of S-750-N cycled at different current 

densities at room temperature and 55 °C; d) cyclic performance of S-70-N at the 

current density of 30 mA g-1 at both room temperature and 55 °C. 

  To further investigate the electrochemical behavior of the S-750-N electrode, cyclic 

voltammetry (CV) in the potential range of 1.0-2.5 V vs. Li+/Li at a scan rate of 0.1 

mVs-1 was performed (Figure 4-10a). The clear cathodic/anodic peaks around 1.55 V 

can be attributed to the redox reaction of Ti4+/Ti3+, respectively, which is associated 

with lithium insertion/extraction in the spinel Li4Ti5O12 lattice.48 This result agrees 
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Figure 4-9. Low and high-magnification SEM images of S-750-N after cycling at 55 

°C. 

well with the voltage plateaus in the discharge/charge voltage profiles (Figure 4-8a 

and 4-8b). In addition, electrochemical impedance spectroscopy (EIS) was used to 

probe the charge transfer resistance of S-750-N before and after electrochemical 

cyclic tests. As shown in the set of Figure 4-10b, in the equivalent circuit, Rs, Rf, and 

Rct are ohmic resistance (total resistance of the electrolyte, separator, and electrical 

contacts), film resistance, and charge transfer resistance respectively; Zw represents 

the Warburg impedance of Li ion diffusion into active materials. CPE is the constant 

phase-angle element, symbolizing double layer capacitance. The system resistances of 

Rs and Rf are similar for samples measured at room temperature and 55 °C because of 

the fact that both materials are pasted directly on the substrates used as current 

collectors, which ensures good electrical conductivity in the electrodes. Before 

cycling, the charge transfer resistance Rct is 26 Ω. After cycling, sample S-750-N-E 

(35 Ω) has an almost equal charge transfer resistance compared with sample 

S-750-N-R (38 Ω) measured at room temperature. Compared to the samples S-700-N 

and S-800-N, for sample S-750-N, the charge transfer resistance Rct had only a little 
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increase after testing (Figure 4-10c), which agrees well with the result of discharge 

capacities for these three samples (Figure 4-7). The increased Rct is due to the 

interface formation between the electrode and electrolyte during cycling. In addition, 

the almost equal resistances of Rct at room temperature and 55 °C suggest that the 

sample’s charge transfer resistance did not increase more when tested at elevated 

temperatures than at room temperature. The reason can be ascribed to the existence of 

surface defects that acted as a protective layer between the liquid electrolyte and 

electrode surface, which inhibited the charge transfer resistance increase resulting 

from the excessive interface formed during cycling at elevated temperatures.  

  Based on the above results, the much improved electrochemical performance of the 

nitrogen-treated LTO-T nanoporous composites can be attributed to the following: 1) 

The nanoporous morphology offers the possibility to benefit from small transport 

lengths for both Li+ ions and electrons diffusion; 2) A possible mechanism for lithium 

storage is that Li+ ions are stored by reaction with the grain boundary phase in 

polycrystalline materials36 or by reaction with the liquid electrolyte at the solid/liquid 

interface.49 Therefore, an appropriate composition of rutile-TiO2 and LTO in the 

composites (S-750-N) will increase the relatively low capacity of pure LTO by 

offering more grain boundary interfaces for Li+ ion insertion/extraction reactions; 3) 

The nitrogen calcination treatment created surface defects that acted as a protective 

layer when tested at room temperature and the elevated temperature of 55 °C, which 

enhanced the performance of electrodes through stabilizing the interface during 
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cycling. All these reasons explain why nitrogen-treated dual phase Li4Ti5O12-TiO2 

(S-750-N) exhibited superior electrochemical performance. 

 

 

Figure 4-10. a) Cyclic voltammetry curve at a scan rate of 0.1 mV s-1 for S-750-N; b) 

Nyquist plots of S-750-N before cycling and after cycling at room temperature and 55 

°C (the inset shows the equivalent circuit used for fitting the experimental EIS data); 

c) Nyquist plots of S-700-N and S-800-N before cycling (BC) and after cycling at 

room temperature (R) and 55 °C (E). 

3. Conclusion 

  In summary, a simple and effective strategy was developed centered on a 

solution-based method and nitrogen treatment process to obtain LTO-TiO2 

nanoporous composites. Compared to the samples calcined at 700 °C and 800 °C, 
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LTO-T-NPs precursor, calcined at 750 °C, exhibited high capacity and improved 

cyclic stability and rate capability when used as lithium ion battery electrodes at both 

room temperature and the elevated temperature of 55 °C. The improved 

electrochemical performance can be attributed to the synergistic effects of 

nanostructure, the composition of phases in the product, and surface defects derived 

from nitrogen treatment. These effects contribute to enhancing structural/interface 

stability and improving lithium storage capacity by offering more grain boundary 

interface during cycling. This proposed synthesis and calcination strategy will provide 

a novel and feasible method for the synthesis of metal oxide composites, and also 

open up new avenues to the development of high-performance nanostructures in 

electrochemical energy storage and relevant fields.  

C. Ni-Doped Li4Ti5O12-TiO2 Composites as Anode Materials for LIBs 

1. Experimental procedure 

  Ni-doped Li4Ti5O12-TiO2 nanoporous composites have been synthesized in two 

steps. First, Li4Ti5O12-TiO2 (LTO-T) nanoporous precursors were synthesized by a 

one-step procedure at room temperature. Typically, 1.3473 g (32.1 mM) of 

LiOH·H2O (ACS, Alfa Aesar) and 2.1632 mL of hydrogen peroxide (ACS, 30.0-32.0 

%, Fisher Chemical) were mixed in 20 mL deionized (DI) water at ambient 

temperature. The solution was stirred for 10 min using a magnetic stirrer. Then, 2 mL 

(6.6 mM) of titanium (IV) isopropoxide (TIP, 97%, Sigma-Aldrich) was added 

drop-wise to the solution without using any surfactant. The light yellow suspension 
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was kept static and aging for 1 h before the precipitates were removed and washed 

with DI water three times. The obtained product was dried in air at 40 °C. Then, 0.19 

g of the as-prepared product was dispersed in 100 mL of nickel chloride (98%, 

Anhydrous, Alfa Aesar) solution (0.008 mM) under constant stirring for 1 h. After 

that, it was washed three times by DI water to remove excess ions and dried in air at 

40 °C. Finally, the obtained precursors were calcined at 750 °C for 2 h. For 

comparison, LTO-T-NPs powders without Ni-doping were also calcined under the 

same conditions. Within this study, the samples are designated as LTO-P (precursor), 

LTO-T-Ni (after Ni ion-exchange process and calcination), and LTO-T (after 

calcination without Ni ion doping), respectively. Structural characterization and 

electrochemical evaluation were similar to the previous chapters. 

2. Results and discussion 

2.1 Structural and morphological analysis  

Figure 4-11a shows a typical scanning electron microscope (SEM) image of the 

precursor (LTO-P) for the Li4Ti5O12 nanoporous composite prepared at room 

temperature. The SEM image clearly shows that the as-synthesized structure was 

composed of amorphous interconnected nanoparticles, which had diameters of around 

100 nm. After calcination, LTO composites with and without Ni ion doping (LTO-T, 

LTO-T-Ni) exhibited no fundamental morphology difference in their SEM images 

(Figure 4-11b and 4-11c). In addition, they both showed some sintering neck between 

particles compared with the precursor. While the ion-exchange process had negligible 

influence on the morphology of prepared samples, it did produce obvious differences 
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in crystallinity, chemical bonding, and surface area as determined by XRD patterns, 

FT-IR spectra, and nitrogen adsorption isotherms (to be discussed later). 

  

Figure 4-11. SEM images of LTO nanoporous structures obtained after different 

processes: a) LTO-P fabricated at room temperature, b) LTO-T composite calcined at 

750 °C for 2 h, and c) LTO-T composite doped with nickel ions and calcined at 750 

°C for 2 h. 

  The effect of Ni ion doping on the crystallinity evolution of LTO composites was 

studied by X-ray diffraction (XRD) and the patterns are shown in Figure 4-12. After 

calcination at 750 °C for 2 h, both samples exhibited the spinel phase Li4Ti5O12 (PDF 

No. 00-049-0207, space group Fd m(227), a= 8.36 Å) and rutile-TiO2 (PDF No. 

03-065-0191) (Fig. 2). In addition, compared with the undoped sample, the Ni-doped 

sample showed additional diffraction peaks of anatase-TiO2 (PDF No. 01-071-1168), 

which is a low-temperature phase that transforms into rutile-TiO2 at a higher 

temperature. 

3
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Figure 4-12. XRD patterns of as-prepared LTO composites LTO-P, and 

corresponding samples doped with and without nickel ions calcined at 750 °C for 2 h. 

  This result indicates that nickel ions inhibit the phase transition from anatase to 

rutile. This inhibition effect has widely been observed in our previous work. The 

diffraction peaks in the Ni-doped sample shifted slightly towards a lower diffraction 

angle compared to peaks in the patterns of the undoped samples, indicating that the 

incorporation of nickel ions increased lattice parameters, which may be favorable for 

reversible lithium ion insertion.50,51 The LTO-T-Ni had a larger lattice value of a 

(8.2237 ± 0.0015 Å) for LTO than that of undoped sample LTO-T (a = 8.2209 ± 

0.0013 Å). In addition, the crystallite size of LTO-T-Ni (24.3 nm) and LTO-T (26.6 

nm) were also different, which would affect their specific surface area after 

calcination (to be discussed later). 

  To investigate the doping effect of the ion-exchange process, surface element 

compositions of LTO-T-Ni was studied by XPS. As shown in Figure 4-13, two 

distinct peaks at binding energies of 855.6 and 873.0 eV are observed in the Ni 2p 
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high-resolution spectrum, which correspond well to the Ni 2p3/2 and Ni 2p1/2 peaks 

of Ni2+.52,53 In addition, two satellite peaks at 861.6 and 879.1 eV can be attributed to 

2p3/2 sat and 2p1/2 sat of NiO.54 This suggests that the doped nickel ions’ oxidation 

state did not change after calcination. The concentration of doped Ni was further 

confirmed by inductively coupled plasma mass spectrometry (ICP-MS). The weight 

ratio of Ni in LTO-T-Ni was approximately 0.36%. 

 

Figure 4-13 XPS spectra of as-prepared LTO composites doped with nickel ions 

calcined at 750 °C for 2 h. 

  In addition, the doping effect on LTO composites can also be observed in FT-IR 

spectra. As shown in Figure 4-14, the FT-IR spectra of the LTO-T and LTO-T-Ni 

exhibited similar characteristics after calcination. The absorption peak at ~ 3403 cm-1 

was ascribed to the stretching vibration of O-H groups,55 while the absorption bands 

at ~ 1638 cm-1 were caused by the bending vibration of coordinated H2O.56 The small 

peaks at ~ 2362 and 2331 cm-1 were attributed to the stretching and bending vibration 

of C-O group,57 which may be derived from the gas-phase CO2 in the sample 

compartment of the IR spectrometer. 
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Figure 4-14. FT-IR spectra of LTO composites doped with and without nickel ions 

calcined at 750 °C for 2 h. The arrow shows the extra peak existing at ~668 cm-1 in 

LTO-T-Ni. 

  However, the peak in LTO-T at ~595 cm-1 was likely due to the vibration of Ti-O 

bond,58 while the similar peak in the LTO-T-Ni was located at ~530 cm-1. The 

decrease in FT-IR frequency of Ti-O for the Ni-doped sample may be due to the 

smaller particle size,59 which agrees well with the BET result to be discussed later. In 

addition, there was an extra peak existing at ∼ 668 cm−1 in LTO-T-Ni, which can be 

ascribed to the doped Ni ions in the composites as this peak was absent in the 

undoped sample.60   

  Ion doping also affects the specific surface area of LTO composites after 

calcination. Here, we studied the surface area of different samples before and after 

calcination by using nitrogen adsorption-desorption measurements. Figure 4-15a 

shows the nitrogen adsorption-desorption isotherm curves of LTO-P, LTO-T, and 

LTO-T-Ni. The specific surface areas of these three samples were calculated using the 
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Figure 4-15.  a) Nitrogen-adsorption–desorption isotherms and b) pore-size 

distribution curves of as-prepared LTO nanocomposite precursor, and corresponding 

samples doped with and without nickel ions after calcination at 750 °C for 2 h. 

Barrett-Joyner-Halenda (BJH) method to be 71.6 m2 g-1, 1.6 m2 g-1, and 2.3 m2 g-1, 

respectively. All these three samples had type I isotherm curves and exhibited no 

adsorption hysteresis.30 Figure 4-15b shows the corresponding pore-size distribution 

curves of these samples. It can be observed that pores with sizes of less than 100 nm 

decreased noticeably after calcination, which is consistent with the theory that thermal 

treatment decreases the specific surface area of materials because of particle growth 

and agglomeration.32 However, LTO-T-Ni still exhibited more pores (< 50 nm) after 

calcination, which agrees well with the result that LTO-T-Ni possessed a larger 

specific surface area than LTO-T after calcination. The reason could be attributed to 

the doped ions that act as nucleation barriers to inhibit the crystallization and phase 

transition process during calcination. As a result, doped LTO-T-Ni has extra 

low-temperature phase (anatase) and smaller grains compared with undoped LTO-T. 

Smaller grain sizes will generally result in smaller particle sizes or the same particle 
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size with larger surface roughness. In other words, a smaller grain size will lead to a 

larger surface area.7 

2.2 Electrochemical performance 

  The electrochemical performance of the prepared Li4Ti5O12 (LTO) composites with 

and without Ni doping was systematically investigated as lithium-ion storage 

electrodes. Lithium-ion insertion/extraction properties of the LTO-T-Ni and LTO-T 

electrodes were characterized by galvanostatic discharge/charge measurements at 

both room temperature and 55 °C. Figure 4-16a shows the discharge/charge voltage 

profiles of these two samples at different current densities in the voltage range of 

1.0-2.5 V vs Li+/Li tested at room temperature. As shown in this Figure, both samples 

exhibited a long flat voltage plateau around the potential of ~1.55 V at different 

current densities, which is similar to reported LTO.45 It is observed that the discharge 

capacities of LTO-T-Ni-R (R denotes that the sample was tested at room temperature) 

and LTO-T-R were 195 mAh g-1 and 184 mAh g-1 at the current density of 30 mA g-1 

(higher than the theoretical capacity of Li4Ti5O12 (175 mAh g-1), owing to capacity 

contribution from rutile-TiO2 (336 mAh g-1) whose molar ratio was estimated to be 

around 19.43 % according to ICP results, and could retain a capacity of 110-120 mAh 

g-1 at the higher current density of 500 mA g-1. The result demonstrates the 

high-performance of LTO-T composites as anode materials for LIBs. The higher 

discharge capacity of Ni-doped LTO-T composite could be attributed to the Ni ions, 

which improved the interface stability during cycling and increased the lattice 

parameters of the crystal structure for easier Li ion insertion/extraction. Similar to 
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measurements at room temperature, the discharge/charge voltage profiles of the 

samples at 55 °C are shown in Figure 4-16b. As shown in this plot, LTO-T 

composites with and without Ni doping had similar flat plateaus, similar to what is 

observed at room temperature (Fig. 4-16a). LTO-T-Ni-E (E denotes that the sample 

was tested at 55 °C) exhibited a discharge capacity of 196 mAh g-1 at the current 

density of 30 mA g-1, which was higher than that of LTO-T tested under the same 

condition (175 mAh g-1). At the high current density of 500 mA g-1, LTO-T-Ni-E 

could still deliver a higher capacity than LTO-T-E (114, 100 mAh g-1). Compared 

with the results obtained at room temperature (Figure 4-16a), it can be found that the 

sample without Ni doping had notable capacity degradation when tested at the 

elevated temperature of 55 °C. The reason can be ascribed to the excessive electrode 

and electrolyte reaction at elevated temperatures.41 However, the sample doped with 

Ni ions not only showed little capacity drop when tested at 55 °C, but also exhibited 

better rate performance compared with the undoped one. Figure 4-16c shows the 

cyclic performance profile of these two samples in a 50-cycle test at different current 

densities of 30 mA g-1, 150 mA g-1, and 500 mA g-1 in the potential window of 1-2.5 

V at both room temperature and 55 °C. As shown in this Figure, the Ni-doped sample 

exhibited higher specific capacity and better rate performance than the undoped one 

especially when tested at the elevated temperature of 55 °C. After 50 cycles at 

different current densities, LTO-T-Ni delivered a capacity of 186 and 191 mAh g-1 at 

55 °C and room temperature, respectively. However, LTO-T only exhibited a 

corresponding capacity of 176 and 166 mAh g-1. Above results suggest that Ni doping 
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will enhance the performance of the LTO-T composites, and also has notable stability 

effects on the electrode at elevated temperatures.  

 

Figure 4-16. Electrochemical performance of LTO-T-Ni and LTO-T: galvanostatic 

discharge/charge voltage profiles cycled at different current densities at room a) and 

elevated temperatures of 55 °C b); c) discharge capacity vs. cycle number of 

LTO-T-Ni and LTO-T cycled at different current densities of 30, 150, and 500 mA 

g-1 at both room temperature and 55 °C; d) cyclic performance of LTO-T-Ni and 

LTO-T at the current density of 30 mA g-1 at the same temperatures of c). 

  To further investigate the effect of Ni ion doping on the electrode property of cyclic 

stability, above two samples were tested using a small constant current density of 30 

mA g-1 for 50 cycles both at room temperature and 55 °C. As shown in Figure 4-16d, 

obvious capacity degradation can be observed between the initial and subsequent 
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cycles in all tests, which can be ascribed to side reactions during electrode/electrolyte 

interface formation or impurity phase over the LTO/TiO2 surface.23 After this 

degradation, samples LTO-T-R and LTO-T-E showed noticeable capacity fading in 

the following cycles. Finally, they delivered capacities of 154 mAh g-1 and 144 mAh 

g-1 at the 50th cycle for the tests at room temperature and 55 °C, respectively. The 

corresponding capacity retention rates were 72% and 81%. In comparison, samples 

LTO-T-Ni-R and LTO-T-Ni-E only experienced minor decrease after the initial 

degradation: LTO-T-Ni-R delivered a capacity of 205 mAh g-1 in the second cycle 

and decreased to 184 mAh g-1 in the 50th cycle, with a capacity retention rate of 90%. 

LTO-T-Ni-E delivered a capacity of 198 mAh g-1 in the second cycle and decreased 

to 190 mAh g-1, with a capacity retention rate of 96%. The results indicate that 

Ni-doped LTO nanocomposites have good cyclic stability under these operating 

conditions. In addition, they were remarkably stable when tested at the elevated 

temperature of 55 °C. These capacities are higher than those of carbon-coated LTO 

composites,23 La-doped LTO,17 and mesoporous Au/LTO spheres61 reported in other 

papers. In addition, these values are still higher than that of the LTO-TiO2 (S-750-N) 

reported in part A, suggesting the strategy of doping together with nitrogen 

calcination is a better approach than either of them. 

  To clarify the effects of Ni ion doping on the electrochemical properties of LTO 

nanocomposites, electrochemical impedance spectroscopy (EIS) was used to probe 

the kinetic properties of samples LTO-T-Ni and LTO-T before and after cycling. As 

shown in Figure 4-17a, the equivalent circuit (Figure 4-17a inset): Rs, Rf, and Rct are 
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ohmic resistance (total resistance of the electrolyte, separator and electrical contacts), 

film resistance, and charge transfer resistance respectively; Zw represents the Warburg 

impedance of Li ion diffusion into active materials; CPE is the constant phase-angle 

element, symbolizing double layer capacitance. The system resistances of Rs and Rf 

are similar for LTO-T-Ni and LTO-T because of the fact that both materials are 

grown directly on the substrates that are used as current collectors, which ensures 

good electrical conductivity in the electrodes. Before cycling, the charge transfer 

resistance Rct of LTO-T-Ni was 97 Ω. After cycling at room temperature and 55 °C, 

the charge transfer resistance decreased to 57 Ω and 51 Ω, respectively. However, for 

the undoped sample LTO-T, the charge transfer resistance was 88 Ω before cycling, 

and increased to 94 Ω and 109 Ω after cycling at room temperature and 55 °C, 

respectively (Figure 4-17b). Before cycling, the Ni-doped sample exhibited higher 

resistance than the undoped one, which can be ascribed to the formation of a more 

complicated electrode/electrolyte interface induced by ion doping. After 

electrochemical cycling, it showed lower Rct, which fits well with its higher discharge 

capacity, better rate capability, and cyclic stability. 

  Based on the above results, the much improved electrochemical performance of the 

Ni-doped LTO nanoporous composites could be attributed to the following aspects: 

(1) an appropriate composition of TiO2 and LTO in the composites increased the 

relatively low capacity of pure LTO by offering more grain boundary interfaces for 

Li+ ion insertion/extraction reactions [36, 40, 41];7,49,31 (2) the existence of Ni2+ ions 

induced an increased lattice parameters of the crystal structure, which made lithium 
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ions insertion into electrodes easier;40 (3) Ni ions contributed to the formation of a 

more favorable electrode/electrolyte interface during cycling. This interface enhanced 

the performance of electrodes through increased conductivity (lower resistance and 

better rate performance) and improved interface stability. All these reasons explain 

why the Ni-doped sample LTO-T-Ni possessed better electrochemical performance 

than the undoped one LTO-T.  

 

Figure 4-17.  a) Nyquist plots of LTO-T-Ni before cycling (LTO-T-NiB) and after 

cycling at room temperature (LTO-T-Ni-R) and the elevated temperature of 55 °C 

(LTO-T-Ni-E). The inset shows the equivalent circuit used for fitting the 

experimental EIS data; b) Nyquist plots of LTO-T before cycling (LTO-T-B) and 

after cycling at room temperature (LTO-T-R) and the elevated temperature of 55 °C 

(LTO-T-E).   

3. Conclusions  

  In summary, Ni-doped LTO nanoporous composites have been synthesized through 

a simple solution-based method and ion-exchange process at room temperature 

followed by calcination. Compared to undoped LTO-T composites, the Ni-doped 

sample exhibited high capacity, improved rate capability and excellent cyclic stability 



 122 

when used as lithium ion battery electrodes tested at both room temperature and 55 

°C. This improvement can be ascribed to the roles of nickel ions in improving the 

electrode/electrolyte interface stability, increasing lattice parameters, and reducing the 

charge transfer resistance during repeated lithium ion insertion. The simple surface 

doping process can be easily scaled up at room temperature, and requires only thermal 

treatment to obtain final products. The method presented here can also be adopted to 

synthesize other doped metal oxide composites, and will also open up new 

opportunities in the development of high performance materials used in lithium ion 

batteries and relevant fields. 
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HIERARCHICAL NANOSTRUCTURES USED AS ANODE 

MATERIALS FOR LITHIUM-ION BATTERIES 

A. Introduction 

  The previous work has proved that surface-modified TiO2, Li4Ti5O12 

nanostructured materials are promising candidate anode materials for the next 

generation of LIBs. However, due to their relatively low intrinsic specific capacities 

(TiO2, 335 mAh g-1; Li4Ti5O12, 175 mAh g-1), some other work still need to be done 

that could further enhance the materials’ capacities without the sacrifice of much 

cyclic stability and wide using temperature ranges.  

  During the past few years, molybdenum disulfide (MoS2) has become the subject of 

significant attention as a battery anode material,1,2 because of its high theoretical 

specific capacity (670 mAh g-1) and layered structure that enables the convenient 

intercalation/extraction of Li+ ions.3 Thus far, various nanostructures of MoS2 such as 

nanoflakes,4 nanoplates,5 and nanoflowers6 have been reported for lithium storage. 

However, a larger volumetric expansion occurs in these MoS2-based anodes during 

the conversion reaction of MoS2 to LiS2 upon lithiation (103%), which causes severe 

pulverization, particle aggregation, and unstable solid electrolyte interphase, hence 

resulting in poor cyclic stability, rate capability, and first cycle irreversible capacity 

loss.7 By adopting kinds of carbon coating techniques, many researchers had 

improved the stability as well as rate capability of MoS2 as anode materials.3,8 

However, the introduced carbon materials give rise to low volumetric energy density 
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or have limited effects on the enhancement of cyclic stability of the bare MoS2.
6,7 

Therefore, it is still highly desirable to improve the performance of MoS2 by rational 

design of MoS2 based hybrid nanocomposites. 

  Inspired by these findings, in this chapter, two different kinds of MoS2 hierarchical 

nanostructures are designed. First, we developed a facile and scalable synthesis of 

MoS2 decorated LTO nanosheet arrays (MoS2@LTO) grown directly on Ti foil 

through a two-step strategy of hydrothermal reactions (part A). Second, we 

demonstrated a three-step strategy to synthesize a novel TiO2/MoS2 core-shell 

nanospheres via a facile microwave-assisted hydrothermal reaction, which is much 

faster than the traditional hydrothermal method and easy to scale-up for practical 

manufacturing (part B). These novel hierarchical nanocomposites have not been 

reported before. The as-prepared samples exhibited higher electrochemical 

performance than the previous ones obtained in chapter 2-4. Moreover, the 

binder-free MoS2@LTO electrodes composed of free-standing nanoarrays grown on 

bendable substrates can potentially be applied in flexible electronics. 

B. Synthesis of Nano-MoS2 Decorated Self-supported Li4Ti5O12 Nanosheet Arrays 

1. Experimental procedure 

  Molybdenum disulfide decorated Li4Ti5O12 (MoS2@LTO) nanocomposite was 

synthesized in two steps. First, Li4Ti5O12 nanosheet arrays were synthesized through a 

hydrothermal process and further calcination using a similar hydrothermal metal 

corrosion approach according to the literature.9-11 In a typical synthesis process, Ti 
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foil disc (0.127 mm thick, 99%, Alfa Aesar) with a diameter of ~16 mm was 

immersed in a Teflon-lined stainless steel autoclave (Parr Instrument Co.) containing 

LiOH solution (12.8 mL, 0.09 M), which was heated to 200 °C and kept static for 24 

h. After this treatment, the autoclave was cooled down to room temperature. The 

obtained Ti foil was washed with deionized water (DI) water three times and dried in 

air at 50 °C. Then, the prepared sample was calcined at 550 °C for 3 h in air to get the 

spinel LTO nanosheet arrays for further treatment. Second, the as-prepared foil was 

again immersed in a glucose solution (99%, anhydrous, Alfa Aesar) (30 mL, 1.5 mM) 

mixed with sodium molybdate (ACS, 98%, Alfa Aesar) (10 mg) and thiourea (ACS 

reagent, 99.0%, Sigma-Aldrich) (20 mg). The mixture was then transferred to the 

autoclave, heated to 200 °C and kept static for 24 h. After the autoclave was left to 

cool down to room temperature, the obtained foil was washed and further calcined at 

500 °C for 4 h in an atmosphere of 10% H2 balanced by N2 to obtain the final product 

of MoS2@LTO composites. For comparison, LTO nanosheet arrays without adding 

MoS2 were also prepared during the first step of hydrothermal reaction and 

calcination. The structural characterization is similar to the formal chapters.  

  For the electrochemical evaluation, the weight of MoS2@LTO nanocomposites on 

Ti foil was calculated by carefully measuring the total weights of the Ti foil before 

and after growth of MoS2@LTO nanocomposites. The loading density of 

MoS2@LTO was calculated to be 1.005 mg cm-2. The Ti foil with MoS2@LTO 

grown on one face was used as the work electrode.  
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2. Results and discussion 

2.1 Morphological and structural analysis 

  The overall fabrication process of MoS2 decorated LTO nanosheet arrays 

(MoS2@LTO), which is illustrated in Figure 5-1, involves three steps. First, the 

self-supported LTO 2D nanosheet arrays were fabricated on a Ti foil substrate via a 

hydrothermal process followed by calcination in air. Then, part of the MoS2 

nanosheets grew on the surface of LTO nanosheet arrays with the assistance of 

glucose through another hydrothermal reaction. Meanwhile, the rest of MoS2 

nanosheet-assembled spheres grew in the spaces between LTO arrays. Finally, the 

hydrothermal MoS2@LTO sample was calcined at 500 °C for 4h in an atmosphere of 

10% H2 balanced by N2 to obtain the annealed MoS2@LTO nanocomposites. 

 

Figure 5-1. Schematic illustration of the fabrication process of the MoS2@LTO 

nanocomposites. 

  Figure 5-2 shows the scanning electron microscope (SEM) images of the precursor 

of LTO nanosheet arrays (LTO-P) and the MoS2@LTO nanocomposites. As shown in 

Figure 5-2a and 5-2b, after the first hydrothermal reaction and calcination, the Ti foil 
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substrate was uniformly covered vertically oriented aligned rectangular LTO 

nanosheets with a width of several hundred nanometers and thickness around 16 nm. 

These well-aligned LTO nanosheet arrays grew in tight contact to the Ti foil and had 

a yellow-green color (inset of Figure 5-2a). After another hydrothermal growth and 

calcination at 500 °C in an atmosphere of 10% H2 balanced by N2 for 4 h, 

MoS2@LTO nanocomposites were formed with spheres of MoS2 sheets, several 

hundred nanometers in diameter, on the surface of and in between the LTO 

nanosheets (Figure 5-2c and 5-2d). The color of the sample turned from yellow-green 

to black, indicating that MoS2 nanosheets uniformly covered on the as-obtained LTO 

nanostructures (inset of Figure 5-2c). The X-ray diffraction (XRD) patterns of the 

LTO-P and MoS2@LTO indicated the formation of spinel LTO and MoS2. As shown 

in Figure 5-3, before it was decorated with MoS2, LTO-P exhibited the spinel phase 

Li4Ti5O12 (PDF No. 00-049-0207, space group Fd 3m(227), a= 8.36 Å), and 

diffraction peaks have been indexed in this figure. In addition, a tiny diffraction peak 

of anatase-TiO2 also appeared in this pattern. After the further hydrothermal coating 

reaction and calcination, the diffraction peaks of MoS2 appeared (PDF No. 

01-077-1716, space group P63/mmc, a= 3.16 Å, c= 12.29 Å) together with the 

decreased intensities of LTO peaks, indicating the successful synthesis of 

MoS2@LTO composites. The EDS spectrum further confirmed the presence of MoS2 

in the final hierarchical nanocomposites (Figure 5-4). 
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Figure 5-2. SEM images of samples obtained after different processes: low a) and 

high-magnification b) SEM images of LTO-P fabricated through hydrothermal 

reaction and further calcination at 550 °C for 3h; low c) and high-magnification d) 

SEM images of MoS2@LTO reacted and calcined under the H2@N2 atmosphere at 

500 °C for 4 h. 

  X-ray photoelectron spectroscopy (XPS) was employed to further investigate the 

surface composition of the MoS2@LTO nanocomposites. As shown in Figure 5-5a, 

the two peaks at binding energies of 229.7 and, 232.8 eV (the error is ±0.1 eV), 

correspond well with the Mo 3d5/2 and Mo 3d3/2 peaks of Mo4+, respectively.12,13 In 

addition, there is another peak at a binding energy of 226.8 eV that can be ascribed to 

the S 2s peaks of nanostructured MoS2.
12 Figure 5-5b shows two peaks at 162.6 and 
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Figure 5-3. XRD patterns of the as-prepared LTO-P, and MoS2@LTO 

nanocomposites. 

 

Figure 5-4. EDS spectrum of MoS2@LTO nanocomposites. 

163.8 eV (error is ±0.1 eV), corresponding to S 2p3/2 and S 2p1/2, comparable to that 

reported in the literature for nano-MoS2.
12 This result suggests that the calcination 

under H2@N2 gas can successfully obtain pure crystalline nano-MoS2 without 

oxidized side products (Figure 5-5c) such as molybdenum oxides and sulphides, 
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which are often observed in MoS2 nanocomposites,14,15 and which can interfere with 

electrochemical performance tests. The exact concentrations of LTO and MoS2 (wt% 

of LTO and MoS2) were further confirmed by inductively coupled plasma mass 

spectrometry (ICP-MS). The weight ratio of LTO and MoS2 were approximately 

33.5%, 67.5%, respectively. 

 

 

 Figure 5-5. XPS spectra of MoS2@LTO nanocomposites: a) Mo 3d and S 2s peaks 

and b) S 2p peaks, c) the wide spectrum of MoS2@LTO nanocomposites, only signals 

arising from MoS2 and Li4Ti5O12; no other impurities were observed. 

2.2 Electrochemical performance 

  The as-synthesized MoS2@LTO nanocomposites on Ti foil were directly used as a 

binder-free anode for LIBs to construct a coin cell for electrochemical tests. There 
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might be some residual carbon existing in the prepared electrode due to the pyrolysis 

of glucose during the hydrothermal reaction.16 The lithium-ion insertion/extraction 

properties of MoS2@LTO electrodes were investigated by cyclic voltammetry (CV) 

and galvanostatic discharge/charge measurements. Figure 5-6a shows CV curves of 

the MoS2@LTO nanocomposites for the 1st, 2nd, and 5th cycles, collected at a 

scanning rate of 0.1 mV s-1 in a potential window of 1-2.5 V vs. Li+/Li. In the initial 

cathodic scan (discharge process), the sharp reduction peak at ~1.10V suggests the 

presence of a lithium insertion mechanism, which can be attributed to the insertion of 

lithium ions into MoS2, thus forming LiMoS2.
6 This peak disappeared and a new 

reduction peak at ~1.33 V can be observed in the subsequent cycles, indicating that 

MoS2 experienced an irreversible phase transition in the initial discharge process.17 

Another sharp reduction peak at ~1.55 V, which was present in all cycles, was 

associated with insertion of spinel LTO lattice.18 In the anodic scan (charge process), 

there were two dominant oxidation peaks at ~2.30 V and ~1.61 V with some intensity 

decrease in the following cycles, which were assigned to two major reversible 

conversion reactions of Li2S to sulfur (S) and Li4+xTi5O12 to Li4Ti5O12, respectively. 

The weak cathodic/anodic peaks at ~1.72 V and ~2.01 V corresponded to the 

lithiation of the slight amount of TiO2,
18 which agrees well with the XRD results 

(Figure 5-3). The charge/discharge voltage profiles of the MoS2@LTO 

nanocomposites in the 1st, 2nd, 5th, and 70th cycles at a current density of 100 mA 

g-1, tested at room temperature is shown in Figure 5-6b. In agreement with the CV 

results, after initial discharge, the plateau at ~1.10 V was replaced by the new plateau 
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at ~1.33 V in the discharge curves, and the charge/discharge plateaus at ~2.30 V and 

~1.33 V is similar to reported MoS2.
6 Another clear charge/discharge plateau at ~1.55 

V in all cycles was ascribable to the redox reaction of Ti4+/Ti3+ for LTO,18  also 

consistent with the previous CV results. In the initial cycle, the MoS2@LTO 

composites delivered a discharge and charge capacities of 705 mAh g-1 and 486 mAh 

g-1, respectively, corresponding to a Coulombic efficiency of 69%, which may be due 

to the irreversible electrochemical decomposition of the electrolyte and the formation 

of a complicated interface.1,19,20 After this capacity degradation, some capacity loss 

can be observed, the discharge and charge capacities were 488 mAh g-1 and 466 mAh 

g-1, respectively, showing a Coulombic efficiency of 95%. This value was even larger 

in the subsequent cycles. After 70 cycles at the current density of 100 mA g-1, 

MoS2@LTO still delivered a reversible capacity of 433 mAh g-1 (0.435 mAh cm-2), 

corresponding to a Coulombic efficiency of 99%. Furthermore, it also should be noted 

that the MoS2@LTO composites still showed a relatively large charge/discharge 

voltage hysteresis similar to the reported MoS2 composites,3,19 which makes it not 

ideal as a good anode material. Thus, further work need to be done to investigate the 

factors associated with this voltage hysteresis and to improve it.   

  Figure 5-6c displays the rate performance of the MoS2@LTO composites at 

different current densities from 100mA g-1 to 5000 mA g-1. For comparison, the bare 

LTO nanosheet arrays without MoS2 was also tested. As shown in this plot, 

MoS2@LTO delivered a capacity of 488 mAh g-1 at a current density of 100 mA g-1 

after an initial capacity degradation, and retained a capacity of 433 mAh g-1 after 70 
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cycles at different current densities, indicating the good cyclic stability. The 

theoretical capacity of the MoS2@LTO nanocomposites can be calculated as follows 

19,21: 

 

  The above result indicates that the MoS2@LTO nanocomposites can deliver a 

stable capacity over 85% of their theoretical value even after 70 cycles at different 

current densities. Meanwhile, this nanocomposite electrode also exhibited excellent 

rate capability with a reversible capacity of 173 mAh g-1 even at a high current 

density of 5000 mA g-1. As a comparison, the bare LTO nanosheet arrays only 

delivered capacities of 173 mAh g-1 and 52 mAh g-1 at current densities of 100 mA g-1 

and 5000 mA g-1, respectively. 
 

  More significantly, a crucial parameter for lithium-ion batteries addressed to the 

storage of renewable energy sources, is the capability to sustain efficient operation 

over a wide temperature range. Figure 5-6d shows the MoS2@LTO electrode tested 

over a temperature excursion spanning from -15 to 55 C at a relatively large current 

density of 500 mA g-1 for 100 cycles. As shown in this plot, MoS2@LTO delivered a 

capacity of 315 mAh g-1 after 100 cycles with a capacity retention ratio of 93% at 

room temperature (25 C). Compared to the measurement at room temperature, when 

tested at -15 C, it exhibited a little lower capacity of 270 mAh g-1 but better cyclic 

stability (98% of capacity retention after cycling). After increasing the test 

temperature to 55 C, it still delivered a capacity of 299 mAh g-1 with decent cyclic 

stability (86% of capacity retention after 100 cycles). These results indicate that the 
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prepared nanocomposites fulfilled the requirement of working over a wide 

temperature range. Furthermore, even at these extreme temperatures for ordinary use, 

the sample still cycled with a stable capacity delivery.  

  Finally, the cyclic stability of MoS2@LTO electrode was tested for 1000 cycles at 

room temperature. As shown in Figure 5-6e, even at a large current of 5000 mA g-1, 

MoS2@LTO nanocomposite still retained a capacity of 174 mAh g-1 after 1000 cycles 

with a capacity loss of only 2.1%. Meanwhile, the Coulombic efficiency is 

approximately closes to 100% during the whole measurement. The better cyclic 

stability at large current density can be ascribed to the high-surface-area of prepared 

MoS2@LTO nanocomposite, in which the interfacial storage mechanism may take 

place that contribute much more at larger current densities, thereby reducing the depth 

of bulk intercalation and alleviating bulk degradation.9,22-24 After 1000 cycles at the 

current density of 5000 mA g-1, the MoS2@LTO nanocomposites still retained their 

initial morphology with no obvious change (Figure 5-7). Such a good performance at 

these current densities, especially, the performance at a such high current density 

(5000 mA g-1) is much better than that of nanostructured LTO,9 TiN-coated LTO,25 

and LTO-graphene,26 LTO-C nanotube arrays,27 and LTO-TiO2 composites.28 

  To further clarify the effects of MoS2 coating on the electrochemical properties of 

LTO, electrochemical impedance spectroscopy (EIS) was carried out for both bare 

LTO-P and MoS2@LTO after cycling at different current densities for 70 cycles. To 

obtain a fair comparison, the resistance values were normalized to the mass of the 

active material. 
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Figure 5-6. Electrochemical performance of MoS2 decorated Li4Ti5O12 

nanocomposites (MoS2@LTO) and bare Li4Ti5O12 nanosheet arrays (LTO-P): a) 

cyclic voltammetry curves for the 1st, 2nd and 5th cycle of the MoS2@LTO at a scan 

rate of 0.1 mV s-1, b) galvanostatic charge/discharge voltage profiles of the 

MoS2@LTO nanocomposite at a current density of 100 mA g-1, c) rate performance 

of MoS2@LTO and LTO-P at different current densities, d) cycling performance of 

MoS2@LTO nanocomposite at various temperatures, e) specific capacity and 

Coulomic efficiency for 1000 cycles at a current density of 5000 mA g-1
 for 

MoS2@LTO at room temperature.  
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Figure 5-7. SEM image of MoS2@LTO after 1000 cycles at the current density of 

5000 mA g-1. 

  The Nyquist plots are shown in Figure 5-8, which were composed of depressed 

semicircle in the high frequency (HF) region, and a sloped line in the low frequency 

(LF) region. For the depressed semicircles, the generally accepted interpretation is 

that the HF semicircle is characteristic of internal resistance, including the resistance 

of the electrode–electrolyte interface, separator, and electrical contacts, which 

corresponds to the ohmic resistance (Rs) in the equivalent circuit (Figure 5 inset), and 

the middle frequency (MF) semicircle is due to the impedance of the charge transfer 

reaction at the interface of electrolyte and active material (Rct). In this plot, 

MoS2@LTO showed an extra MF semicircle compared with the bulk LTO. 

Considering that the MoS2@LTO electrodes cycling condition above 1 V (vs. Li+/Li) 

will not have a solid electrolyte interface (SEI) film, this extra MF semicircle could be 

interpreted as the resistance of the interphase electronic contacts (RI= 40Ω) between 

these two composites,29,30 and the third semicircle can be attributed to the charge 

transfer resistance (Rct). As shown in this plot, there was little difference between the 

LTO and MoS2@LTO of the resistance Rs (5.6 Ω, 6.8 Ω). However, the MoS2@LTO 
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exhibited a much smaller charge transfer resistance (Rct= 9 Ω) than that of the bare 

LTO (Rct= 76 Ω), and an obvious lower total resistance of the LTO composites can 

also be observed in this figure (55 Ω vs. 83 Ω). Given the fact that the incorporation 

of MoS2 can greatly enhance the electronic conductivity of the MoS2@LTO 

nanocomposite electrode, improved conductivity is considered to be a key factor in 

improving the rate performance, and cycling stability of the LTO nanohybrid 

composites in this study. 

 

Figure 5-8. Nyquist plots of LTO-P and MoS2@LTO after cycling, the inset shows 

the equivalent circuit used for fitting the experimental EIS data. The R terms are 

explained in the main text. 

  Based on the above results, the much improved electrochemical performance of the 

MoS2 decorated LTO nanocomposites could be attributed to the following aspects: 1) 

the LTO nanosheet arrays directly grown on Ti substrate, which is favorable for fast 

electron transport as well as retaining the morphology of nanostructures during 

cycling; 2) the interconnected robust nanosheet arrays of the LTO backbone could 

effectively accommodate the strain of the volume change of MoS2 and maintain the 
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hierarchically conductive network, which brings about high capacity and excellent 

cycling stability over a wide temperature range; 3) introduced MoS2 nanosheets 

provide high electrode/electrolyte interfacial contact areas and numerous open 

channels for the access of electrolyte and shorten the diffusion paths of Li+ ions, thus 

improving the dynamic performance of Li+ storage. All these reasons explain why the 

MoS2@LTO nanocomposites exhibited a superior electrochemical performance in 

this experiment. 

3. Conclusion 

  In summary, a novel nanohybrid MoS2@LTO composite is successfully fabricated 

through a simple hydrothermal process. Owing to the unique hierarchical structure, 

sufficient conductivity, high contact surface area, and good structure stability of the 

MoS2 decorated LTO nanosheets arrays, the prepared MoS2@LTO nanocomposites 

exhibited high revisable capacity, wide operating temperature range, remarkable rate 

capability and excellent cycling stability. This proposed synthesis strategy will 

provide a novel and feasible method for the synthesis of other composites, and such 

binder and additive free hybrid MoS2 electrodes are expected to open up new avenues 

to power flexible electronic devices. 
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C. Microwave-Hydrothermal Synthesis of MoS2/TiO2 Core-shell Nanostructures 

1. Experimental procedure 

  The synthesis procedure involves three steps. First, MoS2 nanosheet-assembled 

spheres were synthesized through a microwave-assisted hydrothermal process. In a 

typical synthesis process, 0.6 g of sodium molybdate (ACS, 98%, Alfa Aesar) was 

added to 30 mL of glucose solution (99%, anhydrous, Alfa Aesar) (0.05 M) mixed 

with thiourea (ACS reagent, 99.0%, Sigma-Aldrich) (0.6 g) under stirring. The 

mixture solution was then transferred to a Teflon-lined autoclave with a 50 mL 

capacity that was transparent to microwave irradiation. The autoclave was sealed and 

placed in the microwave oven being heated at 200 °C for 1.3 h under stirring. The 

autoclave was allowed to cool to room temperature naturally after the reaction. The 

black suspension was washed with deionized (DI) water three times and dried in air at 

50 °C. Second, the as-prepared MoS2 nanoparticles were coated with TiO2 through an 

extension of classical Stöber method.31,32 0.1 g of core MoS2 were dispersed in 

anhydrous ethanol (100 mL, >99.5%, Anhydrous, Sigma-Aldrich), and mixed with 

concentrated ammonia solution (0.5 mL, ACS, 30%, Alfa Aesar) under ultrasound for 

20 min. Afterward, 0.85 mL of tetrabutyl titanate (TBOT) (>97%, Sigma-Aldrich) 

was added dropwise for 5 min, and the reaction was allowed to proceed for 24 h at 45 

°C under continuous stirring. The resultant products were separated and collected, 

followed by washing with DI water and ethanol for 3 times, respectively. Then, the 

obtained powders were dried at 50 °C overnight. Third, the obtained samples were 

treated with another microwave-assisted hydrothermal reaction in LiOH solution 
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(1.0M) at 140°C for 1.3 h, leading to the formation of MoS2/TiO2 core-shell 

nanospheres. The final products were calcined at 400 °C for 3 h in an atmosphere of 

10% H2 balanced by N2. For comparison, MoS2 nanoparticles without coating TiO2 

were also prepared during the first step of microwave-assisted hydrothermal reaction 

and calcination. The structural characterization and electrochemical evaluation are 

similar to the formal chapters. 

2. Results and discussion 

2.1 Morphological and structural analysis 

  The overall fabrication process of core-shell MoS2/TiO2 is illustrated in Figure 5-9, 

involves three steps.  

 

Figure 5-9. Schematic illustration of the fabrication process of the MoS2/TiO2 

nanostructures. 

  First, the MoS2 nanosheets assembled spheres were synthesized through a 

microwave-assisted hydrothermal process. Second, the as-prepared MoS2 

nanoparticles were coated with titania via a simple Stöber approach using tetrabutyl 

titanate (TBOT) as a precursor. Third, the obtained MoS2/TiO2 nanoparticles were 
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microwave-hydrothermally treated in LiOH solution (1.0 M) at 140 °C, leading to the 

formation of nanosheet-based shell MoS2/TiO2 nanospheres. Finally, the prepared 

MoS2/TiO2 samples were treated at 400 °C for 3 h in an atmosphere of 10% H2 

balanced by N2 to obtain the annealed MoS2/TiO2 hybrid nanostructures. 

 

 

Figure 5-10. SEM images of samples obtained after different reaction process: a) 

MoS2 nanosheet-assembled spheres fabricated through microwave-hydrothermal 

reaction; b) MoS2/TiO2 nanoparticles prepared after sol-gel process; c) core-shell 

MoS2/TiO2 nanostructures with nanosheet-based shell reacted and calcined under 

H2@N2 atmosphere at 400 °C for 3 h. 

  Figure 5-10 shows the scanning electron microscope (SEM) images of samples 

obtained after different processes. As shown in Figure 5-10a, after the first 
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microwave-hydrothermal reaction, ultra-thin MoS2 nanosheets assembled spheres can 

be obtained, which has a mean diameter of 600 nm. After the following sol-gel 

process at 45 °C for 24 h, MoS2/TiO2 nanoparticles were formed that showed a mean 

diameter of ~700 nm (Figure 5-10b). The MoS2/TiO2 nanoparticles possessed smooth 

surface compared with MoS2 nanospheres (Figure 5-10a). After another 

microwave-hydrothermal treatment in LiOH solution (1.0 M) at 140 C for 1.3 h, 

unique nanosheet-based spheres with a mean size of ~1µm were obtained (Figure 

5-10c), and the growth followed a “partial dissolution-anisotropic growth” process 

that has been reported in our previous work.33 The X-ray diffraction (XRD) pattern of 

MoS2/TiO2 after calcination indicated the formation of MoS2 and anatase TiO2.  

 

Figure 5-11. XRD pattern of as-prepared MoS2/TiO2 nanostructures after calcination. 

  As shown in Figure 5-11, the diffraction peaks can be indexed to MoS2 phase (PDF 

No. 01-086-2308, space group P63/mmc, a= 3.16 Å, c= 12.29 Å) and antase-TiO2 

phase (PDF No. 01-086-1156, space group 141/amd, a= 3.78 Å, c= 9.51 Å), 

respectively. The detected peaks can be mainly assigned to the (003), (101), (015), 
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and (113) planes of the rhombohedral MoS2 phase and the (101), (004), (200) and 

(204) planes of the anatase TiO2 phase. The energy-dispersive spectrometry (EDS) 

spectra further confirmed the presence of Mo, Ti, S, and O in the final hierarchical 

nanostructures (Figure 5-12). 

 

Figure 5-12. EDS spectra of MoS2 a) and MoS2/TiO2 nanostructures b). 

 

Figure 5-13. a) Nitrogen adsorption/desorption isotherms and b) pore-size 

distribution curves of samples obtained after different processes. The MoS2/TiO2-P is 

represented the sample after the sol-gel reaction. 

  To further investigate the effects of microwave-hydrothermal etching on the 

surface area of prepared MoS2/TiO2 nanoparticles, nitrogen sorption measurements of 

bare MoS2 and MoS2/TiO2 nanoparticles before and after microwave-hydrothermal 

etching were shown in Figure 5-13. The specific surface areas of these three samples 
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were calculated using the Barrett-Joyner-Halenda (BJH) method to be 271.8 m2 g-1, 

5.4 m2 g-1, and 104.5 m2 g-1, respectively (MoS2, MoS2/TiO2-P and MoS2/TiO2). As 

shown in Figure 5-13a, the isotherm curves of MoS2 and MoS2/TiO2 exhibited typical 

adsorption hysteresis that belongs to type IV isotherm curves, indicating that these 

two samples have nanoporous structure, derived from the packing of the nanosheets. 

For comparison, the MoS2/TiO2 nanoparticles synthesized after the sol-gel process, 

which has type II isotherm curve with little porosity. These results agree well with the 

SEM images as shown in Figure 5-10. Figure 5-13b shows the corresponding 

pore-size distribution curves of these three samples. As shown in this figure, MoS2 

showed large porosity with pores sizes under 100 nm, while these pores have almost 

vanished after the sol-gel process (MoS2/TiO2-P). However, after the further 

microwave-hydrothermal etching, sample MoS2/TiO2 exhibited comparable pores in 

the pore sizes of less than 300 nm, which indicates that this microwave-hydrothermal 

etching is a useful way to increase the surface area of as-prepared MoS2/TiO2 

nanoparticles, thus leading to a favorable structure for the lithium ion transportation. 

2.2 Electrochemical performance 

  The calcined MoS2/TiO2 hybrid nanostructures were then assembled into 

two-electrode coin type cells to investigate the electrochemical performance with the 

Li metal as the counter-electrode. For comparison, the bare MoS2 nanosheet-based 

spheres without coated TiO2 were also tested. Figure 5-14a shows the cyclic 

voltagrams (CVs) of MoS2 and MoS2/TiO2 electrodes at a scan rate of 0.1 mV s-1 in a 

potential window of 0.2~2.5 V versus Li+/Li for the first cycle. As shown in this 
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figure, for the sample MoS2/TiO2, there were three reduction peaks located at ~0.56, 

1.10, and 1.61 V in the initial cathodic sweep (discharge process) (Figure 5-14a). The 

peak at ~1.12 V corresponds to the Li ion insertion into MoS2.
6,34 The pronounced 

peak located at ~0.56 V corresponds to the decomposition of MoS2 into Mo 

nanoparticles embedded in a Li2S matrix, which is based on the conversion reaction:35  

                                     (1)        

  

 

Figure 5-14. Electrochemical performance of MoS2/TiO2 core-shell nanostructure 

and bare MoS2 nanospheres: a) cyclic voltammetry curves at a scan rate of 0.1 mV s-1, 

b) galvanostatic charge/discharge voltage profiles of first and third cycles at a current 

density of 200 mA g-1, c) rate performance of samples at different current densities at 

room temperature and 55 °C. 

  
MoS

2
+ 4Li+ + 4e- ® Mo+ 2Li

2
S



 151 

The disappearance of both of the reduction peaks in the following cycle suggested the 

irreversibility in the conversion of MoS2 into Li2S and Mo.6 Another reduction peak 

at ~1.61 V, which was present in these two cycles, was associated with Li ion 

insertion of anatase TiO2 following reaction:36  

                
  
TiO

2
+ xLi+ + xe- ® Li

x
TiO

2
(0 < x <1)                 (2) 

Meanwhile, there are two dominant oxidation peaks located at ~2.01 and 2.30 V in 

the anodic sweep (charge process) in these two cycles, which are attributed to the two 

major reversible conversion reactions of LixTiO2 to TiO2 and Li2S to sulfur (S), 

respectively. As the comparison, the CV curve of bare MoS2 only showed similar 

oxidation/reduction peaks for MoS2 during the cathodic/anodic sweep. These results 

illustrate that the hybrid nanostructures of MoS2/TiO2 play a major role in the 

electrochemical performance, and the TiO2 shell also makes a contribution to the 

charge/discharge capacity. Figure 5-14b displays the charge/discharge voltage profiles 

of these two samples in the first and third cycles at the current density of 200 mA g-1, 

tested at room temperature. In the initial cycle, MoS2/TiO2 showed three plateaus 

located at ~0.56, 1.10, and 1.60 V on the charge curve, suggesting the three-step 

lithiation process; and the other two plateaus at ~2.01 and 2.30 V during discharge 

process corresponded to the reversible Li+ extraction. For the bare MoS2, there were 

three plateaus located at ~0.51, 1.10, and 2.30 V during the charge/discharge process 

correspond to the Li ion extraction/insertion only for MoS2 phase. In the third cycle, 

the plateaus at ~0.46 and 1.10 V disappeared in the discharge process for the both two 

samples, and the charge/discharge plateaus at ~2.30, 1.61, and 2.0 V are similar to 
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report MoS2 and TiO2,
6,35 which are also in accordance with the previous CV profiles 

(Figure 5-13a). In the initial cycle, MoS2/TiO2 nanostructures delivered relatively 

lower discharge and charge capacities of 454 mAh g-1 and 353 mAh g-1 compared to 

the bare MoS2 (487, 380 mAh g-1), indicating the contribution of TiO2 to the 

charge/discharge capacity. In the following cycles, there was an obvious capacity 

degradation for these two samples due to the formation of the solid electrolyte 

interface (SEI) film and the irreversible reaction between Li and MoS2/TiO2 as 

indicated in reactions (1) and (2). The discharge and charge capacities were 354, 315 

and 368, 351 mAh g-1 for MoS2/TiO2 and MoS2 at the 3rd cycle, respectively. In 

addition, it also should be noted that the MoS2/TiO2 composites still showed a 

relatively large charge/discharge voltage hysteresis similar to the reported MoS2 

composites,3 which makes it not ideal as a good anode material. Thus, further work 

needs to be done to investigate the factors associated with this voltage hysteresis and 

to improve it. 

  Figure 5-14c shows the cycling performance of MoS2/TiO2 and MoS2 in the 

60-cycle test at room temperature under different current densities from 100 mA g-1 to 

1000 mA g-1. As shown in this plot, the bare MoS2-R exhibited a higher discharge 

capacity of 487 mAh g-1 in the initial cycle than the MoS2/TiO2-R (454 mAh g-1) at 

the current density of 200 mA g-1. However, this capacity dropped continuously, with 

a capacity of 298 mAh g-1 left after 10 cycles and the capacity retention rate was only 

61%. Furthermore, when the current density was increased to 500 mA g-1 at the 11th 

cycle, the capacity dropped to 155 mAh g-1, and this capacity will further decrease to 
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90 mAh g-1 while the current density was increased to 1000 mA g-1 at the 21st cycle. 

After the current density was decreased to 100 mA g-1 at the 31st cycle, the discharge 

capacity increased to 580 mAh g-1. After 30 cycles, it only exhibited a discharge 

capacity of 207 mAh g-1 with the continuous decrease, and its capacity retention rate 

is 36%. In contrast, MoS2/TiO2-R started with a relatively lower initial discharge 

capacity of 457 mAh g-1 but experienced much less capacity degradation in the first 

10 cycles. In addition, when the current density is decreased to 100 mA g-1 at the 31st 

cycle, MoS2/TiO2-R delivered a discharge capacity of 462 mAh g-1 which showed 

little capacity fading in the following 30 cycles and was still as high as 410 at the 60th 

cycle with the capacity retention of 89%.  

  In addition, it is well-known that when the testing temperature of lithium ion 

batteries is increased to more than 50 °C, the capacity of batteries increases at the cost 

of cyclic stability.33 So in our study, we also tested the cycling performance of 

MoS2/TiO2 hybrid nanostructures at an elevated temperature of 55 ºC (denoted as 

MoS2/TiO2-E). The result is also shown in Figure 5-14c. MoS2/TiO2-E delivered a 

higher discharge capacity of 703 mAh g-1 than that of the MoS2/TiO2-R, and had a 

similar capacity degradation in the initial cycle when tested at the current density of 

200 mA g-1. After this capacity degradation, some capacity loss can be observed; the 

discharge capacity was 560 mAh g-1 at the 10th cycle with a decent capacity retention 

ratio of 80%. When the current density is decreased to 100 mA g-1 at the 31st cycle, 

the discharge capacity recovered to 801 mAh g-1 and showed reasonable capacity 

fading in the following cycles. Finally, MoS2/TiO2-E delivered a capacity of 659 mAh 
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g-1 at the 60th cycle, and the capacity retention ratio is 82% that is also much higher 

that that of MoS2-R tested at room temperature. Above electrochemical results show 

that the TiO2 nanosheet-based shell decorated MoS2 samples have noticeably better Li 

ion storage capability than the bare MoS2, and is also stable when used at a high 

temperature of 55 °C. Furthermore, the average discharge capacity of this MoS2/TiO2 

hybrid nanostructure is preferable compared to previously reported mesoporous 

MoS2/TiO2 nanofibers,37 TiO2 supported SnO2,
38 TiO2/-Fe2O3 core/shell arrays39 and 

core-shell TiO2/MoOxSy nanocomposites.40  

  

Figure 5-15. Nyquist plots of MoS2/TiO2 and MoS2 after different cycles tested at 

room temperature : a) Nyquist plots after 60 cyles, the inset shows the equivalent 

circuit used for fitting the experimental EIS data, b) Total resistance as funtion of 

cycle number. 

  To further clarify the effects of TiO2 coating on the electrochemical properties of 

MoS2, electrochemical impedance spectroscopy (EIS) was carried out for both bare 

MoS2 and MoS2/TiO2 after different cycles at various current densities for 60 cycles 

when tested at room temperature. To obtain a fair comparison, the resistance values 

were normalized to the mass of the active material, and all measurements were taken 

after full relaxation. The Nyquist plots are shown in Figure 5-15a. As shown in this 
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figure, the Nyquist plots of MoS2 and MoS2/TiO2 after 60 cycles were composed of 

one depressed semicircle in the high frequency (HF) region, two semicircles in the 

middle frequency (MF) region, and a sloped line in the low frequency (LF) region. 

For the depressed semicircle in HF region, which is characteristic of internal 

resistance (Rs), including the resistance of the electrode–electrolyte interface, 

separator, and electrical contacts. This resistance is similar for MoS2 and MoS2/TiO2 

during cycling because of the fact that both materials are coated directly on the 

substrates that used as the current collector (5.7 Ω, 6.3 Ω), which ensures good 

electrical conductivity in the electrodes. In the MF region, the first semicircle can be 

interpreted as the resistance of solid electrolyte interface (SEI) film (RSEI), and the 

second semicircle is due to the impedance of the charge transfer reaction at the 

interface of electrolyte and active material (Rct). Based on the behavior of our EIS 

spectra and the others’ studies,30 we proposed an equivalent circuit for the Nyquist 

plots of these two samples (Figure 5-15a inset). In addition, there was little difference 

between the MoS2 and MoS2/TiO2 of the resistance RSEI (183 Ω, 188 Ω). However, 

the MoS2/TiO2 exhibited a much smaller charge transfer resistance (Rct= 23 Ω) than 

that of the bare MoS2 (Rct= 125 Ω), and thus an obvious lower total resistance can 

also be observed in this figure (207 Ω vs. 313 Ω).  

  To get more insight into the resistance change during cycling, figure 5-15b plotted 

the total resistance of R for these two samples after each five cycles. As shown in this 

figure, before the electrochemical measurement, the bare MoS2 exhibited a smaller 

resistance (187 Ω) than the MoS2/TiO2 (193 Ω) due to the higher intrinsic electrical 
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conductivity of MoS2 compared to TiO2. However, there was a continuously 

resistance increase for MoS2 during cycling, and it showed a total resistance of 313 Ω 

after 60 cycles, suggesting that the volumetric change occurred in the cycling did 

cause unstable interface of the electrolyte and active material. In contrast, the TiO2 

coated sample MoS2/TiO2 exhibited smaller increase on the resistance with a value of 

207 Ω after 60 cycles. Meanwhile, for the bare MoS2, more quickly resistance 

increase can be observed when cycled at the relatively lower current density (100, and 

200 mA g-1), which is corroborated well with the conclusion that the capacity 

degradation can be more readily observed when tested using a small current density.41 

These results proved that the coated TiO2 could greatly improve the charge transfer 

process at the electrode/electrolyte interface and maintain good electronic 

conductivity during long-term cycling. Thus, these improved interface properties are 

considered to be a key factor in improving the cycling stability of the MoS2/TiO2 

hybrid nanostructures in this study. 

  Based on the above results, the enhanced lithium storage properties of the 

MoS2/TiO2 hybrid nanostructures could be explained in detail as follow: 1) the TiO2 

coating could provide better accommodation of the strain of Li ion 

intercalation/extraction, thus the large volume change of MoS2 during 

charge/discharge can be buffered, which brings about stable cycling performance 

even at a low current density and at elevated temperature; 2) the nanosheet-based 

TiO2 shell has large electrode/electrolyte interfacial contact areas and more active 

sites for Li ion transportation; 3) The nanosheet-based TiO2 and MoS2 nanostructures 
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can store more lithium ion, have better structural flexibility, and decrease lithium 

ions’ and electrolyte diffusion path simultaneously. 

3. Conclusions 

  In summary, we have demonstrated a microwave-assisted hydrothermal strategy to 

synthesize MoS2/TiO2 core-shell hybrid nanostructures with a nanosheet-based shell. 

This approach is facile, efficient and easy to scale-up. Compared to MoS2, the 

as-prepared MoS2/TiO2 materials exhibited high revisable capacity, wide operating 

temperature range and remarkably improved cycling stability when used as lithium 

ion battery electrodes, and the existence of TiO2 nanosheet-based shell is considered 

to play an irreplaceable role in enhancing its electrochemical performance. This 

proposed synthesis strategy could be easily extended to design other hybrid 

nanostructured materials used in high-performance LIBs and relevant fields.  
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CONCLUSIONS AND PERSPECTIVES 

A. Concluding Summary 

  This dissertation was focused on the development of surface-modified 

nanomaterials as high-performance anode materials for lithium-ion batteries. A series 

of studies has been completed to improve lithium-ion battery performance, including: 

1) synthesis and physical characterization of surface-modified nanomaterials, 

including manganese/nickel-doped TiO2 nanomaterials, nitrogen-treated 

macro/mesoporous TiO2, Li4Ti5O12-TiO2 nanocomposites, and MoS2 hierarchical 

nanomaterials; 2) fabrication of traditional (mixed with active materials, carbon black, 

and binder) and free-standing electrodes (binder and carbon black free) through 

different techniques 3) electrochemical performance evaluation and extraction of the 

underlying mechanisms governing capacitance. The main conclusions can be 

summarized as follows: 

1. Ion-doped TiO2 was produced from a room temperature ion-exchange process.  

The protonated ditatanate (H2Ti2O5·H2O) is a crucial precursor to the success of this 

experiment. Unlike the previous papers which reported good electrochemical 

performance of protonated ditatanate with various morphologies,1-4 in this work, we 

demonstrated the effects of a further ion-exchange of H2Ti2O5·H2O with Mn and Ni 

ions. Electrochemical measurement results showed that this novel ion-doped TiO2 

exhibited superior reversible capacity, improved cycling stability and rate capability 

when used as a lithium ion battery electrode. We have found that the improved 
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electrochemical performance could be ascribed to the roles of dopant ions in 

inhibiting crystal structure conversion under calcination and thus improving the 

electrode/electrolyte interface stability during cycling, which has been seldom 

reported in open literature. 

2. Nitrogen-treated macro/mesoporous TiO2 was prepared by a one-step dropwise 

process using titanium isopropoxide as a precursor. Besides Mn and Ni ion-doping to 

create surface defects, nitrogen atmosphere calcination did also introduce surface 

defects along with the benefit of avoiding side reactions. In addition, these native 

surface defects (Ti3+) enhanced the initial electrical conductivity of TiO2 and acted as 

protective barrier layers between the liquid electrolyte and the electrode surface to 

inhibit electrolyte oxidization during cycling and HF etching generated by trace 

amounts of moisture reacting with LiPF6 based electrolyte.5,6 Therefore, compared to 

the air-treated samples, nitrogen-treated TiO2 exhibited 57% of improvement in the 

electrochemical performance at elevated temperatures (55 C).  

3. Nanoporous Li4Ti5O12-TiO2 composites with plenty of interphase boundaries  

were synthesized by a modified method by extending the fabrication of 

macro/mesoporous TiO2 in our previous work. Various phase assemblage of the 

composites can be tuned by employing different calcination temperatures. In addition, 

extrinsic defects were created by ion-exchange process and calcination under the 

nitrogen atmosphere, respectively. Electrochemical evaluations indicated that 

as-prepared Li4Ti5O12-TiO2 nanocomposites possessed high charge-discharge 

capacities and good cycling performance when used as an anode material for lithium 
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ion batteries. Especially, it exhibited excellent cyclic stability when tested at an 

elevated temperature of 55 C, a reversible capacity of ~190 mAh g-1 at 30 mA g-1 

after 50 cycles could be observed.  

4. Hierarchical MoS2 nanosheet-based structures (Li4Ti5O12-MoS2, TiO2-MoS2) were 

fabricated via a hydrothermal approach. The morphology and crystallinity of these 

hybrid nanostructures could be controlled by different reaction time and temperature. 

For example, increasing reaction temperature led to more crystalline feature and 

undesired morphology (larger grain size, irregular shape, and particle agglomeration) 

for both of Li4Ti5O12-MoS2 (LM) and TiO2-MoS2 (TM). Due to the unique 

hierarchical structure, sufficient conductivity, high electrode/electrolyte contact 

surface area, and good structure stability, these hybrid nanostructures exhibited high 

reversible capacity, wide operating temperature range, and remarkable rate capability 

(the capacities were over two times larger than TiO2 and Li4Ti5O12 samples at a high 

current density of 500 mA g-1, Table II). These results are much better than ion-doped 

TiO2 (IT), nitrogen-treated TiO2 (NT), and surface-modified Li4Ti5O12-TiO2 

nanocomposites (LT) in our previous work (detailed data is shown in Table II). 

Table II. Discharge Capacities of Selected Samples in this Thesis at 25 and 55 °C [mAh g-1]. 

           IT-R  IT-E  NT-R  NT-E  LT-R  LT-E  LM-R  LT-E  TM-R   TM-E 

150 mA g-1  78  169   108   248   147  170   433*  N/A   410*   659* 

500 mA g-1  50  147    67   181   117  141   315   299   152    297 

*Discharge capacities at the current density of 100 mA g-1 
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  In addition, the common electrodes need to be mixed with a binder and carbon 

black and then pressed onto substrates before being assembled into a battery. This 

process introduces extra undesirable interfaces and reduces the overall specific energy 

storage capacity because of the additives.7 Herein, the as-prepared Li4Ti5O12-MoS2 

hierarchical nanostructures directly grown on the bendable substrate of Ti foil, avoids 

these drawbacks and could potentially be applied in flexible wearable electronics. 

B. Perspectives for Future Work 

  Although a series of studies on the physical, structural and electrochemical 

properties of different anode materials have been carried out in this dissertation, it 

should be noted that the characterization of the electrode performance has focused on 

the specific capacity, cycle life, rate capability, and temperature-dependent 

performance. Other important performance parameters of the electrode such as 

thermodynamic properties, in-situ reaction mechanisms, and electrode/electrolyte 

interface stability during cycling have not been considered. Meanwhile, the exact 

roles of dopants in the discharge/charge process and their effects on crystallization are 

still unknown. It is therefore suggested that efforts should be made to the parameters 

mentioned above in order to fundamental understand and improve the performance of 

the electrode materials for lithium-ion batteries.  
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