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Abstract 

Lithium-ion batteries (LIBs) are electrochemical energy storage devices widely used in 

the electronics and electric vehicles, while the current performance of LIBs can not 

meet the increasing demands of the key markets, especially for the electric vehicles. To 

develop next-generation LIBs, advanced nanomaterials are being studied to replace the 

commercial anode material, graphite owning a low theoretical capacity, 372 mAh g-1 

and exhibiting sluggish kinetics. The well-developed anode materials store lithium ions 

via three processes, namely intercalation (graphite, titanium oxides), alloying (metals, 

semi-metals) and conversion (MaXb, M=metal, X=O, S, F, P, N). Materials using the 

three mechanisms typically suffer from slow kinetics and large volume change during 

lithium storage, leading to serious capacity fading at high current densities in 

comparison with the materials processing capacitive storage. To address the sluggish 

kinetics and mitigate the capacity degradation of anode materials in lithium storage, the 

morphologies, electronic structures and surface properties of the materials need to be 

developed. Herein, strategies for controlling the materials morphology, heterojunctions 

and electrochemical interfaces are used to improve the kinetics and stability of materials 

for lithium storage.  

Nanostructured materials in hollow, core-shell, yolk-shell and clusters were 

developed to buffer the volume change in lithium storage. In the chapter on controlling 

material morphology, a thermal vapour method was proposed to synthesize novel 

structures by evaporating a low-boiling point metal out of a mixed-metal nanomaterial. 

Cobalt (Co) and zinc (Zn) differ in boiling point by ~2000 oC, hence Co/Zn mixed 

materials are feasibly tested for the proposed methodology. Zn-Co mixed-ion metal-

organic-frameworks (MOFs) were solvothermally prepared as precursors and their Zn 

was removed via pyrolysis to leave Co3O4 nanostructures. The formed nanostructures 

were distinct as a result of the MOFs containing tunable amounts of Zn and Co ions. 

Hollow Co3O4 spheres exhibited a specific capacity of 890 mAh g-1 at 0.1 A g-1 and 

maintained a similar value at a large rate of 1 A g-1 after 120 cycles, indicating 

outstanding rate and cycling performance. Co3O4 in shapes of dumbbells, spheres and 
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grapes were composed of clustered nanoparticles by pyrolysis. Among them, Co3O4 

grapes performed the best with a high specific capacity of 861 and 606 mAh g-1 at 0.1 

and 10 A g-1 respectively. Nanostructured Co3O4 displayed considerable capacity 

retention during cycling and at large rates by a conversion storage. Storage via alloying 

is another kind of process leading to high capacity but usually suffers from large volume 

changes and capacity degradation. Tin (Sn) is a promising alloying-type anode material 

for lithium storage because of the huge capacity and high conductivity. Yolk-shell and 

core-shell Sn@C spheres interconnected by carbon nanofibers were formed using 

electrospun ZnSn(OH)6@polyacrylonitrile fibers as precursors through thermal vapour 

pyrolysis. The developed structures exhibited a capacity retention of 91.8% after 1000 

cycles at a high rate of 1 A g-1. The synthesized materials by thermal vapor method 

displayed large mitigation in capacity degradation compared with the relevant 

publications, resulting from the advanced nanostructures that can suppress volume 

changes in lithium storage. 

Heterojunctions fabricated between the metal oxides of different electronic structures 

benefit the kinetics of electron conduction because of the built-in electric field, boosting 

materials high-rate performance for lithium storage. In the chapter on material 

heterojunction development, ZnO, SnO2 and TiO2 were considered as these are earth 

abundant materials. TiO2 has many polymorphs and in the formation of a stable 

structure, it is feasible to tune the phase composition, thus the heterojunctions during 

synthesis. The tunable characteristic of TiO2 heterojunctions indicates TiO2 is an 

appropriate model sample to study how heterojunctions influence the Li-storage 

properties of metal oxides. Dandelion-shape TiO2 comprising TiO2(B) fibrils and 

anatase pappi displayed high kinetics for lithium storage through the enhanced 

interfacial charge storage process. TiO2 spheres of mixed anatase/rutile maintained a 

high specific capacity of 95 mAh g-1 at an ultra-high rate of 10 A g-1 (~60 C) compared 

with the low-rate capacities, resulting from a synergistic storage between the two phases 

with the anatase incorporating lithium ions more readily and rutile conducting lithium 

ions faster. Although the kinetics of TiO2 in lithium storage has been enhanced through 

heterojunction fabrication, TiO2 has a low specific capacity in comparison with other 
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conventional-type anode materials. ZnO and SnO2 offer much higher theoretical 

capacities. To obtain heterojunctions using ZnO and SnO2, a complex metal oxide, 

Zn2SnO4 was formed and spatially confined ZnO and SnO2 generated in the composite. 

ZnO/Zn2SnO4/SnO2 composite displayed enhanced internal electric field arising from 

the electron trapping in SnO2 and facilitated kinetics. The stepwise reaction of the 

composite with lithium improved the structural stability via limiting the volume 

changes. A specific capacity of 121 mAh g-1 at 20 A g-1 and a high retention of 76.2% 

at 10 A g-1 after 1000 cycles were yielded. The kinetic improvement through 

heterojunction engineering facilitates the lithium storage and benefits the materials 

cycling stability. 

Electrochemical interface is crucial for the charge transfer and material stability in 

lithium storage. In the chapter concerned with interface tuning, strategies are through 

modifying the materials’ electronic properties, chemical interactions and surface 

properties. The interface structure on graphite in LIBs has been widely studied but how 

the materials electronic properties influence the interface is still not clear. Graphene has 

distinct electronic properties compared to graphite and is proposed to be a high-capacity 

anode material for lithium storage. Tuning the layers number of graphene layers results 

in a change of the material’s electronic properties and influences the interface structure. 

Studies of multilayer, bilayer and monolayer graphene showed that the former had a 

low intercalation energy and weak reduction capability to form a uniform interphase, 

indicating multilayer graphene is safer for lithium storage devices. Graphene is a 

conductive network in forming composites and a base for doping with heteroatoms, 

enabling graphene to interact with other materials through the surface groups. 

Phosphorus (P) doping induced a polar surface in P-doped graphene oxide (PGO). The 

surface groups of PGO were evidenced to immobilize the heterostructured SnS2/SnO2 

by forming chemical interaction, leading to improved capacity retention for lithium 

storage from 30.3% for SnS2/SnO2 to 49.5% for PGO/SnS2/SnO2 in 500 cycles. Surface 

coating is a popular method to change the interface of materials for lithium storage. 

ZnO has a high capacity but suffers from the large volume change in lithium storage 

but ZnS displays much less volume change. Sulfidation of the ZnO surface by forming 
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a ZnS surface layer is a strategy to mitigate the volume change of the materials and 

suppress the capacity degradation in lithium storage. Sulfidation of the MOF-pyrolyzed 

ZnO altered the surface to be ZnS, resulting in an increase in the specific capacity by 

38% and mitigated capacity degradation during cycling compared with ZnO. 

Nanoengineering of the electrochemical interface of materials can stabilize materials’ 

nanostructures during lithium storage and lead to a stable storage performance.  
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 Introduction 

 

1.1 Background and Why Lithium-ion Batteries? 

  Unprecedented challenges for modern society are in the areas of energy and 

environment resulting from the foreseeable depletion of fossil fuels and damage of a 

large amount of greenhouse gas, carbon dioxide. To address the challenges, research 

effort has been devoted to exploring economical, efficient, and sustainable energy 

storage and conversion systems that can easily harvest the renewable energies, such as 

solar, wind, and tide to meet the present and future energy demands1, 2. Energy storage 

systems (ESS) are key enablers to connect the intermittent renewable power plants and 

penetrate into the electrical grids for constantly harmonizing electricity generation and 

consumption. According to the Energy Storage Association, the currently available 

EESs include four major categories, namely mechanical, electrical, chemical and 

electrochemical, and energy storage is presently dominated by the mechanical storage 

via the pumped hydroelectricity3. However, electrochemical EES has been considered 

as a promising means to store electricity because of its desirable characteristics that are 

flexibility, high efficiency, facile maintenance, controllable output functions, long 

lifespan and low environmental impact1, 3.         

Development of advanced electrochemical EES is critical in the world in response to 

the decreasing availability of fossil fuels and environment pollution. The EES systems 

that can electrochemically produce energy can work as the alternative power sources, 

as long as they are designed to be economical and environmentally friendly4. These 

electrochemical energy storage and conversion systems include rechargeable batteries, 

electrochemical capacitors (supercapacitors) and fuel cells, which have been used in 

the customer electronic products, electrical vehicles and smart grid. Although the 

operation mechanisms of the three categories of devices are different and there are 

many sub-category products under each mechanism, the three main systems still share 

some common features in their electrochemistry. The electrochemical reactions all take 

place at the interface between the electrolyte and electrode where the electron and ion 



26 
 

transport are separated to storage/release the energy through the charge/discharge 

process. At the moment there are many different kinds of battery technology on the 

market or under development, ranging from the primary batteries to the rechargeable 

secondary-ion batteries. Rechargeable batteries are the most used devices for energy 

storage and conversion which occur via the electrochemical reaction through the 

employed electrode materials. Supercapacitors include electrochemical double layer 

capacitors (EDLC) and pseudocapacitors, distinguished by the non-Faradaic or 

Faradaic mechanisms. Fuel cells that can convert the chemical energy of fuels into 

electricity through an electrochemical reaction, have many categories in terms of the 

electrolytes properties, such as proton exchange membrane fuel cells (PEMFC) and 

solid oxide fuel cells (SOFC).  

 

Figure 1.1. 1 Representation of typical lithium-ion batteries. 

 

Figure 1.1.1 displays the typical operation mechanism and configuration of lithium-

ion batteries (LIBs) as well as the structure of the commonly used coin cells. In LIBs, 

the redox reactions of the electrodes are accompanied by the Faradaic charge-transfer 
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between the electrolyte and electrode, moving lithium ions between the cathode and 

anode to realize the discharge and charge process4. The electrode reactions of LIBs are 

highly dependent on the applied potentials, thus their cyclic voltammograms usually 

display typical oxidation and reduction current peaks and the galvanostatic 

charge/discharge profiles show voltage plateaus. As a result of the kinetic barriers for 

electron transfer, ohmic resistance and ionic transport barriers, the redox reactions of 

the electrodes take place at potentials substantially different in the discharge and charge 

process, with the anodic peak more positive than the cathodic peak. The electrode 

reactions in LIBs are irreversible around the thermodynamic potential thus anodic and 

cathodic overpotential are required to drive the respective reactions at specific current 

densities. The chemical reactions of battery materials require a long time for the 

charge/discharge processes and the cycle life of rechargeable batteries is usually limited. 

 

Figure 1.1. 2 Working principle of an electrode in an electrochemical capacitor. 

 

  Figure 1.1.2 represents the typical configuration of an electrochemical capacitor or 

supercapacitor. In an EDLC, the electrostatic storage arises by separating the charges 

in a Helmholtz double layer at the interface between the surface of a conductive 
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electrode and an electrolyte solution. In the double layer structure, one electronic layer 

is located at the surface of the electrode and the other layer, outer Helmholtz plane 

(OHP), is a layer of oppositely polarized solvated ions near the electrode surface. In 

addition to the ions that are present for electrostatic reasons between the electric charges, 

the ions attracted by the electrode surface are specifically adsorbed ions and inner 

Helmholtz plane (IHP) is introduced as the plane of the centre of these specially 

adsorbed ions. The solvent molecules in IHP are physically adsorbed on the electrode 

surface and influence the potential difference across the double layer. The intrinsic 

process of a physical electrostatic adsorption/desorption enables EDLC to have 

ultrahigh power capability and fast charge/discharge rate.  

  In pseudocapacitors, the electrical energy is stored by Faradaic charge-transfer 

reaction of the de-solvated and specifically adsorbed ions, achieved through the redox 

reactions, electrosorption or intercalation on the electrode surface5, 6. This process is 

inevitably accompanied with the non-Faradaic contribution from electrostatic EDLC. 

In the Faradaic reaction of a pseudocapacitive electrode, the electrons move from or to 

the valence orbitals of the redox reagent clusters near the electrode surface at a distance, 

l<< (2Dt)1/2 where D is the diffusion coefficient (cm2 s-1) for the charge-compensating 

ions and t is the time (s)7. The Faradaic reaction in pseudocapacitors is a fast reversible 

process and there is no formation or breaking of chemical bonds, and usually coupled 

with compensating reactions with protons, Li+ or Na+ ions7. 

  In fuel cells, the chemical energy of a fuel is converted into electricity through an 

electrochemical reaction between the fuels and oxidizing agent, typically oxygen, a 

continuous supply of fuel and oxidizing agent is required to sustain the chemical 

reaction. For fuel cells, the fuels in the tank store the energy while the energy conversion 

is in the cell, the local separation of energy storage and conversion in fuel cells 

distinguishes them from batteries and capacitors. The cathode and anode are charge-

transfer media in fuel cells, usually assembled with specific catalysts to promote 

hydrogen oxidation and oxygen reduction reactions respectively. Fuel cells are 

classified by the type of electrolytes and one example, SOFC, as schematically 

represented in Figure 1.1.3, uses solid oxide or ceramic electrolyte for O2- ion transport. 
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Figure 1.1. 3 Scheme of a solid oxide fuel cell. The electrolyte is solid oxide or ceramic 

electrolyte that conducts oxygen ions.  

 

  All the above selected electrochemical energy storage and conversion devices consist 

of the same components: cathode, anode and an electrolyte between the two electrodes. 

The formed electrochemical interfaces are where the charge-transfer reaction occurs. 

Batteries and fuel cells utilize redox reaction of the chemicals (electrode materials and 

fuels) to release chemical energy. These chemical reactions are associated with Faradaic 

charge transfer between the electrolyte and electrode, attendant with phase changes. 

The discharge process is usually taken as the nominal defining process for an energy 

storage and conversion device, so the anode, the site of oxidation is the negative 

electrode; the cathode, the site of reduction is the positive electrode. This definition of 

electrode directions is only suitable for the pseudocapacitors which process the energy 

via Faradaic reaction but inappropriate for EDLC which uses physical 

adsorption/desorption of the ions at the interface, termed electrical double layer.  

  Batteries, especially the LIBs, have been dominating the market of power sources in 

comparison with supercapacitors and fuel cells. However, further improvement of the 

energy density and power performance of LIBs is still highly needed to meet the 
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requirement for large-scale applications from electric cars to smart grids8. In 

comparison with combustion engines and gas/steam turbines, electrochemical energy 

storage and conversion systems still need development to improve the output 

capabilities in terms of energy and power densities and lower cost. To evaluate the 

energy content of a system, the terms of specific energy which is expressed in watt 

hours per kilogram (Wh kg-1) and energy density in watt hours per litre (Wh L-1) are 

used. The rate capability is indicated by specific power in W kg-1 and power density in 

W L-1. In another style of expression, gravimetric and volumetric are used.  

 

Figure 1.1. 4 Ragone plots of supercapacitors and batteries in comparison with 

conventional capacitors, fuel cells plus hydrogen tanks and internal combustion engines 

and turbines. Plots modified from Ref9 and data updated from Ref9-13.  

 

  A Ragone plot, in which the energy and power capabilities of specific energy systems 

are plotted is shown in Figure 1.1.4. Batteries possessing intermediate energy and 

power characteristics are located in the gap between high-energy fuel cells and high-

power supercapacitors. Recently electrochemical devices that combine electrodes of 

different reaction mechanisms and properties have been developed to improve the 

device performance in both energy and power densities. These devices include 
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asymmetric-electrode supercapacitors which consist of EDLC and pseudocapacitive 

materials as the active electrodes, and hybrid-electrode supercapacitors which have 

battery-type and capacitive electrodes. The combination of different types of electrodes 

in an electrochemical device aims to remarkably improve at least one of the energy or 

power capability without much sacrifice of the other.  

Among the available electrochemical energy storage technologies, rechargeable 

LIBs offer comparably high energy and power density, 2-3 times and 5-6 times higher 

than Ni-MH, Ni-Cd and Pd acid batteries14. The operating voltage of an LIB unit cell 

can reach ~4 V and the capacities range from 700 to 2400 mA h, resulting in a specific 

energy of 200-240 Wh kg-1 and energy density of 200-770 Wh L-1 for LIBs11, 15, 16. The 

unique performance of LIBs in both energy and power capabilities, combined with the 

other advantages of flexibility, longer lifespan have enabled LIBs to dominate the 

batteries market and will extend the success of LIBs from small electronic devices to 

electric vehicles and smart grid.  

 

1.2 Challenges for Lithium-ion Batteries 

Lithium metal has the most electronegative potential (-3.04 V vs. standard hydrogen 

electrode) and the lowest density (M=6.94 g mol-1,ρ=0.53 g cm-3), facilitating the design 

of Li-based energy-storage devices with high energy density. Scientific research in the 

last few decades has greatly advanced the LIBs performance since the first 

commercialization in the early 1990s17. However, there are many issues and challenges 

in the development of LIBs, concerning the high cost, safety and deficiencies in energy 

density and cycle life. The consumption of lithium by the rapid growth in the use of Li-

rich cathode materials, such as LiCoO2, LiFePO4, has led to its scarcity and a rise in 

price. Mineable lithium resources in the earth are predicted to last only until the year 

2073 assuming an average yearly growth rate of 5% in consumption1. Lithium resources 

are mainly distributed around South America (76%) and this non-uniform distribution 

enhances the price of lithium and may trigger geo-political tension in the future18. The 

physiochemical characteristics and cost of lithium are listed in Table 1.2.119-21. The 
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manufacturing of commercial lithium nickel manganese cobalt oxide (NMC) has 

rapidly increased the price of Co and Ni thus increasing the cost of LIBs22. Cobalt is 

mainly a byproduct of nickel and copper mining and there are very few pure cobalt 

mines in the world. The price of cobalt has increased from $32,500/t in 2017 to 

$81,000/t in 2018 because of the demand of battery market23.  

 

Table 1.2. 1 Physiochemical characteristics and cost of lithium24-26. 

Category Lithium 

Cation radius (nm) 0.076 

Atomic weight (g mol-1) 6.94 

Eo (V vs. SHE) -3.04 

Distribution reserves 60% in South America27 

Cost, carbonates ($ ton-1@2015) ~65,00027  

Capacity (mAh g-1) 3829 

 

  When we consider the energy used in the production of batteries, including materials 

and recycling, the fabrication of 1 kWh LIBs needs more than 400 kWh energy and 

emits about 75 kg CO2, the materials manufacturing accounts for more than 75% of the 

total energy and CO2 emission28. In comparison, the production of the same amount of 

electricity of 1 kWh only results in 1 kg CO2 from the coal28. Taking the energy 

consumption and CO2 emission into consideration, LIBs can only begin to have energy 

and environmental benefit beyond hundreds of cycles (>400 times) 28. Despite the rapid 

progress of LIBs with increasing energy density, the current commercialized LIBs 

cannot satisfy the needs in modern digital products and cannot replicate the 

convenience of filling up the gasoline tank within several minutes, hindering the 

application in the battery-powered vehicles. The flammable liquid electrolyte also 

increases the safety concern of LIBs at high-current operation9, 29, 30. 

Measures of the LIBs performance such as the cell potential, capacity or energy 

density, are highly dependent on the intrinsic property of the electrode materials 
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confined by both thermodynamics and kinetics. The commercial batteries that mostly 

based on the microsize electrode materials suffer the limited kinetics, low intercalation 

capacities and undesirable structure stability31. Nanostructured materials have attracted 

tremendous interest because of their unique mechanical, optical and electrical 

properties and the benefits from the synergy of bulk and interfacial properties for the 

efficient and effective energy conversion and storage32. Nanostructured materials are 

playing increasingly important roles in electrochemical energy storage and especially 

the booming development of nanotechnologies have afforded emerging but effective 

tools in designing advanced energy materials33. It is a sizeable topic to understand the 

advantages and disadvantages of the nanomaterials used for energy storage and 

conversion, as well as the synthesis protocols and the control of the properties32. 

Tremendous efforts have been focused on the development of nanosized active 

materials and confirmed the nanostructured electrode materials are extremely 

promising for the next generation of LIBs with high capacities, increased power 

capability, long cycling stability and high safety34.  

 

1.3 Issues of Electrode Materials and Why Anode Materials? 

The energy stored in a LIB is determined by the specific capacity of the electrode 

materials and the working voltage of the cell, which is the potential difference between 

the cathode and the anode. Since the invention of the LIBs, a huge number of studies 

have focused on material development to enhance this specific capacity35. Modern Li-

ion cathode materials typically display much lower capacity than the anode material, 

and it is challenging to push the cathode capacity beyond current limits36. In addition, 

lowering the cobalt content of current cobalt-lean cathode materials, e.g. LiCoO2, is an 

urgent topic of research because of the toxicity and cost of cobalt37. In contrast, the 

anode materials, that can be formed from a number of easily-available carbon materials, 

metals, metal oxides and semiconductors, can potentially be improved beyond the 

specific capacity of commercially used graphite38.  

The current LIBs with graphite anodes exhibit limited energy and power densities as 

well as the lifespan. Graphite has a theoretical capacity of 372 mAh g-1 by forming a 
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stoichiometry of LiC6 and a Li+ ion diffusion kinetics less than 10-6 cm2s-1, both 

resulting in undesirable performance in the energy and powder densities14. In addition, 

the low operation voltage (0.1 V vs. Li+/Li) of graphite is close to the lithium deposition 

potential, leading to the formation of lithium dendrites39 which are detrimental to 

battery safety. Although graphite has been claimed as a cheap material for a long time14, 

the boosted market of LIBs and the very little recycling of graphite resource have 

greatly raised the price. According to the report on raw materials for battery 

applications disclosed by EUROPEAN COMMISSION in 201823, the battery-grade 

uncoated and coated spherical graphite are around 3000 and 7000 USD ton-1 

respectively, and graphite has been declared as a supply-critical mineral. Substitutes to 

graphite as the anode materials of LIBs are essential to advance the batteries 

performance and decrease the cost.  

Anode materials act as reductant in a reversible LIB opposite to the cathode and has 

high electrochemical potential40. The specific capacity ranges from 160 to up to 4200 

mAh g-1 below the voltage range 2 V vs. Li+/Li38. Currently studied anode materials 

have been classified into three categories according to the lithiation mechanisms, 

namely intercalation (graphite, titanium-based materials), alloying (metals, semi-metals) 

and conversion (MaXb, M=metal, X=O, S, F, P, N etc.)41. Intercalation-type anode 

material can reversibly store/release lithium ions into/from the lattice without large 

volume change, thus have high cycling stability but low capacity8; Alloying reaction 

takes place on metals and nonmetal substances that can form alloys with lithium metal. 

The alloyed compounds and intermediates have distinct crystal structures and 

physiochemical properties from the reactants. Alloying-type materials have large 

capacity but suffer the large volume changes and rapid capacity fading; Conversion-

type materials undergo the electrochemical reaction together with lithium, through the 

reduction (oxidation) of MaXb along with the formation (decomposition) of lithium 

compounds (LiyX). The participation of a high number of electrons in the conversion 

reaction exerts the large specific capacity but the phase change in the reaction leads to 

unsatisfactory cycling stability and low energy efficiency41. Coulombic efficiency 

which is the ratio of the output of charge by a battery to the input of charge, has been a 
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parameter to monitor the magnitude of side reactions in batteries and has close 

relationship with the battery degradation (lifetime)42. Irreversible capacity loss because 

of the formation of solid electrolyte interphase is the highest after the first 

charge/discharge cycle (ca. 10% for graphite anode), significantly lower after the 

second cycle, and even lower after the third cycle and so on (less than 0.05%)43. The 

irreversible capacity loss varies depending on negative-to-positive capacity ratio, 

surface area of particles, operation conditions44. Current LIBs deliver average 

coulombic efficiencies larger than 99.99%, resulting in 74% capacity retention after 

3000 cycles for working 10 years (here assume 300 cycles per year). Whilst instead the 

average efficiency is 99.98%, the capacity retention is only 55% after 10 years. The 

tiny difference in the coulombic efficiency leads to large difference in capacity retention 

after thousands cycles. So far, many strategies have been developed to improve the 

coulombic efficiency. The first one is tuning the aprotic electrolyte composition using 

additives that can yield stable electrolyte interphase in the initial cycles45; the second is 

to grow and stabilize the solid electrolyte interphase film over the electrode surface 

through formation cycles to depress further electrolyte decomposition. 

The formation process for LIBs typically needs several days or more, and the process 

has many different protocols in controlling the operation of the initial cycles46 thus 

causing different results in improving the battery degradation. However, the above 

strategies used to improve the coulombic efficiency of LIBs are beyond the research 

scopes of the current thesis which is focusing on the development and mechanistic 

understanding of anode materials in LIBs.  

The conversion-type anode materials are usually economically available and 

environmentally friendly and have attracted great interest for next-generation LiBs47. 

Metal oxides as anode in LIBs can process intercalation or conversion or combined 

conversion plus alloying process to store lithium and show prospects in the future 

material commercialization. Nanofabrication has greatly improved the electrochemical 

properties of materials through the control of the size and morphologies.  
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1.4 Strategies for Developing Anode Materials 

To address the deficiency of anode materials in lithium storage, a number of 

processing methods have been reported8. The common goals of the material processing 

are to develop morphologies, electronic structures and electrochemical interface 

structures of the materials that can minimize detrimental reactions associated with 

electrode materials and interfaces and boost material performance in terms of specific 

capacity, cycle life and safety.  

In this thesis, the strategies for material synthesis are developed to improve the 

morphologies, electronic structure and electrochemical interface of the advanced anode 

materials. (i) The first strategy is to design metal oxides into hollow, core-shell, yolk-

shell and clustered nanostructures to buffer the large volume change in 

lithiation/delithiation process. (ii) The second strategy is to fabricate heterojunctions in 

the nanostructured materials to boost the reaction kinetics thus allowing high-rate 

performance for lithium storage. (iii) The third strategy is to develop nano composites 

to improve the electrode-electrolyte interface and stabilize the nanostructures of the 

materials in lithium storage, enhancing cycling stability.  

Numerous research papers on the processing of anode materials have been published 

using strategies relevant to this project and these works will be critically reviewed in 

each relevant experimental chapter regarding morphologies, heterojunctions and 

electrochemical interfaces. Advanced nanostructured materials were developed through 

the above methods and exhibited promising lithium storage performance as the anode 

materials in LIBs. The programme has contributed strategies for the synthesis of anode 

materials for LIBs and elucidated the materials properties by comprehensive material 

characterizations and electrochemical analysis.       

 

 

 

 

 



37 
 

2 Thermodynamics and Kinetics in Batteries 

  Electrochemical reactions that occur in electrochemical energy storage and 

conversion devices obey thermodynamic and kinetic formulations. For the chemical 

reactions in electrochemistry, thermodynamics describe the reversible electrochemical 

reactions and allow the potential of a Galvanic cell or an electrolytic cell to be 

calculated. Equilibrium in an electrochemical cell means both the chemical reaction and 

the thermodynamic energy in the reaction are reversible, leading to reversible process 

in mass and energy. Reversibility in the chemical reaction of an electrochemical cell 

requires the electrode reaction in charging to be the exact reverse of that in discharging, 

and reversible reaction in terms of thermodynamic energy implies that the energy in 

charging is equal to the value in discharging and both the system and surrounding 

environment can return to their original states when the cell works under equilibrium 

conditions where an infinitesimal current is applied. 

  Thermodynamics will reveal the intrinsic properties of battery materials that are 

critical to evaluate the materials and explore their reaction mechanisms. The properties 

include theoretical capacity, reversibility, open-circuit voltage and electrode potential. 

In battery charging and discharging, a term, C rate is typically used to describe how 

quickly energy can be charged and discharged in a battery. Literally C rate is current 

density, defined by materials’ theoretical capacity. 1 C means a current that can fully 

charge or discharge a cell in 1 h. Kinetics will show information about the reaction rates 

of the electrode in a battery and the factors that can influence the rates, such as electrode 

polarization. The kinetics of an electrode reaction in LIBs contributes information to 

determine the ion diffusion rate and differentiate the capacitive and diffusion capacity, 

which is used to evaluate the materials high-rate performance. Kinetic analysis of a 

material will help us to understand the impedance components in the electrochemical 

reaction and determine the control step of the material’s reaction.     

  

2.1 Thermodynamics 

The maximum amount of work of an electrochemical reaction that can be produced 
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equals to ∆𝐺, representing the available net useful energy of a given reaction. ∆𝐺 of 

an electrochemical reaction in a cell is given by4: 

∆𝐺 = −𝑛𝐸𝐹                                                      (2.1.1) 

∆𝐺𝑜 = −𝑛𝐸𝑜𝐹                                                    (2.1.2) 

where n is the number of the electrons transferred per mole of the reactant, F is the 

Faraday constant (96485 C mol-1) and E is the electromotive force (EMF) of a cell in 

Volt (V). nF is the amount of charges produced per mole in an electrochemical reaction 

and depends on the chemistry of the materials, which is a capacity factor. The cell 

potential is considered as an intensity factor. ∆𝐺𝑜 and 𝐸𝑜 are the standard Gibbs free 

energy and EMF of an electrochemical reaction when all the reactants are in their 

standard states. Spontaneous processes have a negative Gibbs free energy and a positive 

EMF with reactions going forward to a reversible fashion. The van’s Hoff isotherm 

gives the relationship between the Gibbs free energy and bulk chemical reactions4: 

∆𝐺 = ∆𝐺𝑜 + 𝑅𝑇 ln (𝐴r/𝐴p)                                         (2.1.3) 

where R is the gas constant (8.314 J mol-1 K-1), T is the absolute temperature in kelvins 

(K), Ar and Ap are the activity of reactants and products respectively. The substitution 

of Gibbs free energy by nEF yields the Nernst equation, which signifies the relationship 

between the EMF and activity of the chemicals in a reaction. 

𝐸 = 𝐸𝑜 − (
𝑅𝑇

𝑛𝐹
) l n (

𝐴r

𝐴p
)                                                 (2.1.4) 

At the extent of reaction changes of 𝜉 = 1mol, the change in Gibbs free energy is: 

𝛥𝐺 = −
𝑛𝐸𝐹

𝜉
= −𝑧𝐸𝐹                                               (2.1.5) 

For a general chemical reaction, the standard free-energy change and the equilibrium 

constant, 𝐾𝑎
o are related by4:  

−∆𝐺𝑜 = 𝑛𝐸𝑜𝐹 = 𝑅𝑇ln𝐾a
o                                           (2.1.6) 

For T at room temperature, 298 K, the above equation can be transformed to be: 

𝐸𝑜 =
𝑅𝑇

𝑛𝐹
ln𝐾a

o =
0.0591𝑉

𝑛
lg 𝐾a

o                                        (2.1.7) 

This equation denotes the cell voltage, E, is directly proportional to the logarithm of 

the equilibrium constant. The parameters of cell voltage, free-energy change and 
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equilibrium constant of a chemical reaction can be calculated. An electrochemical cell 

consists of two electrodes and the cell potential is determined by the difference in 

electrode potentials, 𝜌 of the two electrodes. Thus the cell potential4, E:  

𝐸 = 𝜌cathode − 𝜌anode                                             (2.1.8)                                     

The anodic and cathodic reactions separately taking place at the anode and cathode 

of a cell produce the anodic and cathodic electrode potentials, 𝜌anode and 𝜌cathode. 

Half cell is usually used to study one interesting electrode reaction of a specific material, 

where the metallic metal works as counter electrode in the cell. The electrode potential 

can be obtained according to the Nernst equation, which gives the relationship between 

𝜌 and the activity of the reference chemicals in an electrochemical reaction4.  

𝜌 = 𝜌𝑜 + (𝑅𝑇/𝑛𝐹) ln (∏ 𝑎O
υo / ∏ 𝑎R

υr)                                 (2.1.9) 

where 𝜌𝑜  is the standard electrode potential versus the reference reaction of the 

hydrogen redox couple, [H2(g)|H+(a)], 𝑎O  and 𝑎R  are the activity of the oxidant and 

reductant with υ being the corresponding coefficients. 

Faraday’s laws of electrolysis quantifies the relationship between the amount of 

liberated mass at an electrode and the current flowing of the electrode4: 

𝑔 = 𝐼𝑡𝑀/𝑛𝐹                                                    (2.1.10) 

where g is the grams of active material transformed in the reaction, I is current flow in 

amps (A), t is the flow time of current in seconds (s), M is the molecular weight and n 

is the number of electrons transferred in the reaction. This equation is used to evaluate 

the theoretical capacity of a material usually with a unit of mAh g-1. 

 

2.2 Kinetics 

Electrode kinetics involves the measurement of the net rate of electrochemical 

reactions and follows the same general considerations for chemical reactions. However, 

there are some important difference for interfacial reactions. In electrochemical 

reactions, the potential drop in the double layer along the interface of 

electrode/electrolyte directly affects the activated species and the interface reaction 

occurs in a two-dimensional manner. The potential drop takes place when the current is 
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drawn to the battery at a bias relative to the open circuit voltage (Eocv), resulting from 

electrode polarization. The difference between the irreversible electrode potential and 

equilibrium potential (Eocv) is termed an overpotential (η) and three types of kinetic 

limitations lead to the polarization.  

Ohmic polarization, is related to the resistance of the cell components and contacts 

problems between these components.  

Concentration polarization, is due to mass transport limitations in cell operation, 

causing the ionic concentration near the electrode to be different from the bulk.  

Activation polarization, also termed as electrochemical polarization, is associated 

with the electrochemical redox or charge-transfer reaction at the electrode/electrolyte 

interfaces where the kinetics affects the charge state of electrode.  

The overpotentials of the anode and cathode in a galvanic cell are expressed as11: 

𝜂anode = 𝐸anode,ir − 𝐸anode,r                                                                                (2.2.1) 

𝜂cathode = 𝐸cathode,r − 𝐸cathode,ir                                                                    (2.2.2)                      

where 𝐸anode,ir  and 𝐸cathode,ir  are the irreversible electrode potentials while 

𝐸anode,r and 𝐸cathode,r are the reversible electrode potentials or equilibrium potentials. 

The practical cell terminal voltage, ET should be smaller than the equilibrium potential 

resulting from the polarization and internal resistance of a cell4. 

𝐸T = （𝐸cathode,r − 𝐸anode,r） − （𝜂cathode + 𝜂anode + IR）              (2.2.3) 

where IR is the potential drop arising from the internal resistance of a cell.  

  Concentration polarization arises from the emergence of concentration gradient in 

the solution near the electrode surface owing to the passage of current through the 

electrode/solution interface. The concentration gradient is determined by the difference 

in the rate of electrochemical reaction at the electrode and the rate of ion migration in 

the solution from/to the electrode surface. When a chemical species participating in an 

electrochemical reaction is depleted and in short supply on the electrode, transport of 

this matter takes place towards the electrode surface to balance the consumption of the 

species, termed as diffusion. Fick’s first law points out the relationship between the 

diffusion rate, r and concentration gradient11:      
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𝑟 =
𝐷(𝐶o−𝐶s)

𝛿
                                                                                                                (2.2.4)                                  

where 𝐷 is the diffusion coefficient of the actives in the electrode reaction, 𝛿 is the 

thickness of the diffusion layer, 𝐶s is the concentration of actives near the electrode 

surface and 𝐶o is the concentration of actives in the bulk. The parameter 𝐶s results 

from competition between the rate of reaction and diffusion and affects the electrode 

current, i which is called the diffusion current11.  

𝑖 = 𝑧𝐹𝑟electrode = 𝑧𝐹𝑟 = 𝑧𝐹𝐷(𝐶o − 𝐶s)/𝛿                             (2.2.5) 

Here the rate of the electrode reaction and the diffusion current are controlled by the 

ion diffusion process. The change in the electrode potential drives the rate of the 

electrode reaction thus has a crucial effect on 𝐶s and as it approaches 0 allows the 

largest diffusion current, termed as the limited diffusion current, 𝑖limited.  

The stable concentration polarization in an electrochemical reaction gives the 

reversible electrode potential and irreversible electrode potential4: 

𝐸𝑖𝑟 = 𝐸𝛩(𝑀𝑍+/𝑀) − (
𝑅𝑇

𝑍𝐹
) ln 

1

𝐶𝑆
                                      (2.2.6) 

𝐸𝑟 = 𝐸𝛩(𝑀𝑍+/𝑀) − (
𝑅𝑇

𝑍𝐹
) ln 

1

𝐶𝑂
                                      (2.2.7) 

And the overpotential from the concentration polarization is: 

𝜂𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐸𝑟 − 𝐸𝑖𝑟 =
𝑅𝑇

𝑍𝐹
ln

𝐶𝑜

𝐶𝑠
                                   (2.2.8) 

Electrochemical polarization is a collective term for the barriers developed at the 

electrode/electrolyte interface in an electrochemical process. At the equilibrium 

potential, the rate of the oxidation reaction is equal to the rate of the reduction reaction 

thus the oxidation current (𝒾) equals the reduction current (𝒾) and is termed as the 

exchange current, 𝒾𝑂  which is directly related to the reaction rate constant, the 

activities of reactants and products and the potential drop across the double layer. A 

large exchange current means a more reversible chemical reaction and low polarization 

at a given current. An electrode that has an exchange current in the range of 10-2 A cm-2 

at room temperature is favoured for use in batteries4. 

The current density of the electrode reaction can be related to the rate of the chemical 

reaction4.  
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𝒾 =
𝐼

𝑆
=

𝑑𝑄

𝑆𝑑𝑡
=

𝑧𝐹𝑑𝑛

𝑆𝑑𝑡
= 𝑧𝐹𝑟 = 𝑧𝐹𝑘𝐶                                   (2.2.9) 

where k is the constant of the reaction rate, C is the concentration of the reactants. The 

Arrhenius equation gives4: 

𝑘 = 𝐴𝑒𝑥𝑝(−
∆𝐺≠

𝑅𝑇
)                                                 (2.2.10) 

where 𝐴 is a pre-exponential factor, ∆𝐺≠ is activation energy for a chemical reaction. 

The changes in the activation energy of the oxidation and reduction reaction in an 

electrochemical process are in a reverse way when electrode polarization takes place. 

The anodic polarization decreases the activation energy of the oxidation reaction while 

the reduction reaction has increased activation energy, resulting in a high rate for the 

oxidation reaction and a large anodic current, 𝒾. The shift of the electrode potential 

with 𝜂  leads to the energy change of a single electron with F𝜂 . If we define the 

decreased activation energy by using an anodic charge-transfer coefficient, (1 − 𝛼), the 

polarized activation energy in an anodic reaction is smaller than the non-polarized 

activation energy by an amount of (1 − 𝛼)𝐹𝜂. The cathode polarization increase the 

cathodic activation energy by 𝛼𝐹𝜂 in comparison with the non-polarized energy where 

𝛼 is termed as the cathodic charge-transfer coefficient. The charge-transfer coefficient 

signifies the fraction of the overpotential that helps in lowering the free energy barrier 

for an electrochemical reaction, thus a change in the rate for a charge-transfer reaction. 

Under equilibrium conditions for an electrochemical reaction, the reversible currents 

are the same, thus 𝐶𝑜𝑘𝑎
𝑜 = 𝐶𝑟𝑘𝑐

𝑜 = 𝐶𝑘𝑜. The current, i arising from the electrochemical 

polarization11:  

𝒾 = 𝒾 − 𝒾 = 𝐹𝐶𝑟𝑘𝑐
𝑜 exp (

−𝛼𝐹𝜂

𝑅𝑇
) − 𝐹𝐶𝑜 𝑘𝑎

𝑜 exp [
(1−𝛼)𝐹𝜂

𝑅𝑇
]  

    =  𝐹𝐶 𝑘𝑜 [exp (
−𝛼𝐹𝜂

𝑅𝑇
) − exp

(1−𝛼)𝐹𝜂

𝑅𝑇
]     

    = 𝒾𝑂 [exp (
−𝛼𝐹𝜂

𝑅𝑇
) − exp

(1−𝛼)𝐹𝜂

𝑅𝑇
]                                       (2.2.11)                       

The expression relating current to electrode potential is called Butler-Volmer 

equation which has two limiting cases. The first case is in the small electrochemical 

polarization region, thus low overpotential in which E≈ 𝐸𝑒𝑞, the current is nearly linear 

with overpotential and the Butler-Volmer equation simplifies to:  
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𝒾 = 𝒾𝑂
𝐹𝜂

𝑅𝑇
                                                       (2.2.12) 

This equation resembles Ohm’s law by defining a charge-transfer resistance, Rct: 

𝑅𝑐𝑡 =
𝜂

𝒾
=

𝑅𝑇

𝒾𝑂𝐹
                                                    (2.2.13) 

The second limiting case is in the large overpotential region, where Eanode >> Eeq or 

Ecathode << Eeq. In the region of high overpotential, the overpotential has a mathematical 

relationship with the current, 𝜂 = 𝑎+𝑏𝑙𝑔𝒾, which is termed the Tafel equation11. From 

the linear relation in Tafel plot, the charge-transfer coefficient from the slope and 

exchange current by the linear interpolation to the equilibrium potential are obtained. 

By using Taylor series expansion to the Butler-Volmer equation, overpotentials 

presenting slopes smaller than one-third of the Tafel slope display nearly linear 

relationship between 𝒾 and 𝜂 while overpotentials with slopes larger than half of the 

Tafel slope have the large net current dominated by the anodic/cathodic reactions. 

The fast change in electrode potential or overpotentials leads to a decrease in the 

thickness of diffusion layer and as a result, a higher current. In an electrochemically 

reversible electron transfer process accompanied with freely diffusing redox species, 

the peak currents 𝒾𝑝 (A) increase linearly with the square root of scan rate υ (V s-1) in 

a cyclic voltammetry technique according to the Randles-Sevcik equation48: 

𝒾𝑝 = 0.446𝑛𝐹𝐴𝐶(
𝑛𝐹𝜐𝐷

𝑅𝑇
)0.5                                         (2.2.14) 

where A is the electrode surface area usually represented with the geometric surface 

area, D is the diffusion coefficient of the analyte and C is the bulk concentration of the 

analyte (mol cm-3). For an electrode-adsorbed analyte (electrochemical capacitor), the 

current response to the scan rate as follow48: 

𝒾𝑝 = 𝜐𝐴𝛤
𝑛2𝐹2

4𝑅𝑇
                                                   (2.2.15) 

where 𝛤 is the surface coverage of the adsorbed species (mol cm-2). Randles-Sevcik 

equation is used to describe a diffusion-controlled reaction. For a reaction of diffusion 

process, the deviation from linearity in the plots of 𝒾𝑝 vs. 𝜐0.5 suggests either the 

electrochemical reaction is quasi-reversible or partial electron transfer takes place via 

surface-adsorbed species or both48. 
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3 Experimental and Characterization 

  The synthesis of materials will be present in each following chapters because a 

number of materials have been developed in the thesis. This chapter will mainly 

introduce the techniques used for material characterization and electrochemcial 

evaluation of the materials. 

 

3.1 Materials Synthesis 

In the following chapters of this thesis, each chapter is concerned with a different set 

of materials and a variety of physical and chemical protocols were applied to synthesize 

the materials. The synthetic details for the samples will be elucidated in the 

experimental section of each revelant chapter. A general step to process the materials is 

sample annealing in a tube furnace with gas flow (Ar, N2, or air) at a specific 

temperature for a setting time. The gas flow is controlled by the valve with pumped 

bubbles flowing out at 2/second. The apparatus of the tube furnace is as schematically 

displayed in Figure 3.1.1.  

 

Figure 3.1. 1 Apparatus of tube furnace for sample annealing. 

  

3.2 Materials Characterization 

X-ray powder diffraction (XRD): the crystallographic structure of the as-prepared 
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materials was studied using a Bruker D8 XRD diffractometer with monochromatic Cu 

K radiation (λ = 1.5406 Å), and the diffraction data was recorded across a selected 2 

range.  

 

Figure 3.2. 1 Bragg diffraction in a crystal with d-spaced planes. 

(Ref: https://commons.wikimedia.org) 

 

  XRD is based on constructive interference of monochromatic X-rays with crystalline 

samples. Atoms of samples scatter X-ray waves primarily through the atoms’ electrons 

and produce secondary spherical waves emanating from the electron, known as elastic 

scattering. A regular array of scatterers (electrons) produces a regular array of spherical 

waves (Figure 3.2.1). Although these waves cancel one another out in most directions 

through destructive interference, they add constructively in a few specific directions, 

determined by Bragg’s law49: nλ=2d sin θ, where d is the spacing between the 

diffracting planes, θ is the incident angle, n is integer, and λ is the X-ray wavelength. 

The specific directions appear as spots on the diffraction patterns. Thus, X-ray 

diffraction results from the X-ray impinging on a regular array of the atoms within the 

crystals.  

Scanning electron microscopy (SEM): the topography of samples was 

characterized by SEM, SEM images were recorded on an LEO Gemini 1525 FEG. 

Samples were coated with a thin layer of gold using a sputtering coater before transfer 

to the chamber of the microscope. 

https://commons.wikimedia.org/
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Figure 3.2. 2 Electron interaction with matter. 

(Ref: https://commons.wikimedia.org) 

 

  A SEM image is obtained from a scanning electron microscope by scanning the 

sample surface in a raster pattern with a focused beam of electrons. The incident 

electrons interact with the sample atoms and produce various signals that contain 

information about the surface topography and composition of the sample. The signals 

include many different types of electrons, photons and irradiations and the signal 

intensity depends on the interactions of the electron beam with atoms at various depths 

within the sample (Figure 3.2.2). The electrons used for imaging are secondary 

electrons (inelastic interaction) from the sample surface region and back-scattered 

electrons (elastic interaction) from deeper regions.  

Transmission electron microscopy (TEM): TEM uses the transmitted electrons to 

form images. Samples for TEM were prepared by dispersing powders of the material 

into specific solvents (water or ethanol) before transfer to the TEM grid, followed by 

grid drying at room temperature in the air. TEM and the affiliated selected area electron 

diffraction (SAED), scanning transmission electron microscopy (STEM) and electron 

https://commons.wikimedia.org/
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energy loss spectroscopy (EELS) with an energy resolution of about 1 eV were carried 

out on a JEOL JEM 2100F TEM. 

A TEM image is formed from the interaction of electrons with the samples as the 

electron beam is transmitted through the specimen. There are different image contrast 

mechanisms to display information of samples. The contrast arises from the thickness 

or density is mass-thickness contrast; Z contrast is due to the atomic number difference; 

the crystal structure or orientation results in diffraction contrast; the quantum-

mechanical phase shifts produced by individual atoms when electrons pass lead to 

phase contrast; the electron energy loss when electrons pass through the sample forms 

spectrum imaging. TEM instruments boast an array of operating modes including 

imaging, STEM, diffraction and spectroscopy. 

  STEM uses a focused electron beam with a fine spot to scan over the sample in a 

raster pattern and the sample is illuminated at each point with the beam parallel to the 

optical axis. The rastering beam across the sample enables the Z-contrast annular dark-

field imaging and spectroscopic analysis. STEM was used to form dark-field images of 

the samples. 

EELS records the energy loss of electrons that undergo inelastic scattering when a 

material is exposed to an electron beam. These electrons lose energy and have the paths 

slightly and randomly deflected. The lost energy can be measured by an electron 

spectrometer and interpreted in terms of the inelastic interaction process that leads to 

the energy loss, including phonon excitations, inter- and intra-band transitions, plasmon 

excitations, inner shell ionizations and Cherenkov radiation50. Among them, the inner- 

shell ionizations are particularly used for determining the atom type in a material. EELS 

is in principle capable of measuring atomic composition, chemical bonding, valence 

and conduction band electronic properties, surface properties, and element-specific pair 

distance distribution functions.  

EELS works best for relatively low atomic numbers, where the excitation edges are 

sharp, well-defined and at experimentally accessible energy losses (the signal being 

very weak beyond about 3 keV energy loss). EELS has a high energy resolution (~1 eV 

or better). EELS spectra have two different regions: the low-loss spectrum (up until 
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about 50eV in energy loss) and the high-loss spectrum. The low-loss spectrum contains 

the zero-loss peak and plasmon peaks, and contains information about the band 

structure and dielectric properties of the sample. The high-loss spectrum contains the 

ionisation edges resulting from inner shell ionisations in the sample which are 

characteristic of the species present in the sample51. EELS was used to study the carbon 

polymorphs by analysing the energy loss peaks.  

Energy-dispersive X-ray spectroscopy (EDX): EDX was carried out on the LEO 

Gemini 1525 FEG SEM and JEOL JEM 2100F TEM through an energy-dispersive 

spectrometer. EDX was used to determine the elements in the samples and the ratio of 

the atoms in a specific area. 

 

Figure 3.2. 3 Principles of EDX. 

(Ref: https://commons.wikimedia.org) 

 

  EDX relies on the X-ray emission from a sample stimulated by a high-energy beam 

of electrons52. The incident beam may excite an electron in an inner shell of atoms in 

the samples, ejecting it from the shell and creating an inner shell hole. An electron from 

an outer, high-energy shell then fills the hole with the difference in energy between the 

high-energy shell and lower-energy shell released in the form of an X-ray. The principle 

is illustrated in Figure 3.2.3. Both the number and the energy of the emitted X-rays can 

be measured by an energy-dispersive spectrometer. The detected energies of the X-rays 

are characteristic of the difference in energy between two shells of the atomic structure 

https://commons.wikimedia.org/
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of the emitting elements, EDX is capable of measuring the composition of the specimen.     

Atomic force microscopy (AFM): AFM was carried out on Bruker Innova Atomic 

Force Microscope to image the topography of sample surface. AFM was carried out by 

the facility manager, Dr. Victoria Bemmer at Imperial College London.  

 

Figure 3.2. 4 Key components and principle of AFM. 

(Ref: https://commons.wikimedia.org) 

 

  AFM is high-resolution scanning probe microscopy using a cantilever with a sharp 

tip that scans the surface of the specimen. When the tip of the AFM probe travels near 

a specimen surface, the forces between the tip and sample deflect the cantilever 

according to the Hooke’s law53. The deflection changes the reflection of a laser beam 

that shines on the top surface of the cantilever onto an array of photodiodes. The 

variation of the laser beam is a measure of the applied forces. The working principle is 

illustrated in Figure 3.2.4. AFM can be used to measure the force between the probe 

and the sample, form images through the forces that the sample imposed and manipulate 

specimen. AFM can be operated in contact mode or tapping mode for imaging. 

X-ray photoelectron spectroscopy (XPS): XPS was measured using a Thermo 

Scientific K-Alpha instrument (hυ=1486.6 eV) to analyse the elements and chemical 

states of these elements in the samples.  

  XPS is a surface-sensitive technique that measures the elemental composition, 

chemical state and electronic state of the samples. The spectra are obtained by 
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irradiating a material with a beam of high-energy X-rays and simultaneously measuring 

the kinetic energy and number of electrons that escape from the surface of the material 

being analyzed54. A schematic of the XPS principles is displayed in Figure 3.2.5. The 

binding energy of electrons can be deduced according to the energy of the irritating X-

rays, the measured kinetic energy and work function depending on both the 

spectrometer and the materials. 

  

Figure 3.2. 5 Scheme of the principle of XPS. 

(Ref: https://commons.wikimedia.org) 

 

Ultraviolet-visible absorption spectroscopy (UV-Vis): UV-Vis was carried out on 

a Cary Series UV-Vis-NIR spectrophotometer (Agilent Technologies) to determine the 

absorption peak and band gap of some samples. The samples were sonicated in solution 

(water/ethonal) before the absorption measurement. 

Absorption of visible and ultraviolet (UV) radiation can lead to electron excitation 

in both atoms and molecules from lower to higher energy levels. The energy levels are 

quantized and only the light with the precise amount of energy to cause a transition 
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from one level to another will be absorbed. Molecules containing bonding and non-

bonding electrons (n-electrons) can absorb ultraviolet or visible light to excite the 

electrons to higher anti-bonding molecular orbitals. The more easily excited the 

electrons (i.e. lower energy gap between the HOMO and the LUMO), the longer the 

wavelength of light absorbed.  

Raman spectroscopy: Raman spectroscopy and mapping were performed on a 

Renishaw invia with 50 objective and 514nm laser as excitation source. Raman 

spectroscopy was used to determine the chemical groups in samples.  

Raman is a spectroscopic technique to observe the vibrational, rotational, and other 

low-frequency modes in a molecular system55. It relies on the inelastic scattering of 

a laser in visible, near infrared, or near ultraviolet range. The laser light interacts with 

the molecular vibrations, phonons or other excitations in the system, resulting in the 

shift of the photon energy of the laser. The shift in energy gives information about the 

vibrational modes in the system. Infrared spectroscopy (IR) also contributes similar, but 

complementary information. For a vibrational transition to be Raman active, the 

molecule must undergo a change in polarizability during the vibration, which refers to 

the ease of distorting electrons from their original position. The polarizability of a 

molecule decreases with increasing electron density, increasing bond strength, and 

decreasing bond length. IR actives require a change in the net molecular dipole. 

When a sample is illuminated with a laser, the electromagnetic radiation is collected 

with a lens and sent through a monochromator. Elastic scattered radiation at the 

wavelength corresponding to the laser line (Rayleigh scattering) is filtered out, while 

the rest of the collected light is dispersed onto a detector, forming a Raman spectra. 

Ambient pressure photoemission spectroscopy (APS): The electronic structure 

information of the samples regarding to the Fermi level, defect position and surface 

photovoltage spectroscopy was obtained by Kelvin probe force spectroscopy. This work 

was carried out by Daboczi Matyas at Imperial College London. 

APS systems can measure the energy of electrons emitted from solids, gases or 

liquids by the photoelectric effect to determine the binding energies of electrons. Dual-

model APS can study the absolute work function (Φ) of a material by photoemission in 

https://en.wikipedia.org/wiki/Inelastic_scattering
https://en.wikipedia.org/wiki/Laser
https://en.wikipedia.org/wiki/Visible_spectrum
https://en.wikipedia.org/wiki/Infrared
https://en.wikipedia.org/wiki/Ultraviolet
https://en.wikipedia.org/wiki/Phonon
https://en.wikipedia.org/wiki/Infrared_spectroscopy
https://en.wikipedia.org/wiki/Lens_(optics)
https://en.wikipedia.org/wiki/Monochromator
https://en.wikipedia.org/wiki/Rayleigh_scattering
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air and also incorporates the Kelvin probe method56 to determine the relative work 

function (ΔΦ). The Kelvin probe method determines the contact potential difference or 

difference in work functions between the sample and a reference electrode. The probe 

is made of materials with a known work function (e.g. tungsten or platinum), arranged 

close to the sample surface as a parallel-plate capacitor with a small spacing. The probe 

is vibrated, causing a change in the capacitance between the electrodes, resulting in a 

small alternating current. The work function difference is measured by applying an 

opposing external bias voltage such that the current is zero. 

Time-of-flight secondary ion mass spectroscopy (TOF-SIMS): The compositional 

depth profile of the samples and surface composition were characterized by means of 

time-of-flight secondary ion mass spectroscopy (TOF-SIMS, ION-TOF GmbH, 

Münster, Germany) on a spatial area of 100✕100 μm. The sputter gun used Cs+ ion to 

remove the surface materials, allowing depth profiles to be probed. An electron gun 

was used to compensate for charging effects. This work was carried out by Sarah Fearn 

and Jonathan Ngiam at Imperial College London. 

  TOF-SIMS is a surface-sensitive analytical method that uses a primary ion beam (Cs 

or Ga) to remove the molecules from the very outermost surface of the sample. The 

particles removed from atomic monolayers on the surface are secondary ions. These 

particles are then accelerated into a "flight tube" and their mass is determined by 

measuring the exact time at which they reach the detector (i.e. time-of-flight)57. Three 

operational modes are available using ToF-SIMS: surface spectroscopy, surface 

mapping and depth profiling. 

Electron paramagnetic resonance (EPR): EPR spectra were recorded at X-band 

(ca. 9 GHz) on a Bruker EMX Micro spectrometer equipped with a Bruker ER4112SHQ 

resonator at room temperature. EPR was used to characterize the free electrons located 

in different environments in the samples. Samples were placed in quartz EPR tubes 

(4mm OD, 3mm ID) in identical quantities, placed at the same optimal position in the 

cavity and measured under non-saturating conditions. G values were obtained by 

comparison with a Bruker Strong Pitch standard (g=2.0028). This work was carried out 

by Adam Brookfield and Eric J. L. McInnes at University of Manchester. 
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Figure 3.2. 6 Scheme of the energy level splitting in EPR. 

(Ref: https://commons.wikimedia.org) 

 

    EPR is used to study materials with unpaired electrons. Every electron has a 

magnetic moment and spin quantum number s=1/2 with magnetic components ms=+1/2 

and ms=-1/2. In an external magnetic field with strength B0, the electron magnetic 

moment aligns either parallel or antiparallel to the field and each alignment has a 

specific energy due to the Zeeman effect58: E = ms ge µB B0, where ge is the g factor for 

electrons, usually ge = 2.0023 for free electrons, and µB is the Bohr magneton. The 

separation between the lower and the upper state is ΔE = ge µB B0 for unpaired free 

electrons, indicating the splitting of the energy levels is proportional to the magnetic 

field strength as shown in Figure 3.3.6. An unpaired electron can move between the 

two energy levels by either absorbing or emitting energy by hν = ΔE, leading to the 

fundamental equation of EPR spectroscopy: hν = ge µB B0. Typically, the photon 

frequency incident on a sample is fixed while the magnetic field varies until the gap of 

ΔE matches the energy of the microwave. According to the Maxwell-Boltzmann 

distribution, there are more electrons in the lower state so that there is a net absorption 

of energy and absorption spectrum.   

Inductively coupled plasma optical emission spectrometry (ICP-OES): ICP-OES 

was carried out on a iCAP 6000 Series ICP Spectrometer from Thermo Scientific to 
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determine the elements and their contents. Standard solutions were prepared using the 

single solutions (purchased from Sigma-aldrich) containg elements interested into 

known concentrations, 0, 1, 5, 10 and 20 ppm in this work. Samples were dissolved in 

0.1 M nitric acid, the same solvent as used in standard solutions.      

ICP-OES is emission spectroscopy using the inductively coupled plasma to produce 

excited atoms and ions that emit electromagnetic radiation at wavelengths characteristic 

of a particular element when these excitons return to the low energy states. The element 

content is determined based on the emission intensity. To generate the plasma, argon 

gas is supplied to a torch coil where high frequency electric current is applied at the tip 

of the torch tube. In the electromagnetic field created in the torch tube by the high 

frequency current, argon gas is ionized and a plasma is generated. The plasma has high 

electron density and temperature (6000 ~ 10, 000K) and this energy is used to excite 

the sample59. Solution samples are introduced into the plasma in an atomized state 

through the narrow tube in the centre of the torch tube. The emission intensities of the 

five standard solutions will establish a linear relationship with the concentrations, and 

the emission intensity from the samples will deduce the elemental concentration 

according to the linearity.   

Thermogravimetric analysis/differential scanning calorimetry (TGA/DSC): 

TGA/DSC of the samples was carried out on a Diamond TG thermo-analyzer. 

TGA/DSC was used to study the mass/heat change of the samples with increasing 

temperature and analyze the phase change of the samples.  

TGA is thermal analysis to continuously measure the sample mass while the 

temperature of a sample is changed over time. This measurement displays the physical 

phenomena, such as phase transitions, absorption, adsorption and desorption; as well 

as chemical phenomena including chemisorptions, thermal decomposition, and solid-

gas reactions (e.g., oxidation or reduction).  

DSC measures the heat difference required to increase the temperature of a sample 

and reference as a function of temperature. In the operation, both the sample and 

reference are maintained at nearly the same temperature. Generally, the temperature 

program for a DSC analysis is designed such that the sample holder temperature 
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increases linearly as a function of time and the reference sample should have a well-

defined heat capacity over the range of temperatures to be scanned. The principle is 

when the sample undergoes a physical transformation such as phase transitions, more 

or less heat will need to flow to it than the reference to maintain the same temperature. 

Whether less or more heat must flow to the sample depends on whether the process 

is exothermic or endothermic60. 

Four-point probe method: Measurement of the resistivity of the materials was 

carried out on a Hall effect measurement system (Lake Shore, 8400 Series) using a 

sample pellets made from powders of materials at a pressure of 12 tons.  

Four probe apparatus is one of the standard and most widely used apparatus for the 

measurement of resistivity of semiconductors, using separate pairs of current-carrying 

and voltage-sensing electrodes to make accurate measurement. Separation of current 

and voltage electrodes eliminates the lead and contact resistance from the measurement, 

which is advantageous for precise measurement of low resistance values.  

 

3.3 Electrochemical Measurement 

The as-prepared electrode materials were mixed with acetylene black and binder 

(sodium carboxymethyl cellulose, CMC) in a weight ratio of 7:2:1 using distilled water 

as solvent. The solution was placed on a copper foil as the current collector and the 

electrode dried in a vacuum oven at 100 oC for 24 h. The R2032 coin cell was assembled 

in an argon-filled glove box using metallic lithium as the cathode and Celgard 2500 

membrane as the separator. The electrolyte used commercial product which is 1 M 

LiPF6 dissolved in a mixture of solvent of ethylene carbonate (EC) and dimethyl 

carbonate (DMC) (v/v, 1/1). The assembled lithium-ion half cells were left at room 

temperature for 1 h to improve the contact between the components in the cells before 

any electrochemical measurements.  

 Cyclic voltammetry (CV): CV was carried out over a specific voltage range on an 

Autolab workstation (GPES software) at room temperature. CV is an electrochemical 

technique which measures the current that develops in an electrochemical cell under 
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the conditions where voltage is linearly changed with time. CV is used to study the 

electrochemical properties of an analyte in solution or a molecule adsorbed onto the 

electrode48. The more reversible the redox couple is, the more similar the oxidation 

peak will be in shape to the reduction peak.    

Galvanostatic charge/discharge (GCD): GCD was performed by a 580 Bycycle 

battery test system at room temperature with a constant current in a specific voltage 

range. GCD is typically used to specify the capacity, lifetime of a battery.  

Electrochemical impedance spectroscopy (EIS): EIS was studied using a Solartron 

Analytical 1286 Interface and 1260 Frequency Response Analyser, an ac amplitude of 

5 mV in the frequency range from 60 kHz to 10 mHz was employed. All 

electrochemical tests were carried out at room temperature. EIS is a frequency domain 

measurement made by applying a sinusoidal perturbation, typically a voltage, to an 

electrochemical system to measure the impedance over a range of frequencies. The 

impedance at a given frequency is related to processes occurring at timescales of the 

inverse frequency (e.g. f = 0.1 Hz, t=10 s). Impedance measures the ability of a circuit 

to resist the flow of current, different from resistance in terms of ideal resistor. An ideal 

resistor has simplifying properties: it follows Ohm’s law at all current and voltage levels; 

the resistance value is independent of frequency; and AC current and voltage signals 

through a resistor are in phase with each other. However, a real system is complex and 

composed of multi circuit elements, such as resistors, capacitors and inductors.  

EIS uses small perturbations of AC voltage and measures the current. The applied 

sinusoidal potential excitation results in an AC current signal. These small departures 

from equilibrium are assumed to have a linear response, thus the current response will 

be sinusoidal at the same frequency but shifted in phase61. EIS is performed by 

sweeping through a wide range of frequencies at a single perturbation amplitude. 

Through the analysis of equivalent electrical circuit elements, the impedance spectrum 

is attributed to different physical processes in the electrochemical system (e.g. double 

layer capacitance, charge-transfer resistance etc.). EIS may be appropriate for simple 

systems with well-defined physics but may not be able to discern the differences 

between the reaction mechanisms. 
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4 Morphology Synthesis of Materials for Buffering Volume Change in 

Lithium Storage 

  Synthesis of novel nanostructured materials provides pathways to buffer the large 

volume change of the battery materials during lithiation/delithiation. In this chapter, a 

thermal vapour method was proposed to synthesize the anode materials in hollow, core-

shell, yolk-shell and clustered structures to mitigate their volume variation in the 

lithium storage, thus leading to suppressed capacity degradation.  

The proposed thermal vapour method is based on the evaporation of a low-boiling 

point metal out of a mixed-metal nanomaterial. Cobalt (Co) and zinc (Zn) have a boiling 

point difference of ~2000 oC, indicating Co/Zn mixed materials to be a suitable system 

to verify the proposed methodology. Herein, Zn-Co mixed-ion metal-organic-

frameworks (MOFs) were prepared as precursors, followed by Zn removal in pyrolysis 

and form Co3O4 nanostructures, which are distinct from the MOFs containing tunable 

amounts of Zn and Co ions. Hollow Co3O4 spheres were formed and exhibited a high 

specific capacity at high cycling rates. The nanostructures are usually in the form of 

aggregates because of the high surface energy rather than individual particles. It is 

crucial to investigate whether the agglomerate structures influence the materials 

performance in lithium storage. Then, Co3O4 in agglomerates of dumbbells, spheres 

and grapes were synthesized with clustered nanoparticles. Among them, Co3O4 grapes 

performed the best with a high specific capacity and good cycling stability. 

Nanostructured Co3O4 synthesized by the thermal vapour method exhibited high 

lithium-storage performance through a conversion reaction. Alloying storage is another 

high-capacity storage process but the materials also suffer large volume changes and 

capacity degradation. Tin (Sn) is one of the most promising alloying-type anode 

materials for lithium storage because of its huge capacity and high conductivity. Herein, 

the thermal vapour method was used to yield yolk-shell and core-shell Sn@C spheres 

interconnected by carbon nanofibers. The advanced materials exhibited stabe capacities 

in cycling with a large specific capacity.  

The content in this chapter will be structured as below: (i) the first part is to introduce 
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thermal vapor method and use Zn-Co mixed-ion MOFs to develop Co3O4 hollow 

structures, to demonstrate the potential of the method; (ii) the second is to develop 

different Co3O4 clustered structures by the method and analyse how their storage 

performance is influenced by the agglomerates structures; (iii) the third is to extend the 

synthesis method to alloying-type Sn nanomaterials and study the lithium-storage 

properties.   

 

4.1 Thermal Vapour Method for Hollow Co3O4 Spheres 

4.1.1 Introduction 

The performance of LIBs has been improved by the development of new 

electrode materials since first commercialized by Sony in 1991. High-capacity 

anode materials that can reach several thousand mAh g-1, such as Si, are 

promising to improve the energy and power densities of the batteries41, 62, 63. 

Anodes of transition metal oxides have attracted great interest, such as Co3O4, as 

they can offer higher theoretical specific capacities, 890 mAh g-1 (Co3O4+8Li→ 

3Co + 4Li2O), than commercial graphite, 372 mAh g-1 (6C+Li→LiC6)
15, 64. 

Whilst Co3O4 has a high specific capacity, it has not been widely used as a 

material of choice for LiB anodes owing to its high cost, poor electrical 

conductivity and high volume change upon lithiation/delithiation65 which is 

nearly 249%.  

Mixed transition metal oxides, AxB3-xO4, can result in improved conductivity, 

because of the facile electron hopping between the multivalent metal centres, and 

hence improved performance in lithium storage66-68. The doping using mixed 

transition metal oxides for improving the conductivity of Co3O4 is preferred 

because both materials are capable of lithium storage. ZnCo2O4 as a mixed 

transition metal oxide containing cobalt oxide, offers the greatest potential as a 

doping phase becasue of the high lithium-storage capacity resulting from the 

conversion reaction, ZnCo2O4 + 8Li → Zn + 2Co + 4Li2O, and lithium alloying 

reaction of Zn to ZnLix
41. However, bulk ZnCo2O4 suffers large volume variation 
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of more than 211% on lithiation/delithiation. The huge volume change of the 

metal oxides in the electrochemical lithiation/delithiation leads to electrode 

pulverization and loss of contact with the current collector upon repeated 

cycling69. The use of nanostrurcted materials which are able to better 

accommodate the material swelling can lead to anodes with improved 

cyclability70-73. Formation of the micro/nano hierarchical structures and 

composites with the carbon-based materials provides effective solutions to 

reduce the problem of swelling by buffering the volume change74-78. It has been 

reported that mesoporous ZnCo2O4 microspheres composed of nanoparticles79 

exhibit an initial specific capacity of 937 mAh g−1 and maintain 432 mAh g−1 

after 40 cycles at 1 A g−1. The composites with ultrathin ZnCo2O4 nanosheets80 

grown on the reduced graphene oxide showed stabe reversible capacity around 

960 mAh g−1 at 90 mA g−1. Metal-organic-frameworks (MOFs) derived 

ZnCo2O4 porous hollow spheres coated with Ag via a Ag-mirror reaction81 

exhibited a high reversible capacity of 616 mA h g−1 after 900 cycles at 1 A g−1 

and promising capacity at a high rate of 20 A g−1. The prepared carbon nanofibers 

anchored with ZnxCo3–xO4 nanocubes were reported to deliver a high capacity of 

600 mAh g−1 and excellent cycling stability82. However, these strategies either 

require complicated synthesis procedures in forming hierarchical structures or 

need extra composites in material processing, apparently increasing the cost of 

material preparation.   

The pyrolysis of MOFs has been considered as a popular method to prepare 

the metal oxide@C nanocomposites70, 83-89. A MOF is formed by the organic 

linkers and metal clusters and the change in the ligand type, coordination of the 

metal clusters, reaction time, ligand-to-metal ion ratios, solvent and temperature 

alters the MOF structure as well as its physicochemical properties90, 91. The 

morphological characteristics of the metal oxides through the MOF pyrolysis 

largely depend on the structure of the MOF and the pyrolysis conditions. 

In this section, a thermal vapor method is proposed to synthesize the hollow 

Co3O4 doped with ZnCo2O4 via the direct pyrolysis of a mixed-ion ZnCo MOF. 
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The thermal vapor method in the pyrolysis of ZnCo MOFs reveals that: ZnO is 

firstly condensed in the center of a particle and then reduced to metallic Zn in a 

reductive environment. At a temperature higher than the boiling point of Zn, Zn 

is evaporated. The controllable loss of Zn results in the formation of hollow 

spheres. The doping level of ZnCo2O4 in the hollow structure is tuned by the loss 

of Zn and the optimal resultant hollow structures exhibit high specific capacity 

and excellent cyclability for lithium storage. 

4.1.2 Materials Preparation 

Synthesis of mixed-ion ZnCo MOFs: All chemicals were sourced from Sigma-

Aldrich and used without any further processing. The chemicals used for MOF 

synthesis are referred to the reported works92. In a synthesis, 4 mmol Zn(NO3)2·6H2O 

(1.19 g), 8 mmol CoCl2·6H2O (1.9 g) and a defined number of moles of terephthalic 

acid were added to a mixture of dimethylacetamide (DMA, 50 mL) and methanol (30 

mL). 1.5 g polyvinylpyrrolidone (PVP, average Mw ~55,000) as surfactant was added 

to the solution and the system was stirred for 60 minutes. The mixture obtained was 

transferred to a 125 mL autoclave and kept at 150 oC for a set period. After washing 

with DMA and methanol the precipitate was recovered by centrifugation and dried in 

vacuum at 80 oC. Six different batches of Zn/Co mixed-ion MOFs were prepared, 

defined by the amount, in mmol, of terephthalic acid ligand used in the synthesis and 

the time in h of the solvothermal reaction; ZnCoMOF(1.3 mmol, 12 h), ZnCoMOF(3.5 

mmol, 3 h), ZnCoMOF(3.5 mmol, 8 h), ZnCoMOF(3.5 mmol, 12 h), ZnCoMOF(3.5 

mmol, 14 h) and ZnCoMOF(3.5 mmol, 16 h).   

Synthesis of Co3O4/ZnCo2O4 composites: The ZnCoMOFs were pyrolized in Ar, 

samples were heated to 550 oC, the temperature was maintained for 2 h and then the 

system was cooled back to room temperature. Two heating rates were employed in the 

pyrolysis 10 and 2 oC min-1. Finally the samples were calcined in air at 350 oC for 2 h. 

Samples are labelled ZCO(x mmol, y h, z) where x and y are the number of mmol of 

terephthalic acid ligand used and the length of heating in the autoclave during the 

synthesis of the parent MOF respectively and z is the heat rate employed in pyrolysis.  
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Simulation: Molecular structure and simulation was fabricated using ChemDraw 

16.0 and Chem3D 16.0 software. The optimized molecular structure was deduced using 

MM2 force-field theory and the molecular orbital was simulated using extended Hückel 

method. Force-field theory refers to the functional form and parameter sets to calculate 

the potential energy of a system of atoms in molecular mechanics and molecular 

dynamics simulations93. Extended Hückel method is used for determining molecular 

orbitals and determine the relative energy of different geometrical configurations94. 

4.1.3 Growth of Mixed Zn-Co MOF 

 

Figure 4.1. 1 SEM images of ZnCoMOF from precursors (a) using 1.3mmol H2BDC 

with 12h solvothermal reaction, and using 3.5mmol H2BDC with (b) 12h, (c) 14h, (d) 

16h, (e) 3h and (f) 8h reaction time. (g) Bond lengths between the metal ions and ligand, 

spheres in grey, green and red denote carbon, hydrogen and oxygen atoms, respectively. 

Adapted with permission from ref.89, copyright 2018, Elsevier. 

 

Mixed-ion ZnCoMOFs were prepared by a solvothermal process in a mixed 

solvent of dimethylacetamide (DMA, 50mL) and methanol (30mL) at 150 oC 

using CoCl2 and Zn(NO3)2 as binary metal ion sources and terephthalic acid 

(H2BDC) as ligand. Figure 4.1.1 shows the morphology of the as-prepared 

ZnCoMOFs. When 1.3 mmol H2BDC was added to the metal ions and a time of 

12 hours was employed, the resultant ZnCoMOF(1.3mmol, 12h) is spherical in 
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microstructure (Figures 4.1.1a). The increase in the amount of H2BDC to 3.5 

mmol with a same time, tunes the microstructure of ZnCoMOF(3.5mmol, 12h) 

from spherical to dumbbell shaped (Figure 4.1.1b). Extending the reaction time 

to 14h and 16h forms ZnCoMOF(3.5mmol, 14h) and ZnCoMOF(3.5mmol, 16h) 

of which the dumbbells heads expand as shown in Figures 4.1.1(c,d). With 

shorter time of 3h and 8h, ZnCoMOF(3.5mmol, 3h) and ZnCoMOF(3.5mmol, 

8h) were formed with a mixture of spheres and dumbbells (Figures 4.1.1e,f). 

 

Figure 4.1. 2 XRD patterns of prepared MOFs using 3.5mmol H2BDC by solvothermal 

reaction for 3, 8, 12, 14 and 16 h in comparison with the pattern of MOF-5. Adapted 

with permission from ref.89, copyright 2018, Elsevier. 

 

Figure 4.1. 3 High resolution XPS of (a) Co 2p3/2 and (b) Zn 2p of ZnCoMOF (3.5mmol, 

xh), x is reaction time. Adapted with permission from ref.89, copyright 2018, Elsevier. 
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Figure 4.1. 4 SEM image of CoMOF using 3.5mmol H2BDC for 12h reaction. Adapted 

with permission from ref.89, copyright 2018, Elsevier. 

Table 4.1. 1 Atomic ratio of Co:Zn in the prepared MOFs from ICP measurement. 

ZnCoMOF H2BDC Reaction time Co:Zn ratio 

ZnCoMOF(3.5mmol, 3h) 3.5mmol 3h 5.3 

ZnCoMOF(3.5mmol, 8h) 3.5mmol 8h 5.0 

ZnCoMOF(3.5mmol, 12h) 3.5mmol 12h 4.4 

ZnCoMOF(3.5mmol, 14h) 3.5mmol 14h 4.1 

ZnCoMOF(3.5mmol, 16h) 3.5mmol 16h 3.8 

ZnCoMOF(1.3mmol, 12h) 1.3mmol 12h 13.4 

 

XRD patterns of the MOFs prepared using 3.5 mmol H2BDC for different time 

are shown in Figure 4.1.2, indicating an evolution in the crystal structure with 

increasing reaction time90, different from MOF-5. High-resolution XPS of Co 

2p3/2 and Zn 2p of ZnCoMOF(3.5mmol, 3, 8, 12 and 16h) are displayed in Figure 

4.1.3. All the samples exhibit similar peaks for both Co 2p3/2 and Zn 2p3/2 located 

at 781 and 1022 eV respectively, indicating Co(II)95 and Zn(II)70 in the metal-

oxygen bond. Table 4.1.1 lists the Co:Zn ratios of the six as-prepared MOFs 

determined using ICP-OES, indicating the 2:1 elemental ratio of Co:Zn 

employed in the synthesis is not maintained in the products. In all cases the ratios 

of Co:Zn are larger than 2 which implies that Co2+ incorporation is preferred. In 

MOFs, the bonding of Co2+ and Zn2+ ions with H2BDC is through the Co-O and 

Zn-O chemcial bonds. The structural optimization of the two kinds of bonds 



64 
 

linked with a same BDC molecule, Figure 4.1.1g reveals that the Co-O has a 

shorter bond length (0.6 Å) than Zn-O (1.89 Å). The molecular orbital 

distribution of the metal-organic molecule indicates stronger Co-O interaction 

than Zn-O interaction, resulting in the preferable incorporation of Co2+. The 

binding energy of Co-O and Zn-O is independant on the Co:Zn ratio of the 

ZnCoMOFs, as indicated by the XPS analysis. Co:Zn ratios in ZnCoMOF 

(1.3mmol, 12h) and ZnCoMOF (3.5mmol, 12h) are 13.4 and 4.4 respectively, 

indicating that the higher ligand concentration leads to increased Zn2+ uptake. 

The amount of Zn2+ in the product is found to increase with the reaction time. 

The reaction between H2BDC and Co2+ ions in the absence of Zn2+ ions for 12h 

produces a non-uniform MOF structure, as shown in Figure 4.1.4.  

4.1.4 Thermal Vapour Preparation of Hollow Spheres 

 

Figure 4.1. 5 Characterization of Co3O4/ZnCo2O4. (a) TGA/DSC curves of ZnCoMOF 

(3.5mmol, 12h) in inert atmosphere. (b) XRD patterns of CO/ZCO (1.3mmol, 12h, 10) 

and CO/ZCO (3.5mmol, 12h, 2). (c) XPS of Co 2p3/2 in CO/ZCO (1.3mmol, 12h, 10) 

(upper) and CO/ZCO (3.5mmol, 12h, 2). XPS of (d) Co 2p and (e) Zn 2p in CO/ZCO 

(3.5mmol, 12h, 2) during etching at 0.2 nm/s. ZCO(x mmol, y h, z) where x is mmol of 

terephthalic acid, y is the length of heating in the autoclave reaction and z is the heat 

rate in pyrolysis. Adapted with permission from ref.89, copyright 2018, Elsevier. 



65 
 

Table 4.1. 2 Atomic ratios of Co:Zn in the prepared metal oxides. 

ZnCoMOF Metal oxide Pyrolysis process Co/Zn ratio 

ZnCoMOF(1.3mmol,12h) CO/ZCO(1.3mmol,12h,2) 550oC-2hAr-350oC-2hAir 34.9 

ZnCoMOF(1.3mmol,12h) CO/ZCO(1.3mmol,12h,10) 550oC-2hAr-350oC-2hAir 29.1 

ZnCoMOF(3.5mmol,3h) CO/ZCO(3.5mmol,3h,2) 550oC-2hAr-350oC-2hAir 6.4 

ZnCoMOF(3.5mmol,12h) CO/ZCO(3.5mmol,12h,2) 550oC-2hAr-350oC-2hAir 17 

ZnCoMOF(3.5mmol,16h) CO/ZCO(3.5mmol,16h,2) 550oC-2hAr-350oC-2hAir 14.2 

ZnCoMOF(3.5mmol,12h) CO/ZCO(3.5mmol,12h,2, 

550C-0hAr) 

550oC-0hAr 3.3 

ZnCoMOF(3.5mmol,12h) CO/ZCO(3.5mmol,12h,2, 

550C-2hAr) 

550oC-2hAr 18.4 

ZnCoMOF(3.5mmol,12h) CO/ZCO(3.5mmol,12h,2, 

550C-0hAr-350C-2hAir) 

550oC-0hAr-350oC-2hAir 3.1 

ZnCoMOF(3.5mmol,12h) CO/ZCO(3.5mmol,12h,2, 

350C-2hAir) 

350oC-2hAir 3.2 

 

  The pyrolysis of the ZnCoMOFs in Ar flow at 550 oC for 2 h was used to 

prepare the metal oxide nanocomposites. Thermogravimetry and differential 

scanning calorimetry (TGA/DSC) curves of ZnCoMOF (3.5mmol, 12h) in 

Figure 4.1.5a indicate that the MOF skeleton collapses at ca. 500 oC in an inert 

atmosphere. The samples pyrolysis in an Ar atmosphere were then sintered in air 

at 350 oC for 2h to obtain the metal oxides, for which the XRD patterns are shown 

in Figure 4.1.5b. The diffractograms of materials processed at two different 

heating rates, 2 and 10 oC min-1 in Ar demonstrate consistent patterns with Co3O4 

and ZnCo2O4 and there is no evidence of any ZnO or Zn phase. Given that the 

Co:Zn ratio in the parent MOFs and in the pyrolyzed materials is greater than 2:1 

it appears that the product contains both Co3O4 and ZnCo2O4. The mixed 

Co3O4:ZnCo2O4 materials formed are designated CO/ZCO (xmmol, yh, z) where 

x and y refer to the concentration of ligand and the time in the autoclave for 
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generation of the parent MOF and z is the heat rate used in the pyrolysis step. 

The chemical analysis of the products using ICP-OES indicates that the resultant 

materials contain Co and Zn with Co always in excess, as listed in Table 4.1.2.  

The high-resolution XPS of Co 2p3/2 of CO/ZCO (3.5mmol, 12h, 2) and 

CO/ZCO (1.3mmol, 12h, 10) are shown in Figure 4.1.5c. The surface Co 2p3/2 

spectra show two distinct peaks at binding energies of 779.6 and 781.5 eV with 

small satellite peaks (SA and SB), an indication of Co(III) and Co(II)95. 

Quantification by fitting the XPS spctra gives atomic ratios of Co(III):Co(II) in 

CO/ZCO (3.5mmol, 12h, 2) and CO/ZCO (1.3mmol, 12h, 10) of 2.4 and 2.2 

respectively. A ratio above 2 indicates ZnCo2O4 is in the composite, with the 

higher ratio of 2.4 meaning a higher content of ZnCo2O4 in CO/ZCO (3.5mmol, 

12h, 2) than CO/ZCO (1.3mmol, 12h, 10), consistent with the ICP results. The 

XPS depth profiles96 of Co and Zn in the composite are displayed in Figure 4.1.5d 

and e which were etched with Ar+ ions at an estimated rate of 0.2 nm s-1. High-

resolution XPS of Zn 2p display a doublet but the noisy signal indicates the 

content of Zn in both surface and bulk is low, again resulting from the small 

amount of ZnCo2O4. Co 2p3/2 spectra show little shift in the peak position and 

intensity with the etching time but the satellite peaks are enhanced, indicating the 

Co(III) might be reduced during the etching. 
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Figure 4.1. 6 XRD patterns of the samples. (a) Products after pyrolysis of ZnCoMOF 

(3.5mmol, 12h) at 550 oC in Ar for 0h, CO/ZCO (3.5mmol, 12h, 2, 550C-0hAr) and 2 

h, CO/ZCO (3.5mmol, 12h, 2, 550C-2hAr). (b) Products of (a) annealed in air for 2h, 

CO/ZCO (3.5mmol, 12h, 2, 550C-0hAr-350C-2hAir) and CO/ZCO (3.5mmol, 12h, 2, 

550C-2hAr-350C-2hAir). (c) Products of pyrolytic ZnCoMOF (3.5mmol, 12h) at 350 

oC for 2h in Ar, CO/ZCO (3.5mmol, 12h, 2, 350C-2hAr) and air, CO/ZCO (3.5mmol, 

12h, 2, 350C-2hAir). Adapted with permission from ref.89, copyright 2018, Elsevier. 

 

  To study the reason for the low content of Zn in the pyrolyzed products compared 

with the parent MOFs, experiments were performed using different heating regimes. 

ZnCoMOF(3.5mmol, 12h) was heated at 2 oC min-1 in Ar to 550 oC and either 

immediately cooled, CO/ZCO(3.5mmol, 12h, 2, 550C-0hAr) or kept at 550 oC for 2 h 

prior to cooling, CO/ZCO(3.5mmol, 12h, 2, 550C-2hAr). XRD patterns of CO/ZCO 

(3.5mmol, 12h, 2, 550C-0hAr) in Figure 4.1.6a show ZnO and Co in the sample. 

Holding the sample at 550oC for 2h reduces ZnO and the temperature above the melting 

point of nanosized Zn (419 oC) leads to the loss of Zn via a thermal vapour process97. 

Therefore, only patterns of metllic Co are observed in CO/ZCO(3.5mmol, 12h, 2, 550C-

2hAr). The loss of Zn is also confirmed by the Co:Zn ratios of CO/ZCO(3.5mmol, 12h, 

2, 550C-0hAr) and CO/ZCO(3.5mmol, 12h, 2, 550C-2hAr) which are 3.3 and 18.4 from 

the ICP measurement in Table 4.1.2. The evaportion of Zn is promoted by the reductive 

reagents98-100, such as carbon and the transition metal, Co produced by the heating of 

ZnCoMOF(3.5mmol, 12h) in Ar at 550 oC for 2 h101, in line with reported conclusion102.  
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  The amount of ZnO in the pyrolysis intermediates via heating at 550oC in Ar 

determines the quantity of ZnCo2O4 dopant. The annealing of CO/ZCO 

(3.5mmol, 12h, 2, 550C-0hAr) and CO/ZCO (3.5mmol, 12h, 2, 550C-2hAr) in 

air at 350 oC for 2 h oxidizes Co to Co3O4 and triggers the reaction with ZnO. 

XRD patterns of CO/ZCO (3.5mmol, 12h, 2, 550C-0hAr-350C-2hAir) in Figure 

4.1.6b match Co3O4/ZnCo2O4 and ZnO while there is no ZnO in CO/ZCO 

(3.5mmol, 12h, 2, 550C-0hAr-350C-2hAir) or CO/ZCO (3.5mmol, 12h, 2). ZnO 

in CO/ZCO (3.5mmol, 12h, 2, 550C-0hAr) intermediate is not able to react with 

oxidized Co3O4 to become ZnCo2O4 because the formation of a solid solution in 

ZnO-Co3O4-ZnCo2O4 system needs higher energy than is available at 350oC103. 

The annealing of ZnCoMOF (3.5mmol, 12h) at 350oC in air for 2h burns off the 

carbon and results in CO/ZCO (3.5mmol, 12h, 2, 350-2hAir), see Figure 4.1.6c, 

with a Co:Zn ratio of 3.3, denoting a high content of ZnCo2O4 in the composite. 

 

Figure 4.1. 7 (a) TGA/DSC curves of CO/ZCO (3.5mmol, 12h, 2) in air. (b) N2 

isotherms of CO/ZCO (3.5mmol, 12h, 2) and CO/ZCO (3.5mmol, 16h, 2). DFT pore 

size distribution of (c) CO/ZCO (3.5mmol, 12h, 2) and (d) CO/ZCO (3.5mmol, 16h, 2). 

Adapted with permission from ref.89, copyright 2018, Elsevier. 
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Figure 4.1. 8 SEM images of CO/ZCO from ZnCoMOF at 2 oC min-1 and 10 oC min-1. 

(a) CO/ZCO (1.3mmol,12h,2), (b,c) CO/ZCO (3.5mmol,12h,2), (d,e) CO/ZCO 

(3.5mmol,16h,2), (f,g) CO/ZCO (1.3mmol,12h,10), (h,i) CO/ZCO (3.5mmol,12h,10), 

(j) CO/ZCO (3.5mmol,3h,2), (k) CO/ZCO(3.5mmol,3h,10) and (l) CO/ZCO 

(3.5mmol,8h,2). Adapted with permission from ref.89, copyright 2018, Elsevier. 

 

Scherrer equation analysis of the (311) peak in the XRD patterns for CO/ZCO 

(1.3mmol, 12h, 10) and CO/ZCO (3.5mmol, 12h, 2) yields a primary crystallite 

size of ca. 24.6 nm for both nanomaterial samples. Standard powder diffraction 

patterns for Co3O4 and ZnCo2O4 show intensity ratios for the (220):(311) peaks 

of 0.33 and 0.35, respectively; whilst for CO/ZCO (1.3mmol, 12h, 10) and 

CO/ZCO (3.5mmol, 12h, 2) the ratios of the peaks are 0.83 and 0.53, which is 

consistent with preferred crystal growth perpendicular to the (220) plane. 

Thermal analysis of the as-prepared materials in Figure 4.1.7a indicates less than 

1% carbon in the product. The nitrogen absorption/desorption isotherms in 4.1.7b 

of CO/ZCO (3.5mmol, 12h, 2) and CO/ZCO (3.5mmol, 16h, 2) reveal Brunauer-

Emmett-Teller (BET) surface areas of 47 and 57 m2 g-1 respectively. The pore 

size distributions in 4.1.7c and d using Density Functional Theory (DFT) denote 

both micro- and meso-pore characteristics of the metal oxides nanocomposites.  
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The morphologies of formed CO/ZCO were characterized by the field-

emission SEM. The prepared samples via slow heating rate, 2 oC min-1 of the 

MOFs in inert atmosphere retain the structure of the parent MOFs, as shown in 

Figure 4.1.8(a-e). The higher heating rate 10 oC min-1 greatly changes the 

microstructure from that of the parent MOFs and the products displayed in 

Figure 4.1.8(f-i) become an amalgamation of spheres. SEM images of CO/ZCO 

(3.5mmol,3h,2), CO/ZCO (3.5mmol,3h,10), and CO/ZCO (3.5mmol,8h,2) in 

Figure 4.1.8(j-l) also present similar change in the mophorlogy related to the 

applied pyrolysis rates. When a low concentration of ligand is employed in 

preparing the MOFs, the formed spheres are greater than 1 μm in diameter, whilst 

when a higher ligand concentration is employed in synthesizing MOFs, the 

spheres of CO/ZCO are less than 200 nm in diameter, as indicated in Figures 

4.1.8 g and i.  
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Figure 4.1. 9 TEM and HRTEM images of (a, b) CO/ZCO (1.3mmol, 12h, 10), (c, d) 

CO/ZCO (3.5mmol, 12h, 2) and (i) CO/ZCO (3.5mmol, 12h, 2, 550C-0hAr-350C-

2hAir). The inset in (b) is the FFT of the selected HRTEM area and in (d) is the SAED. 

(e, f) Elemental mapping of Co and Zn. Line scan mapping of (g) CO/ZCO (1.3mmol, 

12h, 10), (h) CO/ZCO (3.5mmol, 12h, 2), (j) CO/ZCO (3.5mmol, 12h, 2, 550-0hAr-

350-2hAir) and (k) CO/ZCO (3.5mmol, 12h, 2, 350C-2hAir). Adapted with permission 

from ref.89, copyright 2018, Elsevier. 

 

TEM images of CO/ZCO (1.3mmol, 12h, 10) and CO/ZCO (3.5mmol, 12h, 2) 

in Figures 4.1.9a and c indicate the spheres formed in pyrolysis are hollow. 

High-resolution TEM (HRTEM) image of the larger spheres in Figures 4.1.9b 

shows (220) and (440) lattice planes and the smaller hollow spheres in Figures 

4.1.9d display a (220) lattice plane of Co3O4/ZnCo2O4. The insets of electron 

diffraction patterns in both images indicate the obtained materials are 
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polycrystalline. The elemental maps of Co and Zn in CO/ZCO (1.3mmol, 12h, 

10) spheres are displayed in Figures 4.1.9(e, f), and the line scan mapping in 

Figures 4.1.9g shows clear maxima for Co and O at the edge of the particle, 

confirming the sphere is hollow. Line scan mapping of CO/ZCO (3.5mmol, 12h, 

2) sphere in Figures 4.1.9h is also consistent with a hollow structure being 

formed. Both line scans indicate a lower Zn content than half of the Co, in 

agreement with the formation of a ZnCo2O4/Co3O4 composite on pyrolysis. In 

contrast to the hollow spheres, CO/ZCO (3.5mmol, 12h, 2, 550C-0hAr-350C-

2hAir) that has a high content of Zn displays solid spheres in Figures 4.1.9i and 

the Zn concentrates in the centre of the sphere (Figures 4.1.9j) rather than a flat 

distribution in the low-temperature pyrolysed CO/ZCO (3.5mmol, 12h, 2, 350C-

2hAir), see the line mapping in Figures 4.1.9k. The results indicate that the Zn 

condensation and loss are key processes to form the hollow spheres. 

 

Figure 4.1. 10 Schematic of the formation process of hollow structure. I: ZnCo MOFs; 

II: ZnO condensation to the middle of the pyrolyzed particle; III: ZnO reduction to Zn 

and Zn evaporation; IV: Hollow Co3O4/doped with ZnCo2O4 after Zn loss. 

 

According to the XRD and electron microscopy characterizations, the hollow 

CO/ZCO is proposed to form via a thermal vapor mechanism as schemetically 

represented in Figure 4.1.10. (I) The pyrolysis of the prepared ZnCo MOFs in 

Ar at 550 oC produces particles composed of ZnO and Co nanoparticles in a 

spherical shape because of the self-templated growth of MOFs104. (II) ZnO is 

condensed to the center of the pyrolyzed particle and reduced to Zn within the 

reducing environment involving carbon and Co nanoparticles. (III) The 

continuous annealing at 550 oC in Ar results in Zn melting and (IV) evaporation 
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via the thermal vapor leaving a hollow core. Co particles are oxidized by the air 

at 350 oC to Co3O4 and react with remaining ZnO to form ZnCo2O4. In this 

process, the nanoscale Kirkendall effect, as a result of the non-equal net flow of 

matter between the Co core and Co3O4 shell, also contributes to the formation of 

a hollow sphere105-108.  

4.1.5 Electrochemical Studies of the Hollow Structures 

 

Figure 4.1. 11 CV of (a) CO/ZCO (1.3mmol, 12h, 10) and (b) CO/ZCO (3.5mmol, 12h, 

2). (c) The linear fitting of lg(oxidative peak current) to lg(sweep rate) from the curves 

in (a) and (b). (d) First five cyclic voltammograms of CO/ZCO (3.5mmol, 12h, 2) at 

0.5 mV s-1. Adapted with permission from ref.89, copyright 2018, Elsevier. 

 

Figures 4.1.11a and b display the cyclic voltammograms of CO/ZCO 

(1.3mmol, 12h, 10) and CO/ZCO (3.5mmol, 12h, 2) in a lithium-ion cell at scan 

rates from 0.2 to 1.2 mV s-1. The anodic and cathodic peaks of both samples shift 

slightly with the increasing scan rates, implying a low electrode polarization and 

good electrochemical reversibility. Considering the relationship between the 
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peak current and scan rate, i=avb, the b values can be calculated using the lg(v)-

lg(i) plot, where a value of unity indicates capacitive (pseudocapacitive) storage 

behaviour and a b of 0.5 signifies a diffusion limited reaction109, 110. The linear 

plots in Figure 4.1.11c between lg(oxidative peak current) and lg(sweep rate) of 

CO/ZCO (1.3mmol, 12h, 10) and CO/ZCO (3.5mmol, 12h, 2) yield b values of 

0.67 and 0.83. The difference in the b factor indicates the electrochemical 

reaction of CO/ZCO changes from diffusion-control to surface-control by tuning 

the particle size from hundreds to tens of nanometers, as revealed by the SEM 

and TEM images. The nano-sized particles greatly shorten the diffusion 

pathways resulting in surface dominated reaction. The first five CVs of CO/ZCO 

(3.5mmol, 12h, 2) at 0.5 mV s-1 are recorded in Figure 4.1.11d to help understand 

the electrochemical reaction mechanism. The first cycle starts from the open 

circuit voltage of 1.8 V and at 0.6 V, the abrupt but irreversible cathodic peak is 

assigned to the multi-step lithium insertion and electrolyte decomposition 

reaction65, 72, 111. Beginning from the second cycle, one pair of redox peaks, 0.95 

V for cathodic and 2.2 V for anodic are observed only, signifying the conversion 

reaction between Co3O4 and Co112   

Compared with the first cycle, the subsequent cycles shows smaller current for 

the cathodic peaks, while the anodic peaks have similar current throughout. The 

consumption of a large number of charges in the first cathodic reaction is due to 

an irreversible reaction of the formation of solid electrolyte interphase (SEI) film. 

The cathodic peaks after the first cycle are still sharp with a small full width at 

half maximum, evidenced by the circled area in the figure, different to the broad 

peaks reported for Co3O4 but similar to the voltammograms of ZnCo2O4
113. The 

broad cathodic peaks partially result from the formation of a SEI layer72 while 

the sharp peaks of CO/ZCO (3.5mmol, 12h, 2) imply a low loss of charges in SEI 

after the initial cycle. In the first cycle, a mature SEI layer is formed on CO/ZCO, 

in which ZnCo2O4 provides synergistic effect in SEI formation. The nearly 

overlapping CV curves after the initial cycle indicate an excellent reversibility of 

the electrode material. 
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Figure 4.1. 12 Voltage profiles at specific current densities of (a) CO/ZCO (1.3mmol, 

12h, 10), (b) CO/ZCO (3.5mmol, 12h, 10), (c) CO/ZCO (3.5mmol, 12h, 2), (d) 

CO/ZCO (3.5mmol, 16h, 2), (e,g) CO/ZCO (3.5mmol, 12h, 2, 550-0hAr-350-2hAir) 

and (f,h) CO/ZCO (3.5mmol, 12h, 2, 350-2hAir). Cycling performance at 2, 5, 10, 15, 

20 and then 1 A g-1 of (i) CO/ZCO (1.3mmol, 12h, 10), (j) CO/ZCO (3.5mmol, 12h, 

10), (k) CO/ZCO (3.5mmol, 12h, 2) and (l) CO/ZCO (3.5mmol, 16h, 2). Adapted with 

permission from ref.89, copyright 2018, Elsevier. 

Table 4.1. 3 Specific capacity (mAh g-1) of CO/ZCO at rates from 0.1-10 A g-1. 

Samples 0.1 0.2 0.5 1 2 5 10 

CO/ZCO(1.3mmol, 12h, 10) 707 680 612 555 476 358 243 

CO/ZCO(3.5mmol,12h, 10) 764 753 708 633 556 426 302 

CO/ZCO(3.5mmol,12h, 2) 890 888 853 822 787 705 621 

CO/ZCO(3.5mmol,16h, 2) 683 682 657 608 540 437 354 

CO/ZCO(3.5mmol,12h, 2,  

550C-0hAr-350C-2hAir) 

921 891 833 786 714 476 217 

CO/ZCO(3.5mmol,12h,2, 

350C-2hAir) 

922 771 616 468 291 85 35 
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Table 4.1. 4 Comparison of the lithium storage properties with published work  

Sample Specific capacity/ mAh g-1 Degradation each cycle  

Hollow Co3O4
114 880@0.05 A g-1 1.1 mAh g-1@0.1 A g-1 

Quaduple-shelled Co3O4
115  1626@0.05 A g-1 20.5 mAh g-1@0.05 A g-1 

Co3O4 platelets116 700@0.1 A g-1 1 mAh g-1@0.1 A g-1 

Mesoporous nanoplates117 1400@0.45 A g-1 2.9 mAh g-1@0.45 A g-1 

Co3O4 hexapods118 1100@0.1 A g-1 7.5 mAh g-1@0.1 A g-1 

Co3O4 nanotube119 1200@0.05 A g-1 10 mAh g-1@0.05 A g-1 

Co3O4 from ZIF67120 1040@0.1 A g-1 0.82 mAh g-1@0.2 A g-1 

Porous Co3O4 nanosheets121 1450@0.05 A g-1 1.6 mAh g-1@0.05 A g-1 

Meso-Co3O4 nanobundles122 14680@0.1 A g-1 2 mAh g-1@0.05 A g-1 

 rGO@Co3O4
123 1451@0.1 A g-1 5.8 mAh g-1@0.1 A g-1 

CO/ZCO (this work) 822@1 A g-1 0.76 mAh g-1@2 A g-1 

 

Galvanostatic charge/discharge was employed to evaluate the rate and cycle 

performance of CO/ZCO for lithium storage. The profiles in Figure 4.1.12 

exhibite the specific capacity at charging rates from 0.1 to 10 A g-1, summarized 

in Table 4.1.3. All the samples have appreciable capacities at low current 

densities and the samples with high content of Zn, CO/ZCO(3.5mmol, 

12h,2,550C-0hAr-350C-2hAir) and CO/ZCO(3.5mmol,12h,2,350C-2hAir) 

display the highest at 0.1 A g-1, resulting from the ZnO residue and ZnCo2O4 both 

of which possess high capacity. CO/ZCO (3.5mmol,12h,2) maintains the high 

capacities at increased current densities and the degradation is only 30% when 

the cell operates from 0.1 to 10 A g-1. Similarly in the cell containing CO/ZCO 

(3.5mmol,16h,2) the capacity falls by only 48%. In contrast CO/ZCO formed at 

a faster heating rate of 10 oC min-1 during pyrolysis shows a fall in the capacity 

of more than 60%. CO/ZCO (3.5mmol,12h, 2, 550-0hAr-350-2hAir) and 

CO/ZCO (3.5mmol,12h,2,350-2hAir) which contain a high amount of Zn drop 

by 76.4% and 96.2%, respectively.  
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The low pyrolysis heating rate, 2 oC min-1 which leads to the parent MOF 

structure being maintained and small hollow spheres of CO/ZCO, has minimized 

the capacity degradation of CO/ZCO in the current-rate measurement while the 

ZnO worsens the fading because of its large volume change in the lithium storage 

reaction. Figures 4.1.12(i-l) display the cycling profile performed at 2, 5, 10, 15 

and 20 A g-1 (5 cycles each) and back to 1 A g-1 (100 cycles). CO/ZCO(1.3mmol, 

12h, 10) and CO/ZCO(3.5mmol, 12h, 10) show noticeable decrease in the 

capacity at high rates and appreciable drop when the cells cycled at 1 A g-1. In 

contrast, CO/ZCO (3.5mmol, 12h, 2) shows higher performance. It is of note that 

for CO/ZCO (3.5mmol, 12h, 2) the capacity measured at 1 A g-1 post cycling, 

890 mAh g-1, is greater than that measured at the same current prior to cycling, 

822 mAh g-1. The capacity rise suggests the electrode and electrode/electrolyte 

interface within the nanospherical structures are activated during the cycling. 

 

Figure 4.1. 13 (a) Voltage profiles of CO/ZCO (3.5mmol, 12h, 2) at 0.1 A g-1. dQ/dV 

vs. Voltage of (b) CO/ZCO (3.5mmol, 12h, 2) and (c) CO/ZCO (3.5mmol, 12h, 2) in 

the first 5 cycles at 0.1 A g-1. (d) Cycling performance of CO/ZCO (3.5mmol, 12h, 2), 

CO/ZCO (1.3mmol, 12h, 10), CO/ZCO (3.5mmol, 12h, 2, 550C-0hAr-350C-2hAir) 

and Co3O4 at 2 A g-1. Adapted with permission from ref.89, copyright 2018, Elsevier. 
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The voltage profiles of CO/ZCO (3.5mmol, 12h, 2) of the 1st, 2nd, 10th and 

100th cycle at 0.1 A g-1 are displayed in Figure 4.1.13a. In the initial discharge, 

there is one plateau and one slope for the lithium reaction below ~1.2 V while in 

subsequent cycles, only a single slope is observed, which indicates a behavior of 

a solid solution reaction124 from Co3+ and Co0. The initial discharge and charge 

capacities are 1051 and 858 mA h g−1, respectively, corresponding to a 

coulombic efficiency of 81.6 %. The differential profile between dQ/dV and V 

of CO/ZCO (3.5mmol, 12h, 2) at 0.2 and 2 A g-1 in Figure 4.1.13b dispalys an 

overpotential shift of 0.13 V in the reduction reaction and this small shift at these 

rates increased by ten times implies the high current-rate performance. The 

differential capacity, dQ/dV of CO/ZCO (3.5mmol, 12h, 2) in Figure 4.1.13c of 

the first five cycles at 0.1 A g-1 was used to reveal the process in the galvanostatic 

charge-discharge reaction125, 126. In the cathodic range the materials show a 

distinct change in peak potential between the first cycle and subsequent cycles, 

with the peak changing in position by 250 mV. In the anodic scan there are peaks 

at 2.0 V and 1.5 V. The cathodic peak is consistent with the reduction of 

Co3O4 and ZnCo2O4 to metallic cobalt and zinc, respectively, and the formation 

of Li2O
65, 127. There is no extra peak denoting the Zn alloying reaction resulting 

form the low content of ZnCo2O4 dopant in the composite. The shift in the 

cathodic peak position in subsequent cycles has been assigned to the growth of 

SEI films. The high potential peak in the anodic scan matches the oxidation of 

Co whilst the low potential anodic peak fits the zinc oxidation peak observed in 

cyclic voltammetric studies of ZnCo2O4
127. 

The long-term cycling of the cells containing CO/ZCO (3.5mmol, 12h, 2), 

CO/ZCO (1.3mmol, 12h, 10), CO/ZCO (3.5mmol, 12h, 2, 550C-0hAr-350C-

2hAir) and Co3O4 at 2 A g-1 in Figure 4.1.13d shows that CO/ZCO (3.5mmol, 

12h, 2) retains the highest capacity of 409 mAh g-1 (0.76 mAh g-1 drop each 

cycle) after 500 cycles, implying the superior structure in cycling. In comparison, 

the high amount of ZCO dopant in CO/ZCO (3.5mmol, 12h, 2, 550C-0hAr-

350C-2hAir) and non-hollow structure of Co3O4 cause serious degradation in the 
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capacity. CO/ZCO (1.3mmol, 12h, 10) in hollow microspheres exhibits a 

capacity retention of 40% after 500 cycles at 2 A g-1 and lower specific capacity 

than CO/ZCO (3.5mmol, 12h, 2). The excellent cycling properties of CO/ZCO 

(3.5mmol, 12h, 2) are much better than the reported results, see Table 4.1.4. A 

number of reported specific capacities even after the initial cycle are still greatly 

larger than the theoretical capacity of Co3O4, 890 mAh g-1 mainly attributed to 

the eletrolyte decomposition128. Co3O4 from the direct pyrolysis of ZIF-67120 

shows 1.48 mAh g-1 drop each cycle at 0.1 A g-1 and only around 250 mAh g-1 at 

2 A g-1. Needle-like Co3O4 nanotubes119 display a drop of 6.83 mAh g-1 each 

cycle at 0.05 A g-1. The nanocomposite of Co3O4 nanoparticles anchored on 

reduced graphene oxide72 display a specific capacity of around 400 mAh g-1 at 

0.5 A g-1 after 40 cycles.  

 

Figure 4.1. 14 SEM images of (a) CO/ZCO (1.3mmol, 12h, 10) and (b) CO/ZCO 

(3.5mmol, 12h, 2) after the long-term cycling at 2 A g-1. The electrode material was 

sonicated in ethanol and drop cast on the flat Si wafer for imaging. 

 

SEM images of CO/ZCO (1.3mmol, 12h, 10) and CO/ZCO (3.5mmol, 12h, 2) 

after long-term cycling are shown in Figure 4.1.14. The spheres of both samples 

are well maintained. CO/ZCO (3.5mmol, 12h, 2) displays clear separate spheres 

and although the spheres of CO/ZCO (1.3mmol, 12h, 10) are agglomerated post 

cycling compared with the fresh materials (Figure 4.1.8), indicating the as-

formed materials have high structural stability against the volume change during 

long-term cycling. 
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4.1.6 Kinetics of the Hollow Structures in LIBs 

 

Figure 4.1. 15 EIS analysis of the samples after 120 cycles. Nyquist plots of (a) 

CO/ZCO (1.3mmol, 12h, 10), (b) CO/ZCO (3.5mmol, 12h, 2), (c) CO/ZCO (3.5mmol, 

16h, 2). (d) Equivalent circuit used for data fitting. (e) Linear relationship between Zre 

andω-1/2. Adapted with permission from ref.89, copyright 2018, Elsevier. 

 

Table 4.1. 5 Parameters from equivalent circuit model. The unit for R is ohm, CPE-T is 

S sn, C is Faraday, W-R is ohm, W-T is Faraday. 

Sample R R1 CPE1-T CPE1-P R2 C1 W1-R W1-T W1-P 

CO/ZCO (1.3mmol,12h,2) 31.13 28.72 2E-3 0.32 25.17 4.2E-5 1.06 0.01 0.29 

Error/% 1.3 4.36 8.99 3.41 4.06 3.6 479.2 817.6 0.89 

CO/ZCO (3.5mmol,12h,2) 7.82 7.56 6.2E-4 0.68 7.18 0.019 35.51 13.52 0.42 

Error/% 0.36 0.8 5.58 1.05 3.11 1.88 3.37 4.57 1.1 

CO/ZCO (3.5mmol,12h,10) 8.9 13.52 2.8E-4 0.73 9.45 0.017 30.01 9.31 0.42 

Error/% 0.39 0.67 4.9 0.85 3.99 2.69 6.27 8.28 1.27 
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EIS is a typical method to study the kinetics of samples in LIBs. The Nyquist 

plots of CO/ZCO (1.3mmol, 12h, 10), CO/ZCO (3.5mmol, 12h, 2) and CO/ZCO 

(3.5mmol, 16h, 2) after 120 cycles are displayed in Figures 4.1.15 (a-c) and the 

used equivalent circuit for spectra fitting is plotted in Figures 4.1.15d. The 

values with errors of each component in the equivalent circuit are generated from 

the Zviewer software and listed in Table 4.1.5. In the equivalent circuit model, 

R represents the internal resistance of the cell and mainly arises from the 

electrode and electrolyte. R1 and CPE1 (constant phase element) are the 

resistance and pseudocapacitance generated on the porous surface of the 

electrode129, signifying the first semi-circle at high frequency. R2 represents the 

charge transfer resistance and C1 is the capacitor in the bulk associated with Li+ 

ions insertion, giving rise to second semi-circle at intermediate frequency. The 

slope in the low frequency denotes the Warburg resistance resulting from the 

solid-state ion diffusion in the electrode.  

In comparison, the values of R, R1 and R2 of CO/ZCO (3.5mmol, 12h, 2) and 

CO/ZCO (3.5mmol, 16h, 2) are smaller than CO/ZCO (1.3mmol, 12h, 10) while 

C1 is larger, indicating small particles of materials benefit their connection thus 

conductivity and enhance the capacitive storage, in agreement with the kinetic 

analysis from CV. The fitted Warburg resistance has open-circuit characteristics, 

i.e. a tendency to be vertical in the Nyquist plot at low frequency range130, 

resulting from the reflective boundary for the finite diffusion. Moreover, 

considering the inverse proportion relationship between the diffusion 

coefficient110, 111, 131, D and the Warburg factor, σ which is calculated from the 

function of Zre vs. ω-1/2 in Figures 4.1.15e, CO/ZCO (3.5mmol, 12h, 2) and 

CO/ZCO (3.5mmol, 16h, 2) with smaller particle sizes are deduced to have much 

faster diffusion rate than CO/ZCO (1.3mmol, 12h, 10). The nanosizing particles 

shorten the diffusion pathway and provide abundant thin channels for the 

electrolyte penetration thus have faster diffusion and larger capacitance at high 

frequency41, 132-134.  
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4.1.7 Research Summary 

Metal oxides are promising anode materials in lithium ion batteries owing to the large 

specific capacity but suffer from the large volume change thus serious capacity fading. 

Hollow Co3O4 spheres doped with ZnCo2O4 via the pyrolysis of the Zn/Co mixed-ion 

metal organic frameworks (MOFs) were prepared as anode materials for lithium storage. 

The synthetic route is based on the pyrolysis of binary metal-organic-frameworks 

(MOFs) with the controlled loss of zinc tuning the micro and nanostructure of the 

material through a thermal vapor mechanism. The optimal structures, that contain 

hollow Co3O4 spheres of ca. 50 nm diameter doped with ZnCo2O4, show a specific 

capacity of 890 mAh g-1 at 0.1 A g-1 and maintain their specific capacity at 1 A g-1 after 

120 cycles. The doped binary metal oxide acts to both improve the conductivity and 

store lithium ions. The nanosizing of the particles tunes the kinetics of 

lithiation/delithiation from diffusion-controlled to a surface-controlled process, 

resulting in fast ion diffusion and capacitive storage for lithium ions. The thermal vapor 

route has the potential to be widely used to prepare the hollow transition metal oxides 

doped with zinc-based binary metal oxides. All the figures, tables and some texts in this 

chapter are adapted with permission from ref.89, copyright 2018, Elsevier. 

4.2 Clustered Nanostructures for Alleviating Capacity Loss 

4.2.1 Introduction 

Recently, the pyrolysis of MOFs has become a popular way to produce carbon-

coated metal oxides which possess improved electronic conductivity and specific 

porous structures135-140. The pyrolysis of binary metal ion MOFs to prepare 

bicomponent-active transition metal oxides, CoO/CoFe2O4
141, ZnO/ZnFe2O4

84, 

Co3O4/CoFe2O4
142, ZnO/ZnCo2O4

66, 143 is also an effective method to improve 

the electron conductivity by generating materials in which electrons hopping 

between multivalent metal centres may occur66, 67, 86. The mixed metal oxides 

possess stepwise volume changes during the lithiation/delithiation reaction, 

hence expansion/contraction of one phase may be limited by the presence of the 
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second non-reacting component, thus mitigating the large volume change of the 

metal oxides and increasing the cycling stability of the LIBs anode85.  

During the pyrolysis of MOFs amorphous carbon is produced as a result of the 

decomposition of organic ligands. This amorphous carbon acts as an electron 

conductor in the anode materials but is depleted when the pyrolysis conditions 

promote reduction of the metal oxides, e.g. the reaction between nanosized ZnO 

and carbon via a thermal vapor transport method89, 97, 144. To enhance the 

performance of metal oxides in anode reaction, graphene can be introduced as an 

electron conducting medium145. Graphene has been widely used to act as 

conductive networks146-149 in nanostructured materials due to its extraordinary 

electrical transport property150. Graphene oxide (GO) is a common starting 

material to prepare graphene-based composites, the reduction being performed 

post synthesis to obtain the conductive network of sp2 bonds150. Introduction of 

reduced graphene oxide (rGO) into a MOF derived metal oxide offers a route to 

improve conductivity. Self-assembly of ZIF-8 (zeolitic imidazolate framework) 

on GO was realized by adding GO into the precursor of ZIF-8 and the pyrolyzed 

graphene/Co3O4 displayed good high-rate capacity and long-term cycling 

stability120. Mn-MOF/rGO was synthesized on terephthalic acid functionalized 

GO sheets to direct the growth of MOFs and the system was reduced in an 

autoclave reaction to yield a material with improved electrical conductivity and 

mechanical flexibility151. Pyrolysis of a MOF deposited on a Ni foam and 

covered with GO was reported to result in a high-performance LIB anode 

material comprising ZnCo2O4/ZnO/C polyhedra152. Previous studies in which 

graphene has been employed with a MOF-derived metal oxide to form an anode 

material have involved either the direct growth of the MOF using functionalized 

GO or the deposition of GO on MOFs. The methods involve GO at the same time 

of MOF formation, leaving questions in tuning the morphology of MOFs because 

of the perturbance of GO in the coordination between metal ions and organic 

ligands. Whist addition of GO into MOFs post MOF formation may highly 
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maintain the original structure of MOFs but how to effectively incorporate GO 

into MOFs rather than deposit on the MOF surface is still unknown.  

In this section, the electrochemical performance of Co3O4 composed of 

clustered and separate nanoparticles was studied to evaluate the influence of the 

nanostructure interconnection. Co3O4 in shapes of dumbbells, spheres and grapes 

composed of clustered particles were synthesized by thermal vapor of Zn2+-Co2+ 

mixed MOFs. Separate Co3O4 nanoparticles are dispersed on the reduced 

graphene oxide (rGO) by the pyrolysis of a freeze-dried MOFs/GO foam, 

forming Co3O4/rGO composites. The removal of zinc oxide and carbon during 

annealing tunes the morphologies of the clustered structures. The rate and cycle 

performance of the prepared Co3O4-based samples for lithium storage were 

analyzed based on the nanoparticle size and the morphologies of the clustered 

structures.   

4.2.2 Materials Preparation 

Synthesis of ZnCoMOF and GO-inserted ZnCoMOF: 9.3 mmol terephthalic acid 

(Sigma-Aldrich, 98%) was dissolved in 80 mL N, N-dimethylacetamide (DMA, Sigma-

Aldrich, 99.8%)/methanol (VWR, 99.8%) solution (v/v: 50/30). Then 4 mmol zinc 

nitrate hexahydrate Zn(NO3)2·6H2O (Sigma-Aldrich, 98%) and 8 mmol CoCl2·6H2O 

(Sigma-Aldrich, 97%) were mixed to the above solution. 1.5g polyvinylpyrrolidone 

(PVP, Sigma-Aldrich, average Mw ~55,000) powder as surfactant was added and the 

solution was to stirred for 60min. The obtained mixture was transferred to a 125 mL 

autoclave and kept at 150 oC for 3, 8, 12 and 16 h. After washing with DMA and 

methanol several times by centrifugation, the precipitate was dried in vacuum at 80 oC. 

The obtained powder was denoted as ZnCoMOF-xh, x is the time of the solvothermal 

reaction, similar to the reported work89. 

  The GO dispersion was obtained by an exfoliation method that has been previously 

reported153, provided by Dr. Eleonora D'Elia at Imperial College London. Briefly, 100g 

flake graphite (325 mesh, Sigma-Aldrich) was stirred with 50g sodium nitrate (>99%, 

Sigma-Aldrich) in 2.3 L 66 oC sulphuric acid (>99.999%, Sigma-Aldrich). The 

ingredients were mixed at 0 oC in an ice-bath and agitated vigorously. 300g potassium 
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permanganate (>99%, Sigma-Aldrich) was then added slowly to the stirring solution to 

avoid a temperature in excess of 20 oC. After a low-temperature reaction for 30min, the 

ice-bath was removed and the solution was heated to 35 oC and kept for 30min. At this 

stage, the solution became a grey paste. Then 4.6 L distilled water was slowly poured 

into the paste causing violent effervescence and the temperature then increased to 98 

oC. The diluted brown suspension was kept at this temperature for another 30min before 

further treatment with 14 L distilled water and 3% hydrogen dioxide (30% w/w, Sigma-

Aldrich). The residual permanganate and manganese dioxide should react with H2O2 to 

be soluble manganese sulphate. The as-prepared graphite oxide was dispersed in 

distilled water and dialysed for one week to completely remove residual salts and acid. 

The exfoliated graphite oxide was obtained by ultra-sonication of graphite oxide 

dispersion. Then the brown dispersion was centrifuged at 3000 rpm for 5 min to remove 

any un-exfoliated graphite oxide and the left suspension solution was graphene oxide. 

This part of work was finished by Dr. Eleonora D'Elia at Imperial College London. 

  For the synthesis of GO inserted ZnCoMOF, 1.3 g of as-prepared ZnCoMOF-16h 

was mixed with a GO dispersion in water (6.2 mg mL-1) by stirring for 20 min at 800 

rpm. Then 24.8 mg sodium dodecyl sulfate (Sigma-Aldrich, 98%) was added and 

stirring was continuous until the foam was produced. Following decanting, liquid 

nitrogen was used to freeze the sample; the obtained solid was freeze dried for around 

5 days. The obtained sample was ground to obtain powders, labelled as GO-inserted 

ZnCoMOF-16h.   

Synthesis of Co3O4 in shapes of dumbbells, spheres, grapes and Co3O4/rGO 

composites: The as-prepared ZnCoMOF-12h, ZnCoMOF-16h and GO-inserted 

ZnCoMOFs were pyrolyzed in argon flow as the temperature was increased at a rate of 

2 oC min-1 to 550 oC and then kept at this temperature for 2 h. Another calcination was 

then performed in air by raising the temperature at 2 oC min-1 to 350 oC for another 2 h 

to obtain the final products, Co3O4 spheres, Co3O4 dumbbells and Co3O4/rGO. Co3O4 

grapes were obtained through the pyrolysis of ZnCoMOF-16h at 10 oC min-1 to 550 oC 

for 2h followed by another calcination performed in air heating at 2 oC min-1 to 350 oC 

for 2h. 
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4.2.3 Formation of Clustered Nanostructures 

 

Figure 4.2. 1 SEM images of (a) ZnCoMOF-3h, (b) ZnCoMOF-8h, (c) ZnCoMOF-12h 

and (d) ZnCoMOF-16h. 

 

Figure 4.2. 2 XRD patterns of ZnCoMOFs processed by 3, 8, 12 and 16h, respectively. 
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Figure 4.2. 3 EDX spectrum of ZnCoMOF-16h. 

Table 4.2. 1 ICP-AES results for the ration of Co:Zn in the as-prepared MOF. 

MOFs Co:Zn 

ZnCoMOF(3h) 25:1 

ZnCoMOF(8h) 13.4:1 

ZnCoMOF(12h) 10.3:1 

ZnCoMOF(16h) 9.4:1 

Co3O4 from ZnCoMOF(8h) 198:1 

Co3O4 sphere from ZnCoMOF(12h) 117:1 

Co3O4 dumbbell from ZnCoMOF(16h) 72:1 

Co3O4 cluster from ZnCoMOF(16h) 81:1 

   

  Zn-Co mixed-ion MOFs were synthesized by a solvothermal reaction in a 

mixture of dimethylacetamide (DMA, 50mL) and methanol (30mL) at 150 oC 

using 8 mmol CoCl2 and 4 mmol Zn(NO3)2 as binary metal ion sources and 9.3 

mmol terephthalic acid (H2BDC) as ligand. Solvothermal reaction times from 3, 

8, 12 to 16h were employed and SEM images of the obtained ZnCoMOF-xh (x 

is the solvothermal time) are shown in Figure 4.2.1. The microstructure of ZnCo 

MOF changes from rod-shape (ZnCoMOF-3h, ZnCoMOF-8h) to bouquet-shape 

(ZnCoMOF-12h, ZnCoMOF-16h) with increasing reaction time. XRD patterns 

of ZnCoMOFs in Figure 4.2.2 indicate the extending reaction time improves the 

crystallinity of the as-formed MOFs90. ICP-AES results in Table 4.2.1 show that 

the ratios of Co:Zn in ZnCoMOFs decreases from 25, 13.4, 10.3 to 9.4 with 

reaction times of 3, 8, 12 and 16h, respectively. The extension of the reaction 
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time is beneficial for the uptake of Zn2+ ions by the ligands. EDX spectra in 

Figure 4.2.3 confirms the co-existence of zinc and cobalt in ZnCoMOF-16h.  

 

Figure 4.2. 4 SEM images of the formed (a, b) Co3O4 spheres, (c, d) Co3O4 dumbbells, 

(e) Co3O4 nanoparticles, (f) Co3O4 grapes. The insets in a, c and f are the size 

distribution of the nanoparticles in corresponding structures.  

 

Figure 4.2. 5 TGA/DSC curves in the air flow. (a) Co3O4 dumbbells. (b) Co3O4 grapes. 

(c) ZnCoMOF-16h. (d) Pyrolytic ZnCoMOF-16h in argon composed of Co and carbon.  
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Table 4.2. 2 Atomic ratios of the elements from the EDX probing. 

 Co3O4 grapes Co3O4 dumbbells 

C 65.02 67.97 

O 24.23 21.68 

Co 10.06 9.86 

Zn 0.7 0.49 

   

  The metal oxides were synthesized by pyrolyzing ZnCoMOFs in an argon flow 

at 550 oC for 2h before calcination in air at 350 oC for another 2h. The formed 

structures of Co3O4 in the pyrolysis are found to be dependent on the temperature 

rise rate. At a rate of 2 oC min-1, ZnCoMOF-12h is transformed into spherical 

structure composed of Co3O4 nanoparticles, see Figure 4.2.4 (a, b) and the 

product of pyrolytic ZnCoMOF-16h is a dumbbell structure, see Figure 4.2.4 (c, 

d). At the higher rate of temperature increase of 10 oC min-1, the products of 

ZnCoMOF-12h are stacked Co3O4 nanoparticles and the product of ZnCoMOF-

16h is grape structures composed of Co3O4 nanoparticles, as displayed in Figure 

4.2.4 (e, f). The insets display the size distribution of the nanoparticles in the 

clustered spheres, dumbbells and grapes, with mean size of 105 nm, 84 nm and 

105 nm, respectively. ICP-AES results in Table 4.2.1 show the Co3O4 spheres, 

dumbbells and grapes have large Co:Zn ratios of 117, 72 and 81, indicating a 

large loss of zinc in the pyrolysis compared with the large Co:Zn ratios in their 

ZnCoMOF precursors. This result is consistent with the EDX results in Table 

4.2.2. The loss of zinc is due to the thermal vapour process that has been 

elucidated in the protocol for preparing hollow structured materials89. The 

pyrolysis of ZnCoMOFs in argon at 550 oC for 2h yields amorphous carbon and 

transition metal, Co89 that can provide a reductive environment for zinc oxide, a 

product of the pyrolysis, and promote the vaporization of zinc98.  

The amorphous carbon arising from the decomposition of ligands in MOFs is 

also depleted in the thermal vapour process and following annealing in air, 
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confirmed by the almost zero-weight loss in the thermogravimetry curve of the 

Co3O4 products, see Figure 4.2.5(a, b). Figure 4.2.5c displays the TGA/DSC 

curves of ZnCoMOF-16h in air with the existence of Co3O4. The carbon formed 

at 290 oC stabilizes until 432 oC with a high content of 44.7%. Figure 4.2.5d 

displays the TGA/DSC curves of the product after pyrolysis of ZnCoMOF-16h 

in argon at 550 oC for 2h which is composed of metallic cobalt and amorphous 

carbon. The weight rises between 160 oC to 330 oC by 11% while the oxidation 

of Co to Co3O4 has a weight increase of 37%, implying the oxidation of cobalt 

and carbon occurs simultaneously in this temperature range with the carbon loss 

of 26% upon the catalysis by Co. The weight loss of 3.5% at 410 oC is due to the 

carbon left in the former oxidation as a result of the fast temperature rise rate of 

10 oC min-1 in running TGA. The burning point of the carbon is 22 oC lower than 

432 oC, indicative of the catalytic effect of Co. In our previous work, ZnO@C 

composites have been prepared from MOF-5 at a temperature of 550 oC70 and 

ZnO disappears at 550 oC when in the presence of Co89, demonstrating Co is the 

catalyst for the thermal vaporization of zinc in the pyrolysis and the burnout of 

carbon in air at 350 oC.  

4.2.4 Separated Nanoparticles in Graphene Compositing 
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Figure 4.2. 6 (a) Schematic of the protocol to synthesize Co3O4/rGO using freeze drying 

method. (b, c) SEM images of Co3O4/rGO. The inset in b is the size distribution of the 

nanoparticles on rGO. (d) SEM image of the pyrolysis products from GO and 

ZnCoMOF-16h mixture without using freeze drying. (e) TG curves of Co3O4/rGO 

composite. 

 

 The composite of Co3O4/rGO was obtained by the same pyrolysis protocol as 

above but using the freeze-dried ZnCoMOF-16h/GO mixture foam as the 

precursor and a temperature rise rate of 2 oC min-1, as schematically represented 

in Figure 4.2.6a. The foam is formed by using the surfactant, sodium dodecyl 

sulfate to avoid structural agglomeration during mixing. Figure 4.2.6(b, c) shows 

that rGO sheets in the obtained composite have been incorporated into the 

decomposed MOF, as a result of the condensation of GO solution into the MOFs 

during freeze drying, followed by the reduction during heating. The inset of 

Figure 4.3.6b indicates that the formed nanoparticles of the pyrolytic product 

have a mean size of 103.8 nm. The mixing of ZnCoMOF-16h and GO without 

freeze drying yields separate metal oxides and rGO in a non-regular shape 

composites after pyrolysis, see Figure 4.2.6d. The percent of rGO in the obtained 

composite is 9% as indicated by the weight loss in TGA, Figure 4.2.6e. The 

existence of rGO after pyrolysis results from its higher thermodynamic stability 

than the amorphous carbon.  
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Figure 4.2. 7 (a) HRTEM image of Co3O4 grapes. The inset is the typical TEM image. 

(b) SAED of Co3O4 grapes. (c) TEM and (d, e) HRTEM images of Co3O4 nanoparticles 

on rGO. (f) SAED pattern of the sample area shown in the inset.  

 

Figure 4.2.7a displays the HRTEM image of a particle of Co3O4 grapes with 

(220) plane. The nanoparticles are agglomerates, as indicated in the inset, 

showing a polycrystalline pattern in SAED, see Figure 4.2.7b. TEM images of 

Co3O4/rGO in Figure 4.2.7c show many nanoparticles on rGO, partially because 

of the sonication of the composite for TEM imaging. rGO in the composite 

displays small domains of sp2 lattice, circled in the HRTEM image of Figure 

4.2.7d. The distinct lattice fringes with d space between 0.1 and 0.096 nm 

matching (800) plane of cubic Co3O4 (Fd-3m) and (822) plane of ZnCo2O4 (Fd-

3m) are observed in the HRTEM of Co3O4/rGO (Figure 4.2.7e). According to 

our previous studies154, there is lattice mismatch along the grain boundaries 

between Co3O4 and ZnCo2O4 and the mismatch rate, δ, is 0.09, indicating there 

is a small interfacial structure to contribute the capacity. SAED in Figure 4.2.7f, 

displays single crystal lattice when a particle is focused. Many planes, including 

the (220), (400), (620) and (840) may arise from either Co3O4 or ZnCo2O4 

because of similar d spacing in these planes. The (331) plane, a unique plane 

belonging to ZnCo2O4 is revealed through this pattern, confirming that ZnCo2O4 

is formed although most of the zinc has been removed in the synthesis.  
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Figure 4.2. 8 Schematic of the proposed transformation of ZnCoMOFs into Co3O4 

nanoparticles in pyrolysis. The organic ligands collapse to form amorphous carbon 

following by the removal of carbon and zinc through the annealing in argon and air. 

 

 

Figure 4.2. 9 Material characterization of Co3O4/rGO, Co3O4 dumbbells, spheres and 

grapes. (a) XRD patterns. High-resolution XPS of (b) Co 2p and (c) Zn 2p in Co3O4 

grapes. (d) Raman spectra of Co3O4/rGO and Co3O4 dumbbells. (e) Nitrogen isotherms 

and (f) the pore size distributions deduced by DFT method. 
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All the TEM characterizations indicate the obtained metal oxides are non-

hollow, different from our previous results on hollow microstructures89. In this 

work, we used a high amount of H2BDC (9.3 mmol) to react with the Co2+ and 

Zn2+ ions (total amount:12 mmol), making the as-formed MOFs rich in ligand 

frameworks to combine with the metal ions, as displayed in Figure 4e. While the 

previous work reported a competitive combination between Co2+ and Zn2+ ions 

with a deficient amount of ligand, less than the 3.5 mmol in the reaction. Thus, 

the quantity of ligand used for the preparation of MOFs not only influences the 

kinetics of the crystal growth90, but also affects the composition of the MOFs 

when more than one metal ion is used. As represented in Figure 4.2.8, the 

decomposition of as-prepared MOFs leaves a large amount of amorphous carbon 

that covers the metal crystals (Co) and metal oxides (ZnO) in the collapsed 

structure. The following removal of carbon and zinc through the annealing 

produces Co3O4 nanoparticles that form specific secondary structures depending 

on the pyrolysis condition and MOF precursors. 

XRD patterns in Figure 4.2.9a indicate that Co3O4 was formed in the obtained 

samples after pyrolysis. The trace amount of zinc left confirmed by ICP, is in the 

form of ZnCo2O4. The crystal sizes of Co3O4/rGO, Co3O4 dumbbells, spheres and 

grapes along (311) are 13.9, 29.8, 32 and 30 nm, respectively, based on the 

Scherrer equation, indicating the incorporation of GO into Zn-Co MOFs limits 

the size of Co3O4 crystals grown during the pyrolysis. The high resolution XPS 

of Co 2p in the composite, see Figure 4.2.9b, displays eight peaks: the peaks 

with binding energies of 779.5eV (2p3/2) and 794.3eV (2p1/2) are assigned to Co3+ 

and coupled to small satellite peaks, whilst the peaks of 781.2eV (2p3/2) and 796.3 

(2p1/2) are due to Co2+ and are accompanied by a pair of satellite peaks95, 155, 156. 

The noisy signal of the high-resolution XPS Zn 2p in Figure 4.2.9c signifies a 

low content of Zn in the sample surface, consistent with the ICP analysis. Raman 

Spectra, Figure 4.2.9d, exhibit the characteristic Eg, F2g and A1g mode at 467, 

505 and 660 cm-1 for Co3O4 dumbbell and 473, 515 and 680 cm-1 for Co3O4/rGO. 

The active Raman modes are consistent with tetrahedral Co2+ and octahedral 
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Co3+ in Fd3m symmetry with the Raman active Γ=A1g+Eg+3F2g
157, 158. All these 

active modes are upshifted after compositing rGO, signifying a strong bonding 

between rGO and cobalt153. Moreover, there is no Raman mode for carbon in 

Co3O4 dumbbell but Co3O4/rGO presents strong D and G peaks resulting from 

the incorporated rGO. The ratio of ID/IG is 0.84, demonstrating a high-quality 

rGO and sp2 clusters of considerable dimension159 are formed through a facile in-

situ reduction process. The chemical vapour deposited (CVD) graphene with 

assisted annealing yields rGO in which ID/IG=1160 and rGO processed in argon at 

high temperature displays high numbers of defects with ID/IG ratio larger than 

1161-163. The large sp2 domains in the rGO through the pyrolysis of MOFs result 

from the catalysis of the cobalt plus the reduced atmosphere.  

Nitrogen isotherms of adsorption/desorption of the as-prepared samples in 

Figure 4.2.9e, reveal a type-IV curve, indicative of a mesoporous structure with 

a significant contribution from micropores. The Brunauer–Emmett–Teller (BET) 

surface areas for Co3O4 grapes, spheres, dumbbells and Co3O4/rGO composites 

are deduced to be 108, 78, 112 and 60 cm2 g-1 and the corresponding pore 

volumes are 0.095, 0.062, 0.01 and 0.06 cm3 g-1, respectively. The pore size 

distribution determined from Density Function Theory (DFT) in Figure 4.2.9f, 

shows an abundance of micro- and meso-pores for all samples. The reduced 

amount of micropores and surface area of Co3O4/rGO compared with Co3O4 

dumbbells indicates rGO strongly combines with the micropores of metal oxides 

during GO reduction, consistent with Raman analysis. 

4.2.5 Comparison in the Kinetics  

CV was performed to evaluate the lithium-storage behaviour of the as-

prepared materials. Figure 4.2.10a shows the first five consecutive CV curves of 

Co3O4/rGO at 0.5 mV s-1
 over the voltage range of 0.01-3 V vs. Li+/Li. In the 

first cycle, the cathodic peak around 0.7 V is due to the reduction of Co3O4 and 

trace ZnCo2O4 to metallic Zn and Co as well as the formation of SEI film, as 

denoted in Equation 4.3.1 and 4.3.266, 135, 164. The subsequent cycles show one 

pair of redox peaks which are typical of the insertion/extraction of lithium ions 
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in Co3O4
164. The absence of electrochemical signal from ZnCo2O4

66 at this scan 

rate is due to the trace amounts of ZnCo2O4.  

 

 

Figure 4.2. 10 CV measurement and kinetic analysis of Co3O4/rGO, Co3O4 dumbbells, 

spheres and grapes. (a) First five CV cycles of Co3O4/rGO at 0.5 mV s-1. (b) Second 

CV cycle of each sample at 0.5 mV s-1. CV curves at scan rates from 0.2 to 10 mV s-1 

of (c) Co3O4/rGO, (d) Co3O4 dumbbells, (e) Co3O4 spheres and (f) Co3O4 grapes. 
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Figure 4.2. 11 (a) Relationship between Lg(i) and Lg(v). The linear fitting gives the 

slope values, b below and above 3 mV s-1. (b) Kinetic analysis of anodic peaks with the 

function between ip/v
0.5 and v0.5. (c) Ratio of capacity contribution.  

 

Figure 4.2.10b displays the second-cycle CV curves of the as-prepared 

samples at 0.5 mV s-1
, with typical redox peaks from Co3O4. In the curve of 

Co3O4/rGO, the reduction peak is broader in comparison with the others, 

indicating a larger number of charges are consumed in forming SEI film89. This 

also illustrates that rGO in the composite needs to uptake more charges to reach 

a stable SEI film than the Co3O4 structures. 

ZnCo2O4 + 8Li+ + 8e- ↔ Zn + 2Co + 4Li2O                       (4.2.1) 

Co3O4 + 8Li+ + 8e- ↔ 3Co + 4Li2O                              (4.2.2) 

  To further understand the kinetics of the materials, CV at various scan rates 

were obtained (Figure 4.2.10c-f) and analysed according to the expression: 

ip=avb                                                     (4.2.3)  

where a and b are adjustable parameters, b=0.5 and b=1 denoting either a 
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diffusion or surface reaction controlled peak current, respectively. 

  

Table 4.2. 3 b factors of the four samples in two regions of scan rates. 

Samples b (0.2 to 3 mV s-1) b (4 to 10 mV s-1) 

Co3O4/rGO 0.59 0.48 

Co3O4 dumbbells 0.77 0.29 

Co3O4 spheres 0.81 0.42 

Co3O4 grapes 0.85 0.3 

 

Figure 4.2.11a displays the plots of Lg(ip) as a function of Lg(v). For scan 

rates from 0.2 to 3 mV s-1 and from 4 to 10 mV s-1, the plots show linear 

behaviour and yield values of b for Co3O4/rGO, Co3O4 dumbbells, Co3O4 spheres 

and Co3O4 grapes. The b values are given in Table 4.2.3. At scan rates up to 3 

mV s-1, the b values of all the samples are between 0.5 and 1, implying the 

electrochemistry for lithium storage is mixed faradaic/diffusion control165. At 

scan rates above 3 mV s-1, b is small and the peak current hardly increases with 

scan rate, suggesting at high scan rates there is insufficient time for complete 

lithiation of the metal oxides. To quantitatively determine the contribution to the 

current response from each kinetic component for scan rates up to 3 mV s-1, a 

combination of surface capacitance (k1υ) and diffusion intercalation (k2υ
0.5) is 

considered at each fixed potential166: 

i= k1υ+ k2υ
0.5                                               (4.2.4) 

The linear relationship between i/υ0.5 and υ0.5 is plotted in Figure 4.2.11b for 

the oxidation peaks of all the samples and the results, displayed in Figure 4.2.11c 

indicate a mixed capacitive-diffusion system at 0.2 and 1 mV s-1 at the potentials 

where the Faradaic reactions occur. The capacitive contribution of Co3O4/rGO, 

Co3O4 dumbbells, Co3O4 spheres and Co3O4 grapes increases from 5.6% to 

19.1%, 19.9% and 19.3%, respectively, as the scan rate increases from 0.2 to 10 

mV s-1, with Co3O4 grapes displaying the highest capacitive contribution.  
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4.2.6 Improvement in High-rate Lithium Storage 
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Figure 4.2. 12 Electrochemical characterization of Co3O4/rGO, Co3O4 dumbbells, 

spheres and grapes. (a) First three charge-discharge cycles of Co3O4/rGO at 0.05A g-1, 

inset is the dQ/dV vs. voltage profiles. (b) Voltage profiles at 0.1 A g-1. (c) Specific 

capacities of the samples at consecutive rates from 0.1-10 A g-1. (d) Rate performance 

of the samples compared with the published results. (e) Cyclic performance at 2 A g-1.  

 

Galvanostatic charge-discharge was used to examine the electrochemical 

properties of the as-prepared samples. Figure 4.2.12a shows the first three 

charge-discharge cycles of Co3O4/rGO at 0.05A g-1 with the discharge capacity 

decreasing from 1420 to 1076 and 1062 mAh g-1. The coulombic efficiency 

increases from 71.1% to 92.5% for the first two cycles. The irreversible capacity 

results from SEI formation, electrolyte decomposition and the conversion 

reaction. The discharge voltage plateau of the first cycle disappears in the 

subsequential cycles, which is due to a heterogeneous reaction mechanism for 

lithiation in the second cycle167. The differential capacity versus voltage, inset of 

Figure 4.2.12a, shows the changes in the reactions during the first three cycles. 

The electrochemical information is similar to the CVs but more detailed, 

combining the real-time charge-discharge reactions at 0.05 A g-1. There are three 

reductive peaks at 1.25, 1.05 and 0.75 V in the first discharge process, denoting 

the conversion from Co3O4/ZnCo2O4 to CoO/ZnO, CoO/ZnO to metallic Co/Zn, 

Zn alloying and SEI formation. The potentials in subsequent cycles shift to 1.26, 

1.13 and 0.97 V, resulting from the optimized electrode structure and reduced 

electrode polarization in electrochemical activation. In the anodic reaction, the 

peaks around 1.5 and 2V correspond to Zn dealloying and Zn/Co oxidation66, 168. 
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Figure 4.2.12b displays the voltage profiles of Co3O4/rGO, Co3O4 dumbbells, 

Co3O4 spheres and Co3O4 grapes at 0.1 A g-1 of the second galvanostatic cycle. 

The single slope in both charge and discharge profiles below the voltage of 1.3 

V indicates a solid solution reaction124 and the huge drop in discharge until 1.3 

V is due to the saturation of surface capacitance at the driven voltages89.  

 

Table 4.2. 4 Specific discharge capacities (mAh g-1) of the as-synthesized materials. 

Samples 0.1Ag-1 0.2Ag-1 0.5Ag-1 1Ag-1 2Ag-1 5Ag-1 10Ag-1 

Co3O4/rGO 1044 996 934 834 712 458 171 

dumbbells 867 863 837 764 675 529 324 

spheres 800 797 718 642 536 429 309 

grapes 861 850 836 816 787 705 606 

 

The current-rate dependence of discharge capacity of the samples with the 

electrochemical cycles is displayed in Figure 4.2.12c. Five cycles are run at each 

rate of 0.1, 0.2, 0.5, 1, 2, 5 and 10 A g-1, and the capacities of the middle cycle of 

each rate are displayed in Table 4.2.4 and Figure 4.2.12d. Co3O4/rGO shows a 

large capacity at 0.1Ag-1 that exceed the theoretical capacity of Co3O4 which is 

due to the extra lithium storage from rGO. However, the specific capacity only 

maintains 16.4% of its initial value when the current densities increase by ten 

times. Co3O4 in dumbbells, spheres and grapes exhibit much higher capacity 

retentions of 37.3%, 38.6% and 70.3%, respectively. The rate performance of 

materials depends on the capability to conduct both electrons and lithium ions169.  

The size distributions of the clustered nanoparticles indicate Co3O4 grapes 

have similar or even larger size compared with the other three samples, and the 

high Li-storage performance of Co3O4 grapes indicates the size-dependent 

pathway in single particle for electron and Li+ ions conductions is not the key 

factor in the ultra-high capacity at high rates. The clustered structures of grapes 

are stacked by a number of nanoparticles while the dumbbell, sphere structures 
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have distance between the nanoparticles and Co3O4/rGO has separate 

nanoparticles on the rGO sheet. The stacking clusters allow the electron and Li+ 

ions to pass through a continuous network of the secondary structure, leading to 

a fast conduction. In Figure 4.2.12d, the rate-dependent capacities of the Co3O4-

based composites in the literature are plotted66, 116, 118, 120, 135, 137-139, 142, 143, 164, 167, 

168, indicating the Co3O4 grapes have superior capacities at ultrahigh currents. 

Figure 4.2.12e compares the cyclic stability of the samples at 2 A g-1 with 

Co3O4/rGO exhibiting the best capacity retention of 83% after 120 cycles. The 

capacity retention rates of Co3O4 in dumbbells, spheres and grapes are 31%, 67% 

and 47%, respectively. The capacity degradation is due to the nanostructure 

pulverization leading to losing contact with current collector.  

4.2.7 Research Summary 

  In this work, Zn2+/Co2+ mixed-ion MOFs were synthesized by a solvothermal 

reaction and the addition of Zn2+ ions tuned the ligand-metal frameworks that influence 

the morphology and composition of MOFs. Co3O4 dumbbells, Co3O4 spheres and 

Co3O4 grapes doped with trace ZnCo2O4 were obtained in pyrolysis where Co catalysed 

the thermal vapour reaction of zinc and removal of carbon that was formed during 

annealing. Co3O4/rGO composites with separated nanoparticles on rGO sheet were 

formed via the pyrolysis of a freeze-dried GO/MOFs foam. The electrochemical 

performance of secondary-structured Co3O4 composed of clustered and separate 

nanoparticles were compared. Co3O4 grapes have a high specific capacity of 861 and 

606 mAh g-1 at 0.1 and 10 A g-1, respectively, corresponding to a capacity retention of 

70.3%. The high rate performance of Co3O4 grapes is due to the clustered structure that 

stacked by the nanoparticles with a high ratio of capacitive contribution to the storage 

capacity. This work concludes the close interconnection of nanoparticles in secondary-

structured Co3O4 leads to fast Li+-transfer kinetics while the separation of the 

nanoparticles makes Co3O4/rGO suffer from the un-continuous Li+ conduction even 

though rGO has improved the electron conductivity of the composite. To improve the 

cyclability and keep the rate capability of the secondary-structured Co3O4, rGO can 

serve as a volume buffer layer and the clustered structures can be well maintained. 
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4.3 Yolk-shell and Core-shell Sn@C for Suppressing Degradation 

4.3.1 Introduction 

Metallic tin (Sn) has attracted interest as a promising alternative to graphite as the 

anode in LIBs because Sn has a large theoretical specific capacity (992 mAh g-1) and 

volumetric capacity (2020 mAh cm-3) which arises by forming an alloy of Li4.4Sn. 

Further, its electrical resistivity of 1.1×10-7 Ω⋅m at room temperature is nearly an order 

of magnitude lower than that of graphite170-172. The operation potential of Sn is around 

0~0.4 V, slightly higher than metallic Li, minimizing the risk of safety related to 

dendrite formation173. Sn is also less toxic and less expensive than other potential 

candidate materials174. However, the huge volume change of ~300% for Sn, upon 

lithiation/de-lithiation causes pulverization and delamination of Sn active materials 

from current collectors, leading to severe capacity fade and poor cycle life of batteries 

incorporating Sn anodes.  

Production of Sn materials at the nanoscale has been employed to address the large 

volume variation of Sn in the electrochemical reaction with lithium ions. 

Nanostructured Sn is capable of alleviating the volume change and facilitating 

Li+/electron transport by increasing surface area-to-volume ratios and decreasing  

diffusion lengths170. Moreover, Sn-based nanostructures have been incorporated in 

anchored, layered-sandwich, core-shell175 and porous structures to further relieve the 

volume expansion/contraction problem and increase the packing density and 

energy/power density. Zhang176 et al. have reported that pitaya-like Sn@C 

nanocomposites with ultra-small particles of 8 nm prepared by an aerosol spray 

pyrolysis method, alleviates the problems associated with the volume change of Sn on 

repeated lithiation/de-lithiation. Xu177 et al. used the same method to prepare a uniform 

nano-Sn/C composite for lithium storage in which the carbon matrix offered mechanical 

support and prevented agglomeration upon cycling. Yu178, 179 et al. have encapsulated 

Sn nanoparticles into porous multichannel carbon microtubes and coaxial nanofibers 

using carbonization of electrospun nanofibers. Liu180 et al. also used an electrospinning 

and pyrolysis method to homogeneously encapsulate ultrasmall Sn nanodots into 
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porous N-doped carbon nanofibers to yield a material that showed good cyclability in 

sodium-ion batteries. Zhang181 et al. reported a yolk-shell Sn@C nanobox composite 

in which the thickness of the carbon nanobox can be controlled. They concluded that 

the thickness of the carbon shell has a substantial influence on the electrochemical 

performance in terms of specific capacity and cycling stability. These protocols 

reported the confinement of Sn nanostructures in the host to limit the volume change 

of Sn but the hosts have to undergo structural change with the volume change of Sn175. 

Methods in creating nanosized voids in the host for accommodating the volume change 

of Sn to relieve the deformation of host structures are rarely reported. 

 

Figure 4.3. 1 Diagram of core-shell (left) and yolk-shell (right) structure 

 

  In this section, yolk-shell and core-shell Sn@C spheres (Figure 4.3.1) are prepared 

by a thermal vapour process and thermal fusion of Sn; the as-formed spheres are 

interconnected along the carbon nanofibers. These carbon nanofibers provide a high 

electron conduction network for these spheres, of which the yolk-shell spheres have 

nano fragments of Sn in the shell, while core-shell spheres have intact Sn blocks. The 

dynamics of the Sn-C structure evolution on thermal melting were characterized by 

electron microscopy. It is found that the core-shell Sn@C outperforms the yolk-shell 

structures for lithium storage, and shows much better cycling stability than published 

results due to the improved shell and re-established Sn@C structures during cycling.   

4.3.2 Material Preparation 

The preparation of ZnSn(OH)6 cubes follows the published method182. In brief, 

SnCl4·5H2O (3.5g, Sigma-Aldrich) was added into 50 mL ethanol under stirring for 10 
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minutes. Zn(CH3COO)2·2H2O (2.2g, Sigma-Aldrich) and sodium dodecyl sulphate 

(3.5g, 10mmol) were stirred in 100 mL distilled water for 10 minutes. The two solutions 

were then mixed and stirred for 5 minutes followed by adding 50 mL NaOH solution 

(2M, Sigma-Aldrich). After stirring overnight, the white products were collected by 

centrifugation and washed using distilled water, then dried in oven at 60 oC in the air.  

The as-prepared ZnSn(OH)6 cubes (0.3 g) were mixed with 0.3 g polyacrylonitrile 

(PAN, Goodfellow Cambridge Limited Huntingdon, mean particle size 50 μm, mean 

molecular weight 230,000 g mol−1) in 3 ml dimethylformamide (DMF, VWR chemicals, 

99.90%) to prepare the electrospinning precursor. The precursor solution was filled into 

a syringe and driven into the electrospinning needle (13 mm length, flat-tipped, 

0.41 mm inside diameter, 0.71 mm outside diameter) by a syringe pump (Graesby 3300) 

at 0.75 ml h-1. The needle was held at 13 kV using a high voltage power supply (GenVolt 

73,030) at a distance of 20 cm from the 20 × 20 cm polished aluminium collector plate. 

Fibers were collected after 1 h of spinning (25 °C, 50% of humidity) from the collector 

plate. The synthetic part using electrospun technique was carried out by Dr. Xinhua Liu 

at Imperial College London.  

The fibers were pre-carbonized at 290 °C in air for 2 h with a temperature increase 

rate 5 °C min−1, followed by annealing at 800 and 900 °C in Ar at a heating rate of 5 °C 

min−1 for 2h or 5h to obtain final materials.  

4.3.3 Formation of Yolk- and Core-shell Sn@C 
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Figure 4.3. 2 SEM images of (a, b) the as-prepared ZnSn(OH)6 and (d) PAN-

encapsulated structure. (c) XRD patterns of ZnSn(OH)6. Adapted with permission from 

ref.175, copyright 2018, Elsevier. 

 

 

Figure 4.3. 3 (a) XRD patterns of Sn@NC, Sn@NG800 and Sn@NG900. The dots 

denote crystalline carbon and stars signify graphite. (b) XRD patterns of the pyrolyzed 

PAN at 800 oC for 2 h (PAN-2h) and 5 h (PAN-5h). SEM images of (c) PAN-2h and (d) 

PAN-5h. Adapted with permission from ref.175, copyright 2018, Elsevier. 
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Yolk-shell and core-shell Sn@C spheres interconnected with carbon nanofibers were 

prepared by pyrolysis of the ZnSn(OH)6 cubes-incorporated electronspun fibers. The 

precursor ZnSn(OH)6 cubes were synthesized according to a reported solvothermal 

method182, SEM images and XRD patterns of the as-prepared material are displayed in 

Figure 4.3.2(a-c). The cubes mixed with PAN at a weight ratio of 1:1 were dispersed 

in DMF to form a uniform gel used to form nanofibers by the electrospinning method 

(electrospun synthesis was conducted by Dr. Xinhua Liu). The resultant matrix consists 

of cubes wrapped in polymer and interconnected along PAN fibers (Figure 4.3.2d). 

The fibers obtained are then sintered in an Ar atmosphere at high temperatures to 

evaporate Zn via a thermal vapor mechanism89 and pyrolyze PAN into conductive 

nitrogen-doped carbon (NC)183. XRD patterns in Figure 4.3.3a indicate that the sample 

annealed at 800 oC for 2 h contains Sn and tetragonal carbon. The black dots denote the 

characteristic peaks of the crystalline carbon and the sample is labelled as Sn@NC. 

Extending the pyrolysis time to 5 h at 800 oC, or increasing temperature to 900 oC for 

2 h, promotes the graphitization of PAN and forms nitrogen-doped graphite (NG) 

throught the cyclization of the PAN184. Figure 1a displays the typical (002) plane of 

graphite (PDF No. 65-6212) denoted with an asterisks at ~27o, which is consistent with 

the reported result185. However, the low intensity and broad shape of (002) peak suggest 

low graphitization and the existence of disordered structures162, 186-188. The samples 

obtained following 800 and 900 oC pyrolysis for 5h and 2h are labelled as Sn@NG800 

and Sn@NG900, respectively. To understand the pyrolyzed products of PAN, the PAN 

fibers without ZnSn(OH)6 cubes were sintered in Ar at 800 oC for 2 h and 5 h repectively, 

to form the carbon materials, namely PAN-2h and PAN-5h. SEM images and XRD 

patterns of PAN-2h and PAN-5h are shown in Figure 4.3.3(b-d). Both samples display 

similar nanosized diameter value but micrometer length value for the fibers and the 

existence of low graphitization graphite. Distinguished from the graphite-like structure 

of PAN-2h, the NC in Sn@NC does not have the graphite-like features resulting from 

the thermal dispersion of Zn evaporation in a short heating time of 2h. The (002) layer 

distance of the NC and NG shells are 0.296 and 0.32 nm, according to Bragg’s Law, 

and the mean sizes of the crystal Sn domains along (200) in Sn@NC, Sn@NG800 and 
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Sn@NG900 are 17.2, 18 and 17.6 nm respectively, based on the Scherrer equation, τ = 

Kλ/βcosθ, where τ is the mean size of the crystalline domains, K a dimensionless shape 

factor with a typical value of 0.9 assuming the particle is spherical, λ the radiation 

wavelength, β full width at half maximum intensity in radians and θ the Bragg angle. 

The increase in both layer spacing and domain size results from the annealing 

conditions which can enhance graphitization and crystal growth.  

 

 

Figure 4.3. 4 Characterization of Sn@NC, Sn@NG800 and Sn@NG900. (a) TGA/DSC 

curves. (b) Raman spectra. (c) XPS survey. (d) High-resolution N1s XPS. (e) Structure 

of pyridinic N (N5), pyrrolic N (N6) and graphitic N. (f) N2 isotherms and pore size 

distribution. Adapted with permission from ref.175, copyright 2018, Elsevier. 
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TGA/DSC curves in Figure 4.3.4a indicate higher thermal stability of NG than NC, 

as revealed by the increase of the burning point in TGA: Sn@NC 521 oC, Sn@NG800 

584 oC and Sn@NG900 592 oC. The weight loss of samples at the burning temperatures 

is due to the depletion of carbon and incompletely-pyrolyzed polymer residues left post 

pyrolysis, which is 36.1% for Sn@NC, 6.7% for Sn@NG800 and 33.7% for 

Sn@NG900. In TGA, Sn is also oxidized to SnO2. The mass difference between the 

starting Sn/C and resulting SnO2 yields carbon contents in Sn@NC, Sn@NG800 and 

Sn@NG900 of 49.7%, 26.5% and 47.8% respectively. Raman spectra of the NC and 

NG materials are displayed in Figure 4.3.4b. Two broad bands located at 1336–1361 

and 1585–1593 cm–1 are assignable to the disordered band (D) and graphitic band (G). 

The D band results from the out-of-plane vibrations of sp2 carbon, caused by structural 

disorders and defects which lower the crystalline symmetry of the quasi-infinite lattice. 

The G band is related to the first-order scattering of the in-plane stretching vibration 

mode (E2g) of sp2 carbons153. The intensity ratios of D to G bands (ID/IG), directly 

proportional to the amount of turbostratic disorder of carbons are 1.02, 0.96 and 0.99, 

for Sn@NC, Sn@NG800 and Sn@NG900, respectively. The low ID/IG ratio of 

Sn@NG800 implies a higher graphitization degree than Sn@NG900 than Sn@NC, 

although the strong D band indicates a large amount of defects in the structure.  

 

Table 4.3. 1 Atomic ratio of C, O, N in the shell of three samples. 

Sample C O N 

Sn@NC 80.01% 14.45% 5.53% 

Sn@NG800 68.39% 28.97% 2.64% 

Sn@NG900 75.2% 22.89% 1.9% 

Table 4.3. 2 Quantification of chemical bonds between C and N in the samples. 

Sample Pyridinic N (N5) Pyrrolic N (N6) Graphitic N 

Sn@NC 50.2% 22.9% 26.9% 

Sn@NG800 21.8% 43.6% 34.6% 

Sn@NG900 26.1% 33.5% 40.4% 
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The nitrogen content of the samples are measured by XPS and the results shown in 

Table 4.3.1 and Figure 4.3.4c indicate that the surface ratios of N of Sn@NC, 

Sn@NG800 and Sn@NG900 are 5.53%, 2.64% and 1.9%. It appears the increased 

temperature and graphitization reduce the nitrogen content of the graphitic carbon, in 

agreement with previously published results189. The large content of N in Sn@NC 

causes a downshift of the G band (1585 cm-1) in the Raman spectra compared with 

Sn@NG800 (1591 cm-1) and Sn@NG900 (1593 cm-1), as a result of the π–p* 

conjunction in the formation of the N-C bonds153. The high quantity of nitrogen in the 

incompletely-pyrolyzed PAN may increase the ID/IG ratio. Figure 4.3.4d plots the 

deconvoluted high-resolution N 1s XPS peaks with pyridinic N (C≡N at 398.2 eV), 

pyrrolic N (C=N at 399.9 eV), and graphitic or quaternary N (C―N at 401.6 eV) as the 

chemical entities190-192, the atomic structures of which are displayed in Figure 4.3.4e. 

The chemical bonding between carbon and nitrogen enhances the interaction of the 

carbons with adsorbents, leaving the carbon framework more chemically active140. The 

pyridinic N (N5) and pyrrolic N (N6) moieties are capable of enhancing capacity by 

reversibly binding with charge carriers and exhibiting fast kinetics, compared with the 

more inert graphitic N190. The quantities of the three moieties in the samples are listed 

in Table 4.3.2. The high ratio of pyridinic N in Sn@NC may arise from the 

incompletely-decomposed PAN in which N atoms are chemically bonded to carbon. 

The increase in the pyrolysis temperature and time leads to a decrease in pyridinic N 

but increase in both pyrrolic and graphitic N.  

The specific surface areas of three samples are evaluated by nitrogen 

adsorption/desorption at 77 K, and isotherms are plotted in Figure 4.3.4f. Brunauer–

Emmett–Teller (BET) surface areas of Sn@NC, Sn@NG800 and Sn@NG900 are 14.4, 

85.9 and 30 m2 g-1, respectively. The pore size distributions are similar for all samples, 

predominantly below 6 nm in diameter. However, the cumulative pore volume of 

Sn@NG800, 0.077 cm3 g-1 is much larger than Sn@NC (0.024 cm3 g-1) and Sn@NG90 

(0.029 cm3 g-1). The higher surface area and pore volume of Sn@NG800 in comparison 

with the others denote more completed pyrolysis of PAN owning to the extended 

processing time, consistent with the above analysis.  
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Figure 4.3. 5 SEM and TEM images of (a, d) Sn@NC, (b, e) Sn@NG800 and (c, f) 

Sn@NG900. Inserts are size distributions of the spheres by collecting 100 spheres 

through NanoMeasure software. Adapted with permission from ref.175, copyright 2018, 

Elsevier. 

 

  SEM images of Sn@NC, Sn@NG800 and Sn@NG900 are shown in Figure 4.3.5(a-

c) with insets plotting the size distribution of the spheres on the carbon nanofibers. The 

high electron accelerating voltage of 20 kV in the SEM allows a large interaction 

volume with samples to display topographical characteristics below the surface, and the 

SEM images show clear contrast between carbon and Sn of different atomic weights, 

resulting from the detection of more backscattered electrons. 
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Figure 4.3. 6 HAADF-STEM images of (a) Sn@NC, (b, c) Sn@NG900, (d) hollow 

graphite spheres after Sn leakage in Sn@NG900 and (e) Sn@NG800. Adapted with 

permission from ref.175, copyright 2018, Elsevier. 

 

Figure 4.3. 7 STEM images of (a) Sn@NC and (f) Sn@NG800. (b-e) EDX elemental 

mappings of carbon, nitrogen, oxygen and tin in Sn@NC. Adapted with permission 

from ref.175, copyright 2018, Elsevier. 

 

TEM images (Figure 4.3.5d-f) and high-angular annular dark-field scanning TEM 

(HAADF-STEM) images in Figure 4.3.6(a-e) indicate that the spherical structures of 

Sn@NC and Sn@NG900 are yolk-shell while Sn@NG800 is core-shell with tight 
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cohesion between the Sn core and NG shell. EDX mappings of Sn@NC (Figure 4.3.7b-

e) and Sn@NG800 (Figure 4.3.7g) indicate that the core and yolk parts are Sn, and that 

the shell of Sn@NC is nitrogen-doped carbon with a high amount of oxygen, consistent 

with the XPS results. The structural evolution of spheres was studied by HAADF-

STEM. Figure 4.3.6a shows that the yolk parts in the spheres of Sn@NC are nano Sn 

fragments, resulting from the thermal vapor removal of Zn from ZnSn(OH)6 at 800 oC. 

An increase in the temperature to 900 oC melts the Sn fragments into one large block 

in Sn@NG900, see Figure 4.3.6b. Sn@NG900 displays voids between the yolk blocks 

and NG shells, and apertures on the shell resulting from the cohesive force of liquid Sn 

and high-temperature pyrolysis. Once the shell apertures are large enough, the tin 

blocks leak out (Figure 4.3.5f) leaving hollow NG shells (Figure 4.3.6c) or merge with 

another block in an adjacent shell (Figure 4.3.6d). This process causes Sn loss in the 

whole nanofiber and leads to a relatively high carbon content (47.8%) compared with 

Sn@NG800. At a temperature of 800 oC fusing the nano fragments occurs, keeping the 

Sn particles in the fiber structure for pyrolysis times up to 5h. Figure 4.3.6e shows that 

Sn@NG800 has a well-defined core-shell Sn@C structure, resulting from the strain of 

liquid Sn and extending pyrolysis. 

 

Figure 4.3. 8 Step-wise thermal vapor process from (I) ZnSn(OH)6@PAN to (II) Sn 

fragments@NC, (III) Sn block@NG and (IV) hollow NG in (a) single sphere structure 

and (b) double or multiple spheres. (c) Lithiation in specific structures of Sn particle, 

Sn fragments@NC and Sn block@NG (from top to bottom). (d) Schematic of the 

conduction of Li+/e- in Sn@C spheres. (e) Proposed structure evolution of Sn@NG800 

in cycling. Adapted with permission from ref.175, copyright 2018, Elsevier. 
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Figure 4.3. 9 Carbon K-edge EELS of Sn@NC and Sn@NG800. Adapted with 

permission from ref.175, copyright 2018, Elsevier. 

 

Figures 4.3.8(a, b) represent the structural evolution during thermal vapor of Zn and 

melting of Sn from: (I) ZnSn(OH)6@PAN fibers to (II) Sn fragments@NC, (III) Sn 

block@NG and (IV) hollow NG in a single sphere and interconnected double spheres. 

The size distributions reveal that the mean size of the spheres in Sn@NC, Sn@NG800 

and Sn@NG900 are 595, 506 and 537 nm, respectively. The size decreases when the 

Sn fragments are fused into blocks and the shells become graphitized. The tuning of the 

sphere size is highly dependent on the toughness of the shells. The shells of Sn@NG800 

have a large shrinkage of 15% compared to Sn@NC (Figure 4.3.6e) and yolk-shell 

Sn@NG900 shows apertures and voids on the shell with a shrinkage of 9.7%. The 

leakage of Sn liquid in the pyrolysis and the specifically produced NG shell of 

Sn@NG900 lead to the yolk-shell structure. The different properties of the carbon 

shells in Sn@NC and NG shells in Sn@NG800 are characterized by EELS and the 

resulted carbon K-edge spectra are displayed in Figure 4.3.9. The features are typical 

for carbon materials and represent the energy state with π or σ symmetry, where the 

peak at 282.5 eV denotes 1s→π* transition and the higher loss energy (>295 eV) is due 

to 1s→σ* transition, corresponding to the sp2- and sp3- hybridized carbons193, 

respectively. The well-identified peaks in Sn@NG800 indicate a mixed hybridization 

of carbons, which is similar to graphite. Sn@NC shows a weak π* peak and a rounded 

σ* peak followed by a shallow slope, which is typical for amorphous carbon, indicating 

insignificant graphitization of PAN and a high amount of amorphous state in the shell194. 
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Amorphous carbon is brittle and can sustain little deformation while graphite has high 

strength and toughness195. The formed NG shells in Sn@NG800 possess higher 

graphitization than that of Sn@NG900 and Sn@NC.  

4.3.4 Electrochemical Reaction Mechanism 

 

Figure 4.3. 10 (a) Galvanostatic charge-discharge profiles of Sn@NG800 at 0.1 A g-1 

in first three cycles and the differential capacity (dQ/dV) curves. (b) CV curves of 

Sn@NG800 at different rates and the linear relationship between the current at 1 V and 

the scan rate. Adapted with permission from ref.175, copyright 2018, Elsevier. 

 

The obtained Sn/C composites were used as the anode materials in lithium-ion 

batteries in a working window of 0.01~3 V. Galvanostatic charge-discharge profiles of 

Sn@NG800 at 0.1 A g-1 in Figure 4.3.10a shows the initial reversible capacity is 872 

mAh g-1 which arises from the Sn alloying with lithium ions (Sn+xLi+xe-1→LixSn, 

0≤x≤4.4)174 and lithium intercalation into the graphite shell, with a coulombic 

efficiency of 65%. The irreversible capacity in the first cycle is due to the formation of 

SEI film and/or lithiation in the vicinity of residual H atoms in the carbon materials196. 
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The following two cycles have a capacity of 884 and 811 mAh g-1 with rising coulombic 

efficiency of 92.3% and 95.6%. The gradually increased coulombic efficiency is typical 

for the carbon-based materials and indicates the nearly saturated consumption of 

lithium ions by the electrolyte decomposition and active groups on the carbon surface197. 

Differential capacity (dQ/dV) of Sn@NG800 in Figure 4.3.10a displays several peaks 

and indicate the voltages at which the majority of charges enter or leave the material. A 

peak at 0.8 V in the first lithiation reaction disappears in the subsequent cycles, 

suggesting a voltage of the irreversible electrolyte decomposition and SEI layer 

formation. The peaks located in the range of 0.4~0.8 V correspond to the 

alloying/dealloying reaction between Sn and lithium ions198 and the peaks around 0.2 

V originate from the reversible intercalation/de-intercalation of lithium ions into/from 

carbon199. The first cathodic peak around 1 V is due to surface charge transfer through 

the small graphitic clusters to allow the lithium ions to pass and react with the inner Sn. 

This capacitive redox behavior (pseudocapacitance) on the surface is evidenced by the 

linear increase in the currents at 1 V with increasing scan rates (Figure 4.3.10b, c), 

beneficial for the ion diffusion and high-rate performance.    
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Figure 4.3. 11 (a) Galvanostatic charge-discharge profiles of PAN-5h. (b) dQ/dV 

profiles of PAN-5h at 0.1 A g-1. (c) dQ/dV of Sn@NC, Sn@NG800 and Sn@NG900 at 

0.1 A g-1. (d) Rate and (e) cycling performance at 1 A g-1 of the samples. Adapted with 

permission from ref.175, copyright 2018, Elsevier. 

 

To study the electrochemical behavior of pyrolysed PAN and capacity contribution, 

the pyrolysed nanofibers, PAN-5h were tested in the LIBs. Figure 4.3.11a shows the 

galvanostatic voltage profiles of PAN-5h, with a specific capacity of 288 mAh g-1 at 0.1 

A g-1 consistent with the reported results185, 200, 201 that between 100 to 300 mAh g-1. 

Thus the capacity contribution of the pyrolysed PAN is less than 10% of the whole 

capacity of Sn@NG800 based on the carbon content. The dQ/dV profiles of PAN-5h at 

0.1 A g-1 plotted in Figure 4.3.11b exhibit an irreversible reaction at 0.6 V which is 

different from that of Sn@NG800. The difference is due to the variation in the 

electrode-electrolyte interface45 arising from the nanosized Sn and surface state of the 

pyrolyzed carbon. Figure 4.3.11c compares the differential capacity profiles of 

Sn@NC, Sn@NG800 and Sn@NG900 at a current of 0.1 A g-1. The lithiation potentials 

of Sn and graphite are similar in these three samples but their surface redox potentials 

are different. The surface redox arises from lithium intercalation and the lower potential 

for Sn@NG900 results from the suspended Sn particles and hollow NG spheres leading 

to a mixed redox behavior on their surface, in comparison with Sn@NG800 and 

Sn@NC which possess hierarchical core- and yolk-shell structures.   

Figure 4.3.11d displays the specific capacities of the samples at various current 

densities from 0.1 to 10 A g-1, and Figure 4.3.11e plots their long-term cycling stability, 

with Sn@NG800 showing the best. The average capacities of Sn@NG800 at 0.1, 0.2, 

0.5, 1, 2, 3, 5, 10 A g-1 are 884, 715, 619, 545, 472, 438, 374, 278 mAh g-1, larger than 
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Sn@NC and Sn@NG900. Both Sn@NC and Sn@NG900 have a large content of 

pyrolysed PAN or residues, resulting in a low specific capacity. The cycling profiles of 

Sn@NG800 display a drop-increase-drop fluctuation in the capacity, with a high 

capacity retention of 91.8% after 1000 cycles at a large current of 1 A g-1. The capacity 

drop is due to the increasing material ireversibility and the rise may be ascribed to 

electrode activation202 allowing high-area access by the electrolyte. The capacity 

retention of Sn@NG900 is 88.3% and Sn@NC is 65%.  

 

Table 4.3. 3 Comparison with publications of Sn-based anode performance. 

Materials Capacity/mAh g-1 Degradation per cycle 

Sn nanoparticles202 450@0.99A g-1 0.44%@0.1A g-1(60 cycles) 

Sn nanocrystals174 750@0.99A g-1 0.31%@0.1A g-1(90 cycles) 

Sn@C core-shell powder198 424@0.04A g-1 0.78%@0.04A g-1(40 cycles) 

Sn-rGO203 793@0.05A g-1 0.46%@0.05A g-1(50 cycles) 

Sn–Co–graphite composite204 556@0.05A g-1 0.53%@0.05A g-1(90 cycles) 

Porous Sn@Carbon205 672@0.025A g-1 0.016%@0.025A g-1(300 cycles) 

Graphene-Sn@CNT206 828@1A g-1 0.15%@0.1A g-1(100 cycles) 

Graphene-Sn nanosheets207 800@0.05A g-1 0.44%@0.05A g-1(60 cycles) 

RGO-Sn nanocables208 1572@0.1A g-1 1.2%@0.1A g-1(50 cycles) 

Mesoporous Sn/C209 510@1A g-1 0.15%@0.5A g-1(200 cycles) 

Sn@NG800 (this work) 884@0.1A g-1 0.0082%@1A g-1(1000 cycles) 

 

The high stability of Sn@NG800 is due to the NG shell. On one hand, the shell with 

enriched porosity and surface area can buffer the volume change of Sn; on the other 

hand, the content of pyridinic N atoms which prefer to bond at the edges or defects of 

carbon materials and cause high resistance210 is not too high in the shell. Figure 4.3.8c 

depicts the lithiation in a Sn particle, Sn fragments@NG and Sn block@NG (from top 

to bottom). The alloying reaction causes cracks and pulverization of the Sn electrode, 

resulting in the breakdown of electric conduction pathways between the electrode and 
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current collector, leading to fast capacity fade, and poor lifespan and rate performance. 

The yolk-shell framework allows the Sn pulverization inside the limited area of the 

shell during alloying, maintaining the contact with the current collector, but as shown 

in Figure 4.3.8d, the possible dangling Sn fragments in the sphere have poor contact 

with other Sn particles and the carbon matrix resulting in poor access by both electrons 

and ions and low capacity. The core-shell structure has better binding between the Sn 

and NG shell, ensuring the fast electron and ion conduction and leading to improved 

performance, in good agreement with the previous work211. Table 4.3.3 lists reported 

Sn-based materials for lithium storage and Sn@NG800 displays comparable 

performance although extremely high values were achieved in Sn composites208. 

Sn@NG800 shows ultra-small degradation per cycle, indicating a high cycling stability. 

4.3.5 Electrochemical Performance of Suspended Fiber Electrode 

   

Figure 4.3. 12 Suspended sheet of Sn@NG800 as an anode. (a) Pictures of the sample. 

(b) Voltage profiles at different current densities. (c) Cycling performance at 1 A g-1 

with corresponding in-situ HFR at 1 kHz and 100 Hz. Adapted with permission from 

ref.175, copyright 2018, Elsevier. 
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  The sheets obtained from the pyrolysis of ZnSn(OH)6@PAN fibers have high 

flexibility as shown in Figure 4.3.12a. A piece of Sn@NG800 sheet has been directly 

used as the anode material in lithium-ion batteries without extra binder and conductive 

agent. Figure 4.3.12b shows the charge-discharge profiles of the suspended 

Sn@NG800 electrode at current densities of 0.1, 0.2, 0.5, 1, 2 and 3 A g-1, 

corresponding to specific capacities of 325, 253, 199, 153, 111 and 92 mAh g-1. The 

capacities are much lower than the electrodes mixed with binder and conductive carbon, 

resulting from the loose and low-density fibers with poor contact with each other and 

the electrolyte. Cycling performance of the electrode at 1 A g-1 (Figure 4.3.12c) 

displays a rise in the specific capacity by 22% after 1000 cycles from the beginning 136 

mAh g-1 with high coulombic efficiency of 99.9%. The capacity increase is due to the 

electrochemical activation and stabilization of these electrode materials212 of loose 

nanofibers. Moreover, the low-potential operation causes reversible formation of 

organic polymeric/gel-like layer by the electrolyte  decomposition coating the materials 

to improve the mechanical cohesion and deliver extra capacity through a so-called 

pseudo-capacitance-type behavior213. The cohesion enhancement combines the 

separate nanofibers into a network that improves the transport of both electrons and 

lithium ions. Figure 4.3.7c shows the in-situ high frequency resistance (HFR) in cycling 

at 1 kHz and 100 Hz. Both values drop gradually with cycling due to the structure 

optimization of the electrode. 

4.3.6 Electrode Study Post Electrochemical Cycling 

  The suspended Sn@NG800 sheet electrode offers great potential to investigate 

structural evolution in cycling, by avoiding the influence from binder and conductive 

agents. Figure 4.3.8 displays the characterization results of the suspended Sn@NG800 

sheet electrode after 1000 cycles. XRD patterns in Figure 4.3.13a shows that the main 

peaks of Sn@NG800 after cycling shift to low angles, and that the domain size along 

(200) increases to 60.7 nm, implying the potential nucleation and growth of Sn crystals 

along (200) in the phase transition214. The relative intensity of (211) peak to the other 

peaks is found to grow after the cyclic lithiation/de-lithiation reaction of Sn, indicating 

that the (211) planes are preferred in the reaction and their surface energy has been 
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tuned lower during cycling. The robust pattern of graphite in Sn@NG800 has 

disappeared after cycling and the broad peak around 20o denotes the amorphous state 

of carbon resulting from the disordering destruction of the graphitic carbon by the 

continuous lithiation/de-lithiation.  

 

Figure 4.3. 13 Material characterization of the suspended Sn@NG800 after 1000 cycles. 

(a) XRD patterns. (b) SEM images. (c) EDX spectra. (d, e) TEM images with selected 

area diffraction patterns. Adapted with permission from ref.175, copyright 2018, Elsevier. 

 

  SEM image in Figure 4.3.13b displays the agglomerated fibers in the polymeric 

layers with beneficial mechanical cohesion and conduction of Li+/e- among these fibers. 

EDX in Figure 4.3.13c indicates that the polymeric layers contain fluorine and 

phosphorus, implying that they are originally from the decomposed electrolyte. The 



124 
 

TEM image in Figure 4.3.13d shows well-maintained carbon nanofibers and spheres 

with inner tin particles and carbon shells. The electron diffraction patterns of the tin-

containing spheres show polycrystallinity while the carbon nanofilbers are amorphous, 

in good agreement with the XRD analysis post cycling.  

 

 

 

Figure 4.3. 14 Electron microscopy characterization of Sn@NG800 suspended 

electrode post cycling. (a) Dark-field TEM image. (b, c) STEM image. (d, e) High-

resolution TEM image. EDX mappings of (f) mixed elements C (blue), Sn (yellow), 

and F (red), (g) Sn, (h) F. (i) STEM image of a carbon fiber for EDX and the spectrum 

picked up from the center (j) and edge (k). Adapted with permission from ref.175, 

copyright 2018, Elsevier. 
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Table 4.3. 4 EDX elemental atomic ratio in Sn@NG800 post cycling. 

Location C O Sn N F P 

Centre 90.7% 7% 0.9% 0.9% 0.3% 0.2% 

Edge 87% 9.4% 3.4% 0% 0.1% 0.1% 

 

Compared with the starting core-shell Sn@NG800, the large-size tin cores (＞500 

nm) appear to have broken into small-size particles (＜260 nm) that have embedded 

into the carbon nanofibers, as observed in Figure 4.3.14a, the dark-field TEM image 

and Figure 4.3.14b and c, the STEM images. Figure 4.3.14d shows a layer of SEI film 

with a thickness of around 3.3 nm on the surface of Sn particles. Tin remains highly 

crystalline and shows clear lattice planes of (321) with an interplanar distance of 0.142 

nm in the high-resolution TEM (Figure 4.3.14e). The overlay EDX mapping of C, Sn 

and F in Figure 4.3.14f indicates the wide distribution of Sn in the carbon nanofibers 

and F on the surface of both Sn and carbon. The elemental mapping of Sn in Figure 

4.3.14g denotes there are Sn clusters along the fiber structure and F has a uniform 

distribution along the nanofibers (Figure 4.3.14h).  

To verify the content of the embedded tin in the carbon nanofibers, EDX was 

performed on the edge and center of a fiber shown in Figure 4.3.14i. EDX spectra and 

ratios of these detected elements are displayed in Figures 4.3.14j, k and Table 4.3.4, 

the atomic ratio of tin in the center is 0.9% and at the edge is 3.4%. The different 

contents along carbon nanofibers indicate the embedding is not uniform but dependent 

upon the porosity. The structure characterization of Sn@NG800 before and post cycling  

deduces a process of the structural evolution of Sn@NG800, see Figure 4.3.8i. On 

cycling, lithiation/de-lithiation causes the graphitic shells and fibers to be amorphous 

with disordered pores, and the small Sn particles that arise from the core pulverization 

can be embedded into the porous matrix through surface adsorption or diffusion along 

the nanofibers. The superior core-shell spheres interconnected by carbon nanofibers 

gives rise to a structural evolution that maintains the Sn@C structure during cycling, 

leading to high lithium-storage performance.  
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4.3.7 Research Summary 

Thermal vapor mechanism has been developed to prepare hollow structures of metal 

oxides via metal evaporation. In this work, yolk-shell and core-shell Sn@C spheres 

interconnected by carbon nanofibers were synthesized by thermal vapor and thermal 

melting of electrospun fibers of ZnSn(OH)6@PAN, with tunable graphitization of the 

carbon shells. Zn has a low boiling point and evaporates from the polymer encapsulated 

structures during the heating process. Sn inside the spheres possesses a dynamic 

structure evolution during thermal melting by fusing small particles into one block.  

The high graphitization of carbon nanofibers and intact Sn cores allow core-shell 

Sn@NG800 to perform best in lithium storage, with 884 mAh g-1 at 0.1 A g-1 and a high 

capacity retention of 91.8% after 1000 cycles at a large current of 1 A g-1. The 

suspended sheet electrode shows increasing capacity but decreased resistance with 

cycling, and the changes in material structures post cycling prove that the pulverized 

tin particles have embedded into the disordered carbon nanofibers during cycling to 

maintain a Sn@C configuration. The superior core-shell spheres interconnected by 

carbon nanofibers provide a pathway in the structural evolution of the samples to 

maintain a Sn@C structure and sustain the high performance. The high flexibility of 

the sheet electrode enables the use in flexible energy-storage devices. All the figures, 

tables and texts in this chapter are adapted with permission from ref.175, copyright 2018, 

Elsevier. 

 

4.4 Chapter conclusion 

  In this chapter, the preparation and electrochemical lithium-storage performance of 

powerful anode materials with specific morphologies is reported. Through the 

developed thermal vapour mechanism, hollow Co3O4 spheres were prepared from 

hydrothermally formed Zn-Co mixed-ion MOFs. This synthetic protocol is based on 

the melting and evaporation of zinc to create the voids in nanostructured materials and 

the remaining zinc in the compound can react with the Co3O4 matrix to become a 

ternary metal oxide, ZnCo2O4 to improve the conductivity through facile electron 
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hopping between the metal centres.  

  Nanostructure of materials is key for the lithium storage performance of materials 

but most nano features aggregate in forming secondary microstructures and the 

influence of nanostructure interconnection on the performance was investigated. The 

secondary-structured Co3O4 dumbbells, Co3O4 spheres and Co3O4 grapes that 

composed of clustered nanoparticles were obtained by the pyrolysis of the rationally 

designed Zn-Co mixed-ion MOFs. The kinetic study and performance evaluation 

disclose the close interconnection of nanoparticles in secondary-structured Co3O4 leads 

to fast Li+-transfer kinetics while the separation of the nanoparticles makes material 

suffer from changes in continuous Li+ conduction. To improve the high-rate capability 

of the nanostructured materials, it is essential to form the secondary clustered structures 

to ensure the high kinetics. 

  The thermal vapour mechanism used for preparing hollow structures of metal oxides 

can be a general method applied to other kinds of materials. The electrospun fibers of 

ZnSn(OH)6@polyacrylonitrile, proceeding the reduction and zinc evaporation process 

in a thermal pyrolysis, form yolk-shell and core-shell Sn@C spheres interconnected by 

carbon nanofibers. The specifically developed structures greatly improve the materials 

performance in lithium storage by providing space or shells in which to buffer the 

volume change of these materials that resulting from the continuous 

lithiation/delithiation process.   
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5 Heterojunction Fabrication for Boosting Batteries Kinetics 

  Heterostructures are common in material composites and the formed heterojunctions 

between metal oxides of different band structures can yield a built-in electric field and 

boost the reaction kinetics215. Metal oxides are typical anode materials in LIBs for 

energy storage and the increase in the kinetics can improve the energy storage 

performance of materials at fast charging rates, thus mitigate the capacity degradation 

when the batteries operate at large currents.  

  Many metal oxides have shown promising theoretical capacities for lithium storage 

but usually suffer from the sluggish kinetics. Titanium oxide (TiO2) is a widely studied 

anode material in LIBs, evidencing that the nano sizing of TiO2 can greatly shorten the 

conduction pathways and thus increase the reaction kinetics. In addition, TiO2 has many 

polymorphs and in the formation of a stable structure, it is feasible to tune the phase 

composition, thus the heterojunctions during synthesis. The tunable characteristic of 

TiO2 in the heterojunctions and kinetics indicates TiO2 is an appropriate model sample 

to study how the heterojunctions influence the Li-storage properties of metal oxides. 

Actually many studies have investigated the heterojunctions of TiO2 in photocatalysis, 

such as the commercial catalyst, P25216. Recently the heterojunctions between anatase 

and TiO2(B)217-219 were also proved with an improved photocatalytic performance and 

yielded high Li-storage performance in which Li+ ions and electrons are separated 

across the TiO2(B)/anatase TiO2 interfaces.     

  Herein, TiO2 is selected to yield heterojunctions by forming different polymorphs in 

a composite and used to study the Li-storage performance. TiO2(B)/anatase TiO2 was 

firstly synthesized comprising TiO2(B) fibrils and anatase pappi. Then TiO2 spheres of 

mixed anatase/rutile was also developed. Through the studies of the heterojunctions 

formed in TiO2 of different compositions, interfacial storage and synergistic storage 

were proposed to enhance the storage properties of the materials. Although the kinetics 

of TiO2 in lithium storage has been enhanced through heterojunction fabrication, TiO2 

has a low specific capacity in comparison with other convention-type anode materials. 

ZnO and SnO2 are then considered because of their high theoretical capacities and cheap 
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price. In yielding heterojunctions using ZnO and SnO2, a complex metal oxide, 

Zn2SnO4 was formed between them and spatially confined ZnO and SnO2 in the 

composite. Zn2SnO4 has increasing electron conductivity compared with ZnO and SnO2 

because of the multi metal centres for electrons jump and aids the kinetic improvement. 

Through the studies of heterojunctions in improving the Li-storage kinetics of metal 

oxides, it is well acknowledged that the synthesis of heterojunctions in battery materials 

will facilitate the lithium storage and benefit the materials stability. In this chapter, two 

types of heterojunctions in TiO2 will be firstly discussed on the resulted electrochemical 

performance. Then, spatially-confined heterojunctions in ZnO/Zn2SnO4/SnO2 will be 

studied on the kinetic improvement in lithium storage.  

 

5.1 Anatase/TiO2(B) Heterojunctions in Dandelion-shaped Structures 

5.1.1 Introduction 

  Titanium dioxide (TiO2), one of the most promising anode materials, has been 

intensively studied, not only due to its low cost, abundance and non-toxicity but also 

on account of the negligible volume deformation during the Li-ion intercalation/de-

intercalation processes and excellent gravimetric capacity129, 148. The operational 

potential of TiO2 is high (>1 V vs. Li+/Li), which can enhance battery safety by reducing 

the probability of the formation of lithium dendrites at the anode surface and avoid 

formation of SEI220-222. To-date various polymorphs of TiO2 including anatase 

(tetragonal)223, rutile (tetragonal)148, brookite (orthorhombic)224 and bronze (TiO2-B, 

monoclinic)225have been extensively studied as anode materials in lithium-ion batteries. 

The other allotropes; which either are easily transformed to other types like 

ramsdellite(TiO2-R)226 and hollandite (TiO2-H)227 or need high-pressure and high-

temperature synthesis conditions, such as α-PbO2-structured TiO2(II)
228, baddeleyite229, 

columbite230, cubic231, TiO2(OI)232 and TiO2(OII)233; have been rarely researched. 

Despite the numerous studies, TiO2 has not been used extensively as a high rate anode 

material owing to a limited ability to store charge and its poor conductivity. 

  There are intrinsic drawbacks for TiO2 that are the material’s poor electronic 
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conductivity (10-13 S cm-1)148, 234, 235 and limited ionic conductivity236. Many effective 

solutions have been proposed to overcome this issue including: (i) addition of a 

conducting phase, e.g., carbon coating237 or forming composites with transition metal 

oxides238, (ii) reduction of the ionic diffusion length by fabricating nanoscale TiO2 

structures such as wires239, tubes240, cubes241, rods242 and flowers222 , (iii) doping 

through either the introduction of Ti3+ or oxygen vacancies148, 243 or with heteroatoms 

B244, C220, N245, S246, Ni247, Zn248 or Sn249. Charge stored in a Li+/heterophase anode 

system may be enhanced 250-253 through interfacial charge storage at both the solid-

liquid interface and internal solid-solid interfaces. Jamnik and Maier have demonstrated 

increased charge storage at TiO2-metal interfaces as a result of the metal acting as an 

electron sink and the TiO2 storing excess Li+. In TiO2 photochemical studies, it has been 

demonstrated that owing to the offset in the conduction band levels, photogenerated 

charge carriers can be stored at the junction between anatase and TiO2(B)217-219. This 

band offset has been employed in TiO2 engineering to yield a material in which Li+ and 

electrons are separated across TiO2(B)/anatase TiO2 interfaces within the anode leading 

to increased charge storage. However, the electron conductivity of TiO2(B)/anatase 

TiO2 composite is still not high enough to lead to fast kinetics for lithium storage.  

  In this section, a TiO2-graphene composite was synthesized as the anode material in 

LIBs for lithium storage. TiO2 is in dandelion shape (evidenced by below imaging) with 

nanosized TiO2(B) fibrils capped with anatase TiO2 pappi. The as-prepared structure 

has a high surface area with extensive solid-electrolyte and solid-solid heterojunctions 

to maximize interfacial charge storage. Multilayered graphene (MLG) was added to 

TiO2 to yield a composite with enhanced conductivity and an increased number of 

heterojunctions with the TiO2 crystals.  

5.1.2 Materials Preparation 

Dandelion-shape TiO2/MLG and control TiO2 anode materials were synthesized by 

solvothermal methods. For TiO2/MLG preparation, 0.24g polyvinylpyrrolidone (PVP, 

Sigma, average mole weight: 360000.) was dissolved into 40 mL ethanoic acid solution 

(Sinopharm Chemical Reagent Beijing Co. Ltd.) by strong stirring, followed by the 

addition of 0.05g multi-layer graphene (~10nm thickness, Hefei Weijing Material 
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Technology Co. Ltd.) and continuous stirring for 20 min. Then, 1 mL tetrabutyltitanate 

(TBT, Sinopharm Chemical Reagent Beijing Co. Ltd.) was added dropwise to the above 

dark solution over 5 min, and the mixture was sealed to sonicate at a power of 99 W for 

20 min at 50 oC. The obtained suspension was transferred to a 60 mL Teflon-lined 

stainless-steel autoclave, and maintained at 150 oC for 24 h. After being cooled to room 

temperature, the precipitate was collected by centrifuge, washed with ethanol and water 

several times and dried at 60 oC in an oven. The dried sample was then calcined in a 

tube furnace at 400 oC for 4 h under a flowing argon, the temperature increased from 

room temperature at 3 o/min. After grinding, a TiO2/MLG powder was obtained. The 

control TiO2 sample was prepared in the same method but without the use of MLG.   

5.1.3 Material Structure and Lattice Mismatch 

 

Figure 5.1. 1 (a) XRD patterns of the as-prepared TiO2/MLG composite and the (b) 

Rietveld refinement of the pattern. (c) TGA/DSC of the sample in the air atmosphere. 

Adapted with permission from ref.154, copyright 2016, The Royal Society of Chemistry. 
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XRD patterns of the as-prepared composite is shown in Figure 5.1.1a. The 

diffraction patterns exhibit three constituent phases of the composite, namely graphite 

(P63/mmc, JPCD No.65-6212), anatase TiO2 (I41/amd, JPCD No.65-5714) and TiO2(B) 

(C2/m, JPCD No.46-1238). The observed graphite peak is evidence of the incorporation 

of the multi-layer graphene (MLG) which was used as a reagent during the preparation. 

The strong (002) diffraction peak at 26.5o illustrates that the MLG structure was 

maintained throughout the hydrothermal and calcination processes employed in 

fabrication254, 255. TiO2(B) is formed from the thermal dehydration of layered hydrogen 

titanate256, 257, resulting from the low-rate hydrolysis of TBT in ethanoic acid. The slow 

hydrolysis of TBT in the presence of PVP is beneficial for the self-assembly of anatase 

and TiO2(B). Rietveld refinement of the diffraction pattern, see Figure 5.1.1b, indicates 

that the phase content of anatase TiO2 and TiO2(B) are 70.7% and 29.3%, respectively.  

To determine the content of MLG in the composite, TGA/DSC was carried out in the 

air with a heating increase rate of 5 oC min-1 (Figure 5.1.1c). The slight weight loss 

before 120 oC is ascribed to the evaporation of adsorbed water molecules. Considering 

the complete decomposition temperature of graphene has been generally considered as 

700 oC258-261, the weight loss at this temperature has been assumed to corresond to the 

loss of MLG in the TiO2/MLG composite, which is estimated to be 5.8 %. In addition, 

the wide exothermic peaks of TiO2/MLG reflects the oxidization of the carbon skeleton 

of MLG, which can be affected by the formation of C-Ti bond and the distribution of 

TiO2 creating localized spots to facilitate the oxidization reaction262-264. Besides MLG, 

the phase transformation of TiO2 from TiO2(B) to anatase to rutile in the range of 350 

~ 600 oC causes fluctuations in the exothermic peaks263, 265. 

 

Figure 5.1. 2 SEM image of TiO2/MLG. Adapted with permission from ref.154, copyright 

2016, The Royal Society of Chemistry 
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Figure 5.1. 3 (a) TEM image of TiO2/MLG. (b) SAED pattern of the sample. (c) 

HRTEM image with interface lines between phase regions. A, B and G in the image 

indicate anataseTiO2, TiO2(B) and multilayer graphene, respectively. (d) HRTEM 

image of the focused limb part with magnified lattice plane by FFT and inverse FFT. 

Adapted with permission from ref.154, copyright 2016, The Royal Society of Chemistry 

 

Figure 5.1. 4 Representation of interface mismatch rate, δ, between adjacent crystals. 

Adapted with permission from ref.154, copyright 2016, The Royal Society of Chemistry. 

 

SEM and TEM were employed to characterize the morphology of TiO2/MLG. SEM 

image of TiO2/MLG is shown in Figure 5.1.2 with the spherical dandelion morphology. 

TEM images, Figure 5.1.3a, indicate that TiO2/MLG is composed of connected 

ultrathin nanowires and nanosheets, with a thickness of several nanometers. SAED 
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pattern in Figure 5.1.3b displays broad diffraction rings that can be assigned to a 

composite of the two TiO2 polymorphs, namely anatase TiO2 and TiO2(B), and the broad 

rings assigned to (110), (202), (020), (113), (-621) and (423) planes for TiO2(B) can be 

matched to (101), (103), (200), (105), (204) and (224) planes of anatase TiO2
129.  

The high resolution TEM (HRTEM) image of TiO2/MLG displayed in Figure 5.1.3c 

clearly demonstrates the crystal domains of the three phases in a nano-region, and the 

boundary structures between anatase TiO2 and TiO2(B). Within the triple phase region 

indicated by an ellipse, it is found that the lattice fringes of the (003) plane of TiO2(B) 

and the (004) plane of anatase are adjacent with a 125o angular mismatch, there is a 5o 

angular mismatch between the (100) plane of graphene and (003) plane of TiO2(B), and 

120o between the (100) plane of graphene and (004) plane of anatase. Lattice mismatch 

is clearly obersved between the lattice planes of each crystal with specific orientation. 

The schematical representation of the lattice mismatch is depicted in Figure 5.1.4, 

where the interface mismatch rate, δ, between the two mismatched phases can be 

calculated using equation 5.1.1 and δ reflects the interface matching intensity or the 

possibility of interface match129. 

𝛿 = 1 −
𝑑2|𝑐𝑜𝑠𝜃|

𝑑1
                       𝑑1 ≥  𝑑2                                                               (5.1.1)                                                                          

The schematically presented parameters d1 and d2 signify the projected lengths of 

mismatched planes and the above equation may be employed when d1 ≥ d2. δ is 

calculated to be 0.497, 0.032 and 0.539 for the interfaces between the (003) plane of 

TiO2(B) and the (004) plane of anatase, the (003) plane of TiO2(B) and (100) plane of 

graphene, the (004) plane of anatase and (100) plane of graphene, respectively. More 

abundant interfacial structrue is present between graphene and anatase in this triphase 

composite than between anatase and TiO2(B). By employing Fast Fourier Transform 

(FFT) and inverse FFT, the magnified lattices of the corresponding darker parts in the 

HRTEM image displayed in Figure 5.1.3d are assigned to TiO2(B), which demonstrates 

that crystals of this phase form the fibrils whilst the lighter pappi parts are composed of 

anatase TiO2. In addition, FFT images of (-604) plane display disordered features, 

indicating the formation of defective TiO2 crystals.  
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5.1.4 Analysis of the Reaction Kinetics for Lithium Insertion 

 

Figure 5.1. 5 CV curves of TiO2/MLG. (a) First four cycles at 0.2 mV s-1. (b) CV curves 

at different scan rates from 0.2 to 1.2 mV s-1. Linear relationships of (c) A peak currents 

vs. square root of scan rates, and (d) B peak currents vs. scan rates. Adapted with 

permission from ref.154, copyright 2016, The Royal Society of Chemistry. 

 

  CV of TiO2/MLG in a lithium-ion cell with metallic Li as the counter electrode 

was implemented in a voltage range of 1-3 V vs. Li/Li+. Figure 5.1.5a displays 

the CV curves of the first four cycles at 0.2 mV s-1. The first CV cycle, beginning 

from the open circuit voltage, shows different electrochemical behavior to the 

subsequent cycles, resulting from the conditioning of the anode material during 

the first round of Li insertion/de-insertion. The second and fourth cycles are 

consistent in profile illustrating the excellent reversibility of the reactions for the 

as-prepared material129, 221. The cathodic peak located at 1.37 V vs. Li/Li+ in the 

first cycle is found to disappear in the following, which has been explained as the 

irreversible reactions of the phase impurities129. Compared with the CV peaks of 

TiO2(B)221, the cathodic peak at around 1.4 V in the first cycle results from the 
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open channel saturation of TiO2(B) by inserted Li+ ions. In the anodic scan of the 

second cycle there are three distinct peaks labeled A, B1 and B2. At higher scan 

rate, as shown in Figure 5.1.5b, peaks B1 and B2 are less well defined and 

eventually merge into a single entity labeled B. Analysis of peaks A and B as the 

scan rate increasing from 0.2 mV s-1 to 1.2 mV s-1 indicates that the peak current 

of the former is a linear function of the square root of the scan rate, Figure 5.1.5c, 

whilst the the latter is directly proportional to the scan rate, Figure 5.1.5d. The 

as-prepared TiO2/MLG includes a mixture of anatase and TiO2(B) presenting 

diffusion- and surface-controlled reactions at different potentials129, 221, 266. The 

position of peak A, 1.68 V vs. Li/Li+
, and the variation in peak height with scan 

rate are consistent with lithium insertion into anatase190. Peak B can be assigned 

to a pseudocapacitative process on the surface of TiO2(B)267. A higher current 

associated with anatase TiO2 is in line with the composition of the composite. 

 

Figure 5.1. 6 Galvanostatic charge/discharge profiles. (a) The first cycle profiles of 

TiO2/MLG and TiO2 at 0.05 A g-1. (b) The second and third cycle profiles at 0.05 A g-1. 

(c) Rate performances of TiO2/MLG from 0.05 to 2 A g-1 and (d) from 5.5 to 10 A g-1. 

Adapted with permission from ref.154, copyright 2016, The Royal Society of Chemistry. 
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Figure 5.1. 7 Rate performances of as-prepared TiO2 from 0.05 to 2 A g-1. Adapted with 

permission from ref.154, copyright 2016, The Royal Society of Chemistry. 

 

  Figure 5.1.6a displays the profiles in the voltage range of 1 to 3 V vs. Li/Li+ 

of TiO2/MLG and TiO2 prepared using the same synthetic method but without 

MLG. The discharge profiles of TiO2/MLG and TiO2 can be divided into three 

regions250, 268. Region 1 with a steep decrease in potential is ascribed to the 

homogeneous Li+ insertion into bulk TiO2 until the solid-solution limit of Li+ ions 

in TiO2, such behavior is indicative of a nano-sized titania material269. Region 2 

is characteristic of the lithiation of anatase. It can be seen that the average voltage 

plateau of TiO2/MLG (1.75 V) is 20 mV higher than that of TiO2 (1.73 V), from 

which it can be deduced that the boundary structures between TiO2 and graphene 

have the potential to lower the electrode polarization resulting from the good 

electronic and ionic conductivity255 in the biphase TiO2 (Li-rich and Li-poor) co-

existence plateau250. The contributed capacities of 126 and 106 mAh g-1 for 

TiO2/MLG and TiO2 in the two regions result from the random insertion of Li+ 

into over half the available interstitial octahedral sites of anatase129, 268. Region 

3, at low potentials, corresponds to the loss of pseudocapacitive charges from the 

interfaces in the nanostructured materials. The TiO2/MLG composite anode and 

the TiO2 anode have very similar behavior in regions 1 and 2 during discharge 

indicating that the lithiation of the nanomaterials is independent of the amount of 

MLG. In region 3 the TiO2/MLG composite displays a higher specific capacity 
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at all potentials. In the second and third cycles, region 3 of TiO2/MLG can be 

divided into two slopes whilst for the TiO2 anode a single gradient is observed, 

as shown in Figure 5.1.6b. The columbic efficiency of TiO2/MLG in the first 

cycle is 80.4%, slightly higher than the 78.8% observed for the TiO2 anode.   

Voltage profiles of TiO2/MLG are shown in Figure 5.1.6c and d. At 0.05, 0.1, 

0.2, 0.5, 1, 2, 3 and 5 A g-1, the specific capacities are 266, 243, 221, 200, 182, 

161, 140 and 115 mAh g-1, respectively. Even at higher rates of 5.5, 6, 7, 8, and 

10 A g-1, the values still maintain 84, 69, 48, 43 and 35mAh g-1. In comparison, 

TiO2 exhibits 198, 183, 159, 128, 119, 113, 100 and 86 mAh g-1 at current 

densities from 0.05 to 2 A g-1, as plotted in Figure 5.1.7. The capacity rententiaon 

of TiO2/MLG when the applied current densities increase from 0.1 to 1 A g-1 is 

75% higher than that of TiO2, 62%, indicating TiO2/MLG has improved high-

rate performance by compositing with the conductive network, MLG. 

 

Figure 5.1. 8 Cycling profiles of (a) TiO2/MLG at 0.1 A g-1, (b) TiO2/MLG at 5 and 10 

A g-1, (c) TiO2 at 0.05 and 0.1 A g-1. Adapted with permission from ref.154, copyright 

2016, The Royal Society of Chemistry. 
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Figure 5.1.8a exhibits stable cycling performance of TiO2/MLG at 0.1 A g-1, 

with a slight loss of capacity after 100 cycles. The corresponding capacity 

retention of TiO2/MLG is 99.6%. Even at the high rates of 5 and 10 A g-1, 

TiO2/MLG still maintains the high coulombic efficiency in each cycle and the 

profiles plotted in Figure 5.1.8b reveals relatively higher specific capacities at 

the applied high current densities, in comparison with the reference sample, TiO2 

shown in Figure 5.1.8c. As suggested by Wu et. al129, the high electrochemical 

stability of the electrode is attributed to the three-dimensional dandelion-shape 

microsphere structure which provides short diffusion distance for ion transport, 

high contact area between the electrolyte and electrode and the boundaries of 

TiO2/MLG which are capable of accommodating strain during cycling, leading 

to high Li+ diffusion kinetics as well as stable electrochemical reactions. 

 

Figure 5.1. 9 Nyquist plot of TiO2/MLG after (a) 0 and (b) 1000 cycles with 

corresponding fitting results. Inset is the corresponding equivalent circuit model. 

Adapted with permission from ref.154, copyright 2016, The Royal Society of Chemistry. 

 

Table 5.1. 1 Parameters of the fitted equivalent circuit of samples cycled 0 time. The 

chi-square function (ϰ) of 2.418×10-4 

 R1/Ω  R2/Ω  CPE1/S sn n1 CPE2/S sn n2 

0-cycled 17.65 85.25 4.797×10-5 0.74 3.865×10-6 0.882 

Error0 / % 1.008 0.567 3.264 0.585 0.317 0.187 
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Table 5.1. 2 Parameters of the fitted equivalent circuit of samples cycled 1000 times. 

The chi-square function (ϰ) of 8.66×10-4 

 R1/Ω  R2/Ω  CPE1/S sn n1 CPE3/S sn n3 CPE2/S sn n2 R3/Ω 

1000-cycled 6.55 3.828 0.0126 1 0.091 0.5 0.091 0.5 7.735 

Error1000 / % 1.146 10.93 8.45 N/A 6.373 N/A 6.373 N/A 2.279 

 

  The change of the impedance of TiO2/MLG in cycling was studied by EIS. 

Nyquist plots for electrodes cycled 0 and 1000 times are displayed in Figures 

5.1.9a and b respectively, with corresponding equivalent circuit models in the 

insets. The fitted values and the calculated errors of the components in the circuit 

are listed in Table 5.1.1 and 5.1.2. R1 represents the internal resistance of the 

cell arising from the electrode and electrolyte. CPE2 (constant phase element) in 

Figure 5.1.9a is the pseudocapacitance that is generated on the complicated 

surface of internal triphase boundaries129 plus electrode. R2 represents the charge 

transfer and possible ion diffusion, and CPE1 is the capacitor in the bulk 

associated with Li+ ions insertion. In Figure 5.1.9b, two new components are 

introduced namely CPE3 and R3. CPE3 is defined as Warburg resistance with 

the factor, n=0.5 and CPE1 becomes a capacitor with n=1. Warburg resistance 

results from the solid-state ion diffusion in the electrode channels, which usually 

presents a 45o line in the square Nyquist plot. R3 is related to surface resistance 

during cycling, which can be attibuted to the open interfacial structure in the 

electrode or SEI film on the electrode surface129. According to the fitted 

parameter in the tables, R1 and R2 have decreased but the capacitance of CPE1 

and CPE2 have increased after cycling when compared with those of the fresh 

cell. The structural rearrangement of TiO2/MLG electrode during cycling 

promotes the boundary storage to be predominant rather than the bulk storage for 

Li+ ions. The interfacial structure provides more open channels for ion diffusion 

and the ionic diffusion capability is expected to rise with cycling, according to 

the increase in CPE.  
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5.1.5 Heterointerface Storage  

 

Figure 5.1. 10 Schematic of proposed interfacial storage of Li+ ions in TiO2/MLG. 

Adapted with permission from ref.154, copyright 2016, The Royal Society of Chemistry. 

 

  Figure 5.1.10 shows a scheme of the proposed interfacial storage for lithium 

ions in TiO2/MLG. The as-prepared material has an abundance of the tri-phase 

boundaries between anatase TiO2, TiO2(B) and graphene. Wang et al.219 have 

demonstrated that the charge storage at the anatase TiO2-TiO2(B) junction can 

enhance the Li+ storage. The high specific capacities observed for the biphasic 

TiO2 material prepared in the absence of MLG points to a synergistic interfacial 

storage effect that improves the charge storage. The specific capacity of the 

dandelion-structured TiO2 is further enhanced when MLG is introduced into the 

composite. The MLG itself with nearly 30 layers was reported to contribute 

negligibly to the storage capacity in the voltage range of 1-3 V vs. Li/Li+270. The 

boundaries formed between MLG and the TiO2 phases offer more sites for the 

Li+ ion storage in addition with the available locations in the nanosized 

materials250. The phase boundaries in TiO2/MLG polycrystals are formed 

through the lattice mismatch, and the disordered planes also provide more active 

sites for Li+ ion storage and transfer129, 225. TiO2/MLG is able to store charge 

through both Li+ insertion and pseudocapacitive process, as evidenced by the i-

V curves. We postulate that the improved high-rate performance of the 

TiO2/MLG composite relative to the reference TiO2 material results from the fact 

that the edge-abundant interfaces of graphene can promote the Li+ ion diffusion 

and electron transport along the triphase boundaries.  
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5.1.6 Research Summary 

In this part, a dandelion-shape TiO2/MLG comprising TiO2(B) fibrils and anatase 

pappi was synthesized as a promising anode material for Li storage. Hetero phases of 

anatase and TiO2(B) were evidenced in TiO2/MLG through materials characterizations 

and electrochemical analysis. A mismatch rate, δ, between two adjacent crystals with 

mingled boundaries was introduced to describe the interplanar mismatch degree. The 

heterointerface between the two TiO2 polymorphs and boundaries formed with the 

edge-abundant MLG provided more active sites for lithium storage and facilitated the 

Li+ ion and electron transport, greatly improving the performance of TiO2/MLG in the 

operation of high-rate and long-term cycling. TiO2/MLG delivered a specific capacity 

of 115 mAh g-1 at 5 A g-1 and a high capacity retention of 99.6% after 100 cycles at 0.1 

A g-1. The interfacial charge storage enhanced the pseudocapacitive reaction for lithium 

storage with high kinetics, thus leading to comparable high-rate performance. The 

resistances of TiO2/MLG decreased with cycling possibly as more boundaries become 

open to promote the ion and electron conduction. All the figures, tables and some texts 

in this chapter are adapted with permission from ref.154, copyright 2016, The Royal 

Society of Chemistry. 

 

5.2 Synergistic Storage by Anatase/Rutile Heterojunctions 

5.2.1 Introduction 

  Polymorphs of anatase, rutile and TiO2-B (bronze) have excellent phase 

stability owing to the facile accommodation of lithium ions in the crystal 

structures. Theoretical capacities of TiO2 are 168 mAh g-1 for anatase271 and 335 

mAh g-1 for both rutile272 and TiO2-B
273 corresponding to 0.5 and 1 mol lithium 

insertion per mol of TiO2, respectively. However, the achieved value is highly 

dependent on the particle size and a decrease in the size of anatase to nano-scale 

can enhance the lithium insertion to approximately 1mol Li per mol of TiO2
271. 

In addition, low dimensional nanostructures of TiO2, including nanoparticles274, 

nanotubes275, nanowires276, nanorod148, nanoribbons277 and nanosheets129, 154 can 
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give shorter paths for electron and ion transport and produce large specific 

capacity resulting from the enlarged surface area.   

Both nanoscale anatase and rutile TiO2 have been widely employed as lithium 

anode materials and exhibited a wide range of results. Computational studies 

have shown that the three–dimensional structure of the phases means that the 

incorporation of Li+ from the electrolyte is more energetically favoured for 

anatase than rutile278. In contrast, the mobility of Li+ in rutile, along the c-axis, is 

much higher than that in anatase279. The possibility of using mixed anatase-rutile 

nanoparticles as an anode material to exploit the advantageous properties of each 

phase and potential synergistic benefits, as observed for P25 as a photocatalyst, 

has been considered in only a limited number of cases.  

In this section, high area TiO2 composed of nanosheets and ultrathin nanotubes 

of mixed anatase and rutile phases was synthesized from a low-temperature 

hydrothermal reaction of the Ti3+ precursor and the subsequent calcination of the 

product. Electrochemical characterization shows this material has superior 

capability for lithium storage at high rates. The specific capacity reaches 167 

mAh g-1 at 1 A g-1 (6C, assuming 1C is 168 mA g-1) and is able to maintain 95 

mAh g-1 at 10 A g-1 (60C). It is proposed that the structure of nanosized tubes, 

that shorten the electron and ion transport pathways and enlarge the contact area 

with electrolyte, and the synergistic function between the anatase and rutile 

phases, leads to the superior performance in lithium storage. 

5.2.2 Preparation and Theoretical Calculation 

Synthesis of TiO2: All the chemicals were purchased from Sigma-Aldrich. In the 

preparation route, 3.1 mL TiCl3 solution (~10 wt. % in 20-30 wt. % hydrochloric acid) 

was mixed with 94 mL ethylene glycol (anhydrous, 99.8%) by vigorous stirring for 2 h 

in a beaker at room temperature.  Then, 3.1 mL deionized water was dropped into the 

solution and the stirring maintained for a further 10 min before transfer to a 125 mL 

autoclave. The autoclaving reaction was performed at 150 oC in an oven for a range of 

reaction times (18, 24, 36 h). The obtained hydrothermal products were then heated in 

air at a rate of 2 oC min-1 to 300 or 500 oC and calcinated for 2 h. 
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Theoretical calculation: The density functional theory (DFT) modelling of lithium 

intercalation and migration in crystalline TiO2 was performed using PWSCF 

component with spin-polarized Generalized Gradient Approximation (GGA+U) 

method. For anatase, a supercell with 2×2×1 (a×b×c) unit cells was used for the 

intercalation calculation while for rutile, a supercell with 2×2×2 unit cells was used. A 

plane-wave basis with a kinetic energy cut-off of 225 Ry was used, and the optimum 

set of K-mesh (2×2×1) was chosen for the convergence of energy.The lattice parameters 

of anatase and rutile are optimized in the specific supercell before calculating the 

intercalation of lithium ions using DFT. For lithium intercalation in both anatase and 

rutile TiO2, a high ratio of Li/Ti of 0.0625 is assumed, and a lithium ion preference for 

octahedral sites. In the isolated lithium migration in TiO2, the optimized paths with 

lowest energy are selected along the c-axis in rutile and diagonal in anatase. This 

theoretical calculation was carried out by Qianfan Jiang at Imperial College London. 

5.2.3 Process of Crystal Growth 

 

Figure 5.2. 1 Nucleation growth of hydrated titanium octahedra to form crystals. 

(I) Molecule hydrolysis, (II) dendrimer formation, (III) nucleation growth under 

hydrothermal condition. (III) short-range octahedral unit in linear packing (rutile 

structure) and zigzag packing (anatase structure). Right is the schematic of the 

prepared TiO2 sphere with phase boundaries between anatase and rutile. 

 

Figure 5.2.1 is a schematic representation of the synthesis mechanism of the 

anatase/rutile structure at low temperature: (I) hydrolysis, (II) dendrimer 
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formation and (III) crystal nucleation. The hydrolysis of TiCl3 in ethylene glycol 

in the presence of a small amount of water produces the aqueous Ti-OX complex 

(X = H, Cl or ethyl chain)280-283. The number and category of X are dependent on 

the solution pH and water concentration280, 284. The hydrated Ti-OX complex is 

a dendrimer and consists of dimers and trimers which are composed of two or 

three corner-linked octahedral, respectively280. The dendrimers are the precursors 

of the crystal nuclei formed by condensation during autoclaving282, 285. The short-

range crystal nuclei have different crystal arrangements resulting from the order 

of the Ti-O octahedral units286, 287. The linear packing of the octahedra uses trans-

coordination to allow one octahedron in contact with ten neighbour octahedra 

(two sharing edge oxygen pairs and eight sharing corner oxygen atoms), while 

the zigzag packing uses cis-coordination to result in each octahedron linking 

eight neighbours, in which four share edges and four share corners.  

 

Figure 5.2. 2 Crystal Structures of rutile, TiO2-B and anatase. 

 

The represented crystal structures of rutile, TiO2-B and anatase are displayed 

in Figure 5.2.2. The linear packing structure (rutile) has lower Gibbs free 

energy265 but is unstable under kinetic control287. The zigzag structure is 

kinetically favourable because of the high ratio of cis-coordination sites and the 

higher probability for cis-polymization288. Rapid crystallization leads to the 

zigzag structure dominating because of the lower surface free energy265. 

However, the linear array (rutile structure) tends to be stable when the process 

occurs under thermodynamic control.   



146 
 

5.2.4 Characterization of Morphological and Electronic Structures 

 

Figure 5.2. 3 Characterizations of TiO2, TiO2(300) and TiO2(500). (a) XRD 

patterns. (b) Rietveld refinement of the XRD pattern of TiO2(300). (c) XRD 

patterns of the hydrothermal TiO2 heated in air for 2h at 600 and 750 oC. (d) 

High-resolution XPS of Ti 2p, red and blue peaks denote anatase and rutile 

phases, purple is due to complex product. (e) TG/DSC curves of as-prepared TiO2 

in air. (f) Nitrogen absorption/desorption and pore size distribution curves. 
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Table 5.2. 1 Lattice parameters and phase ratio in TiO2(300) through refinement. 

TiO2(300) a b c Volume 

ratio 

Weight 

ratio 

Anatase 3.7843(57) 3.7843(57) 9.4992(91) 80.1% 78.7% 

Rutile 4.5991(74) 4.5991(74) 2.9537(05) 19.9% 21.3% 

 

Figure 5.2.3a shows the XRD patterns of the as-prepared TiO2 samples. The 

feature at 14.5o indicate the hydrothermally formed TiO2 contains monoclinic 

TiO2-B which is a metastable phase of anatase TiO2. The high background along 

the XRD pattern indicates the existence of an amorphous TiO2 phase. The 

hydrothermal product is easy to convert into other polymorphs by annealing at 

300 oC for 2h in air; this process occurs through a cation displacement from the 

chains to the nearby octahedral sites, followed by shear of the TiO2-B
289, 290 and 

octahedral rearrangement of the amorphous TiO2
288. The labelled lattice planes 

in the XRD patterns of the sample post-annealing at 300 oC, TiO2(300), match 

the (101) of anatase and (110) of rutile. The (110) plane diffraction peak for 

TiO2(300) indicates that rutile crystals were present in the hydrothermal TiO2 

product because the strong binding energy of Ti-O means anatase cannot 

transform to the rutile phase in the absence of a melting-point process265, 287. 

According to the Scherrer equation, in the phase of TiO2(300) the crystal size of 

anatase along the (101) direction is 16.6 nm, and that of rutile along the (110) 

direction is 19.4 nm. 

 

Table 5.2. 2 Crystal size along the (101) of anatase and (110) of rutile 

Temperature / oC (101) crystal size / nm (110) crystal size / nm 

300 16.6 19.4 

600 30.4 42.9 

750 29.5 42.2 
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Rietveld refinement on the XRD pattern of TiO2(300) is depicted in Figure 

5.2.3b revealing that both phases have tetragonal structure and the lattice 

parameters are listed in Table 5.2.1. The corresponding weight ratio of anatase 

and rutile is 79% and 21%, similar to Degussa P25 (80 wt% anatase and 20 wt% 

rutile)234, 265. The heating of the hydrothermal product at 500 oC for 2h in air, 

TiO2(500), transforms more of the amorphous phase enriching anatase. Higher 

calcination temperatures of 600 or 750 oC for 2h in air results in the anatase 

irreversibly converting into rutile and promotes crystal growth, as illustrated in 

Figure 5.2.3c and Table 5.2.2. High-resolution XPS of Ti 2p3/2 in the 

hydrothermal TiO2 product, TiO2(300) and TiO2(500) are displayed in Figure 

5.2.3d. The hydrothermal product TiO2 shows one fitted peak at 458.7 eV, while 

TiO2(300) and TiO2(500) are fitted by two peaks assigned to anatase and rutile, 

which are located at 459.3 and 458.9 eV, with a 0.4 eV higher binding energy for 

anatase. The binding energy of Ti 2p3/2 of TiO2-B or the amorphous TiO2 is lower 

than rutile and anatase. The deconvolution of the Ti 2p3/2 spectra also provides a 

quantitative estimate of the atomic ratio of anatase to rutile. TiO2(300) has 77% 

anatase and 23% rutile, consistent with the weight ratio from XRD refinement, 

and TiO2(500) is composed of 93% anatase and 7% rutile.  

TGA/DSC profiles of the hydrothermally formed TiO2 are plotted in Figure 

5.2.3e, displaying two phase transition processes at 300 and 500 oC. The BET 

surface areas, determined by physical nitrogen absorption/desorption isotherms 

in Figure 5.2.3f of TiO2, TiO2(300) and TiO2(500) are 235, 130 and 75 m2 g-1 

respectively, with a decrease in the number of nano pores with increasing 

temperature. High-temperature annealing causes crystal growth or aggregation, 

leading to a drop in specific surface area. The specific surface areas of the 

prepared materials are much larger than Degussa P25291, 40 m2 g-1 and the 

exposed large surface area enhances the contact between the electrolyte and 

electrode thus leading to improved storage capacity and reaction kinetics. 



149 
 

 

Figure 5.2. 4 Electronic structure characterization. (a) UV-Vis absorption spectra 

of the as-prepared samples in comparison with standard anatase, rutile and 

Degussa P25. (b) Tauc plots of (αhv)2 vs. photon energy (hv) for TiO2, TiO2(300), 

TiO2(500) and Degussa P25. (c) X-band EPR spectra of TiO2(300) and TiO2(500) 

at room temperature. (d) Conduction band (CB) and valance band (VB) energy 

diagram of rutile and anatase TiO2 with oxygen vacancies (Vo) and the built-in 

electric field along the interface. (e) Doubly integrating EPR spectra of the 

annealed samples. 

 

UV-Vis in Figure 5.2.4a of TiO2, TiO2(300) and TiO2(500) reveal red-shifted 

absorption edges compared to anatase, rutile and Degussa P25, which may be 

due to the lattice distortion and defects in the nanocrystals that attenuate the light 

scattering292-294. Figure 5.2.4b depicts the Tauc plots of (αhv)2 vs. photon energy 

(hv) for TiO2, TiO2(300), TiO2(500) and Degussa P25, which are derived via the 

Kubelka-Munk method295, 296. The band gaps are 3.47, 3.3, 3.28 and 3.29 eV, 
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respectively. Electron paramagnetic resonance (EPR) was conducted to verify 

the presence of the defects and the EPR spectra of TiO2(300) and TiO2(500) are 

displayed in Figure 5.2.4c. Both samples show a strong EPR signal with a near 

isotropic g-factor of 2.002 for TiO2(300) and 2.003 for TiO2(500) indicating the 

existence of a significant number of oxygen vacancies (Vo)297-299 which result 

from the oxygen depletion under thermal annealing297, 299. The electrons localized 

at the oxygen vacancies form a donor level below the conduction band of TiO2 

and even overlap the conduction band, leading to increased electron 

conductivity299. The direct measurements of the resistivity of the pure anatase, 

rutile and TiO2(300) were carried out on pressed pellets, using the same amount 

of powder and pressure for all on a Hall effect instrument (see details in 

experimental section). The sheet resistivity of anatase, rutile and TiO2(300) are 

1.3 ×1010 Ω square-1, 2.6 ×1010 Ω square-1 and 2.4 ×107 Ω square-1, indicating a 

high electron conductivity of TiO2(300) compared to the pure anatase and rutile. 

More oxygen vacancies prefer to form in the anatase than rutile300 and form a 

shallow donor in anatase301, as depicted in the Figure 5.2.4d, implying a facile 

electron conduction in the anatase component. Annealing of the hydrothermally-

obtained TiO2 at 500 oC, TiO2(500), enhances the EPR signal compared to 

TiO2(300) because the annealing of anatase and rutile in the air can increase the 

population of oxygen vacancies in both phases and adsorbed oxygen (O2
-) in 

rutile300. The quantified electron concentration of TiO2(500) is nearly 5 times 

higher than TiO2(300) through the doubly integrated EPR spectra plotted in 

Figure 5.2.4e. In the mixed-phase TiO2, the interface between the rutile and 

anatase leads to the formation of a built-in electric field (E) because of the 

difference in the conduction band energy and the electron flow, making anatase 

an electron acceptor. 
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Figure 5.2. 5 Electron microscope characterizations. SEM images of as-prepared 

(a) hydrothermal tubular TiO2 by 24h and (b) sheet TiO2 by 36h. (c) TiO2(300) 

and (d) TiO2(500) annealed from tubular TiO2. The insets in (b) and (c) are the 

corresponding TEM images of one sphere.  

 

The morphologies of the as-formed TiO2 samples after hydrothermal reaction 

and air annealing were studied by SEM and TEM. Figures 5.2.5a displays the 

SEM images of the TiO2 formed by hydrothermal processing for 24h, where a 

secondary sphere was formed by the tubules. Whilst 36 hours of heating yields a 

sphere composed of platelets, as revealed in Figures 5.2.5b. It has been reported 

that slow hydrolysis of the precursor equilibrates the crystal growth kinetics in 

all directions, resulting in a spherical structure and that the tubular morphology 

arises from incomplete hydrolysis and condensation302. The tubular morphology 

is maintained when the samples are hydrothermally treated for 24 h are calcined 

at 300 oC, see Figures 5.2.5c but tends to collapse at the higher calcination 

temperature of 500 oC, leading to a decrease in surface area and the loss of nano 

pores (see Figures 5.2.5d).  
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Figure 5.2. 6 (a) TEM and HRTEM image, showing thin tubes with the diameter 

of 1 nm of TiO2(300). (b) SAED pattern of the petals in a. (c) Interface by lattice 

mismatch between rutile and anatase, (200) is from rutile while (112) from 

anatase. (d) Mismatched angle between the anatase and rutile crystals. (e) and (f) 

are the bright-field (BF) and dark-field (DF) images of the sample dispersed by 

sonication.  

 

TEM images of TiO2(300) post sonication in water, Figure 5.2.6a, show that 

the spheres are formed of an array of nanotubes, and the high-resolution TEM in 

the inset indicates that the tubes have a diameter of ca. 1 nm. The selected area 

electron diffraction (SAED) pattern from the petals is shown in Figure 5.2.6b 

and the broad diffraction rings indicate the polycrystallinity of the composite, 

mainly assigned to anatase and rutile, which is consistent with the XRD results. 

An interface boundary in TiO2(300) is shown in Figure 5.2.6c, where lattices of 

(112) from anatase and (200) from rutile are imaged, with a mismatch rate (δ) of 

0.56 (Figure 5.2.6d) denoting a rich boundary structure154. Both lattices have 

distortion and some defect areas in the lattice cross-section. The bright-field (BF) 

and dark-field (DF) images in Figure 5.2.6e and f indicate the aggregation of the 

nanoparticles along the sheets and a high concentration of aggregates that range 

from 1 to ~15 nm (the inset) which affect the light scattering of the material. 
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5.2.5 Electrochemical Performance of Mixed-phase Anatase/Rutile  

 

Figure 5.2. 7 CV profiles of (a) the hydrothermal TiO2, TiO2(300) and TiO2(500) 

at 0.5 mV s-1 and (b) TiO2(300) at different scan rates from 0.2 to 10 mV s-1.  

 

Figure 5.2.7a shows the typical cyclic voltammetry (CV) curves of the 

hydrothermal TiO2, TiO2(300) and TiO2(500) recorded at a scan rate of 0.5 mV 

s-1 in the voltage range of 1 ~3 V vs. Li+/Li. The hydrothermal TiO2 presents one 

pair of redox peaks at 1.7 and 1.4 V attributed to the pseudocapacitive charge 

storage on TiO2-B
303. This is consistent with the XRD results that show TiO2-B 

is the dominant phase in the product of the hydrothermal reaction. Annealing at 

300 oC and 500 oC increases the amount of anatase, resulting in an extra pair of 

peaks at 2.1 and 1.7 V for TiO2(300) and TiO2(500) corresponding to the 

incorporation of lithium ions in the bulk275. The broad peaks for TiO2(300) and 

TiO2(500) at potentials less than 1.7 V in the anodic and 1.6 V in cathodic are 

due to the overlapped current response from both rutile and TiO2-B. Nanosized 

rutile has broad redox peaks between 1.5 and 2 V148, 304, 305 and highly crystalline 

TiO2-B presents split redox peaks275, confirming the obtained rutile crystals from 

the hydrothermal process are nanoscale.   

CVs recorded at scan rates from 0.2 to 10 mV s-1 were performed to investigate 

the kinetics of lithiation. For TiO2(300), Figure 5.2.7b, there are two peaks, 

denoted A1 and A2 in the anodic part of the scan. Both the anodic peaks shift to 

higher voltage with increasing scan rate. The shift in position of the A2 peak with 
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scan rate is more pronounced than that of the A1 peak, reflecting the fact that the 

anatase phase, which gives rise to the A2 feature, is kinetically more resistive to 

Li+ removal than the rutile phase. In the cathodic arm of the scans, there are two 

peaks at low scan rates that merge to a single peak, labelled C, at higher scan 

rates. Analysis of the cathodic peaks at low scan rates again shows a greater shift 

in peak position of anatase than rutile.  

 

Figure 5.2. 8 (a) The linear relationship between lg(peak current) and lg(scan rate) 

of TiO2(300). (b) The kinetic analysis of the redox peaks A1, A2 and C of 

TiO2(300) between ip/v
0.5 and v0.5. (c) Ratio of the capacity contribution from 

diffusion process and capacitance at the voltages of the peak currents at 0.2 and 

10 mV s-1, respectively.  

 

The power law relationship, between peak current, i and scan rate, υ allows the 

power number (0.5 or 1) to determine a diffusion or capacitive response, 

according to i=aυb, where a and b are adjustable parameters. Figure 5.2.8a shows 

Log(peak current) against Log(scan rate) and the b factor obtained denotes a 
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complex reaction mechanism. To quantitatively analyse the current response 

from each kinetic component, a combination of surface capacitance (Aυ) and 

diffusion intercalation (Bυ0.5) is considered at each fixed potential166: 

i(V)= Aυ+ Bυ0.5                                              (5.2.1) 

The linear relationship between i/υ0.5 and υ0.5 is plotted in Figure 5.2.8b for all 

three peaks and the results depicted in Figure 5.2.8c indicate a mixed capacitive-

diffusion system at 0.2 and 10 mV s-1 at potentials where fast Faradaic reactions 

occur. The capacitive contribution gradually dominates the whole capacity as the 

scan rate is increased from 0.2 to 10 mV s-1, which is due to the small crystal size 

and rich capacitive area, including the surface and interface.  

 

Figure 5.2. 9 Electrochemical measurements on the as-prepared samples. (a) 

Galvanostatic charge-discharge profiles at 1 A g-1. (b) Rate capacity ranging from 

0.1 to 10 A g-1. (c) Rate capacity ranging from 0.1 to 10 A g-1 with different 

electrode coating density of 1, 0.5 and 0.3 mg cm-2.  
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Galvanostatic charge-discharge profiles of the hydrothermal TiO2, TiO2(300) 

and TiO2(500) at 1 A g-1 are displayed in Figure 5.2.9a. All the S-type curves 

are assigned to a solid-solution intercalation/de-intercalation process without 

long-range ordering274 resulting from the small crystal size and short-range order 

of the Ti-O octahedra. TiO2(500) displays a longer charging plateau, which is 

typical of the “region 2” reaction of anatase110, in comparison with TiO2(300) 

indicating the higher amount of anatase phase in TiO2(500) and is consistent with 

the quantitative analysis in XRD and XPS.  

Figure 5.2.9b compares the rate capacity of the samples ranging from 0.1 to 

10 A g-1 with electrode coating densities around 1 mg cm-2. Both the heated 

samples, TiO2(300) and TiO2(500), show better performance than the non-

annealed sample and TiO2(300) performs outstandingly at high current densities. 

The specific capacity of TiO2(300) reaches 167 mAh g-1 at 1 A g-1 (6C) and 

maintains 95 mAh g-1 at 10 A g-1 (60C) whilst TiO2(500) has a specific capacity 

of 161 mAh g-1 at 1 A g-1 and maintains 75 mAh g-1 at 10 A g-1. The difference 

in the specific capacities of TiO2(300) and TiO2(500) is tiny at current densities 

below 1 A g-1. At lower loadings of the active material on copper substrate, e.g., 

0.5 and 0.3 mg cm-2, even higher rate capabilities of TiO2(300) are observed (see 

the profiles in Figure 5.2.9c). 

 

Figure 5.2. 10 Long-term cycling stability of the as-prepared materials at high rate 

of 1 and 2 A g-1. 
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Table 5.2. 3 Compared performance of TiO2 as the anode in lithium-ion batteries. 

TiO2 Material Rate Capacity / 

mAh g-1 

Cycle Stability 

Degussa P25222 ~40 (1.68 A g-1) ~50%  (0.17 A g-1 

over 100 cycles) 

Multi-shell TiO2 hollow 

sphere222 

129 (1.68 A g-1) 91.9% (0.17 A g-1 over 

100 cycles) 

Anatase TiO2 

nanocages306 

85 (1.7 A g-1) ~68.8% (0.17 A g-1 

over 200 cycles) 

Rutile TiO2 

submicrobox307 

68 (4.95 A g-1) 96.6% (0.83 A g-1 over 

500 cycles) 

Nanosized rutile TiO2
269 70 (4.95 A g-1) ~80% (0.0083 A g-1 

over 50 cycles) 

Nanoporous anatase 

TiO2
308 

151.7 (0.34 A g-

1) 

74.2% (0.17 A g-1 over 

60 cycles) 

Anatase hollow TiO2 

microbox309 

63 (3.4 A g-1) 96.9% (0.17 A g-1 over 

300 cycles) 

Hollow TiO2/GC 

sphere310 

91 (10 A g-1) 92% (1 A g-1 over 

1000 cycles) 

TiO2/MLG, 

anatase+TiO2(B)154 

35 (10 A g-1) 99.6% (0.1 A g-1 over 

100 cycles) 

Mesoporous TiO2:RO2
311 91(10.1 A g-1) 89.2% (0.67 A g-1 over 

20 cycles) 

Nanoporous TiO2
250 77(10.1 A g-1) ~86.4% (1.68 A g-1 

over 100 cycles) 

Ti3+- doped rutile 

nanorod148 

93.6 (8.38 A g-1) 96.3% (0.16 A g-1 over 

300 cycles) 

Anatase/rutile (this 

work) 

95.4 (10 A g-1) 97.2% (1 A g-1 over 

500 cycles) 
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As plotted in Figure 5.2.10, TiO2(300) also displays superior cycling stability 

in comparison with the other two samples, suggesting a mixed anatase-rutile 

structure is beneficial. The capacity retention rate is 97.2% at 1 A g-1 and 92.7% 

at 2 A g-1 after 500 cycles. Furthermore, in contrast with the other published 

work, listed in Table 5.2.3, the synthesized TiO2(300) exhibits extraordinary 

performance in both rate capability and cycling stability.  

5.2.6 Proposed Synergistic Effect between the Phases 

 

Figure 5.2. 11 Representation of anatase and rutile phase for lithium intercalation. (a) 

Schematic of lithium intercalation and migration, and (b) the energy for lithium ion 

intercalation and migration in a periodic unit distance of each phase. Ein, anatase signifies 

the energy for lithium ion intercalating and Emi means the migration energy needed 

along the periodic pathway. This part is conducted by Qianfan Jiang at Imperial 

College London. 
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TiO2(300) with a high ratio of rutile phase has higher lithium-storage 

performance at large rates, to better understand the reasons that this might arise 

from the intrinsic structure properties, Density Functional Theory (DFT) 

calculations were performed on both anatase and rutile TiO2 to study the ionic 

transport capability. The intercalated lithium ions prefer the O6 octahedral sites 

which are energetically favourable278 and the intercalation energy changes with 

the ratio of lithium ions (x) in LixTiO2. Here the difference of the intercalation 

energy is calculated for anatase and rutile at the same intercalation ratio, and 

anatase shows 596 meV lower energy (Ein, anatase) than rutile, which is consistent 

with the conclusion278 that anatase has facile Li+ intercalation. The Li+ ion 

intercalation is associated with the charge transfer reaction between the 

electrolyte and electrode materials, thus the low energy barrier for the anatase 

implies a lower charge transfer resistance compared with rutile. The ability of 

ion migration is evaluated through the migration energy which is calculated 

based on the lowest energy pathway for a lithium ion to move to a nearby periodic 

unit. Figure 5.2.11a depicts the intercalation sites and migration pathway in 

anatase and rutile and plots the related energy for intercalation and migration. As 

plotted in Figure 5.2.11b, rutile displays a much lower energy barrier than 

anatase, signifying a facile transport of the of Li+ ions. 

 

Figure 5.2. 12 (a) Equilibrium Li+ ion and electron conduction in mixed anatase/rutile. 

(b) Synergistic transport of Li+ ions and electrons at high current densities in the mixed 

anatase/rutile with formed dobule layer structure along the interface. 
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A synergistic effect between the anatase and rutile phases and on the interface 

is proposed to account for the high-rate performance of TiO2(300). At low 

charge-discharge rates, where the voltage-drop for driving Li+ ions through the 

lattice is low, the Li+ ions and electron conductions are under equilibrium in each 

phase and the performance of TiO2(300) and TiO2(500) is very similar, 

suggesting both the nanosized rutile and anatase incorporate 1 mole Li per mole 

of TiO2, as illustrated in Figure 5.2.12a.  

At higher currents, the equilibrium conduction of Li+ ions and electrons is 

perturbed because the facile electron conduction in anatase and Li+ ion 

conduction in rutile allow the anatase to be an electron conductor and rutile to be 

an ionic conductor in a high-rate reaction. The synergy of anatase and rutile is 

similar to the proposed “job-sharing” mechanism251 and the interfaces can store 

extra capacity by forming a Li+/e- double layer129, as shown in Figure 5.2.12b. 

The built-in electric field may facilitate the interfacial electron transfer and 

enhance the high-rate performance215. TiO2(300) has a high fraction of rutile with 

enhanced interfacial charge storage, thus performs best.  

5.2.7 Kinetic Analysis by Synergistic Storage Process 

 

Table 5.2. 4 Change in lattice parameters and domain size of TiO2 before and after 

cycling. Diffraction peaks are fitted by Lorentz function. 

 0 Cycle Post cycle 

Crystal plane 2θ/degree d/nm Size/nm 2θ/degree d/nm Size/nm 

(101)A 25.27 0.352 16.4 25.36 0.351 14.3 

(004)A 37.84 0.237 17.6 38.28 0.235 13.5 

(110)R 27.39 0.326 17.1 27.44 0.324 11.5 

(101)R 36.1 0.249 27.9 36.48 0.246 22.1 

(111)R 41.19 0.219 23.9 41.36 0.218 13.9 
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Figure 5.2. 13 (a) XRD patterns of TiO2(300) before and after 10 cycles at 10 A g-1. 

Schematic of the thermodynamic models of (b) anatase and (c) rutile and the evolution 

of activated plane in rutile upon electrochemical reaction with lithium ions (arrow).  

 

The operated TiO2(300) material post ten galvanostatic cycles at 10 A g-1 was 

used to study the phase change caused by the continuous lithiation/de-lithiation. 

XRD patterns before and post the electrochemical reaction are displayed in 

Figure 5.2.13a. For both patterns, the typical diffraction peaks are fitted by using 

a Lorentz function and the particle sizes are obtained from the Scherrer equation 

(Table 5.2.4). Anatase crystals show a large shrinkage along (004) direction and 

rutile in (110) and (101) directions post cycling. The thermodynamic crystal 

models of anatase and rutile, shown in Figure 5.2.13b and c, display the related 

lattice faces312, 313. The outmost (101) plane of anatase has the lowest surface 
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energy. (111), (110) of rutile are the most stable planes in comparison with the 

others, which tend to be intercalated by lithium ions easily313. (101) anatase 

shows an increased domain size by 2.1 nm and (110), (101) of rutile are 5.6 and 

5.8 nm post cycling. The changes in d space and domain sizes of rutile are much 

larger than anatase, indicating the rutile phase in the mixed-phase structure 

probably has larger local strain variation upon ion intercalation314. The (111) of 

rutile shows a huge variation in size by 10 nm which is due to the evolution of 

the activated planes by decreasing surface energy315  in the lithium diffusion 

along the preferred crystallographic c plane316. The charge-discharge cycling 

leads to un-recovered crystallinity317 in the lattice and domain size for both 

crystals in the mixed phase with more intensive variation in rutile, resulting from 

the irreversible reactions at high-rate currents.  

 

Figure 5.2. 14 (a) Nyquist plot of TiO2, TiO2(300) and TiO2(500) after 500 cycles. The 

inset is equivalent circuit model to fit the spectra. (b) Linear relation between Zre and 

ω-1/2 transformed from the Warburg region in (a).  

Table 5.2. 5 The value and error of each component in the equivalent circuit. 

 R1/Ω R2/Ω CPE1/Ssn CPE1-P W1/Ω W1-T W1-P CPE2/Ssn CPE2-P R3/Ω 

TiO2 2.85 19.34 3.4E-4 0.49 1573 209.1 0.55 3.5E-5 0.9 101.6 

Error/ % 12.18 9.9 31.9 6.18 14.2 26.1 0.55 3.9 0.93 1.73 

TiO2(300) 4.9 118.8 3.7E-5 0.9 1388 11.2 0.39 0.0018 0.36 76.9 

Error/ % 2.69 2.83 3.81 1.05 24.48 7.0 5.91 3.04 4.52 1.06 

TiO2(500) 20.9 78.8 6.7E-5 0.81 429.8 16.1 0.34 5.1E-5 0.6 65.52 

Error/ % 1.16 4.92 4.1 1.76 1.7 3.2 0.84 11.8 1.89 6.48 
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EIS is used to study the kinetic parameter of the TiO2/Li half-cell system. 

Figure 5.2.14a displays the Nyquist plots, recorded at a dc potential of 1.3 V vs. 

Li+/Li, for electrodes formed by hydrothermal TiO2, TiO2(300) and TiO2(500) 

after 500 cycles. An equivalent circuit is shown in the inset and the corresponding 

fitting for each material are plotted. The values for each component are listed in 

Table 5.2.5. In the equivalent circuit, R1 represents the series resistance of the 

cell, that mainly arises from the electrode and electrolyte, R2 and CPE1 (constant 

phase element) are related to the surface resistance and capacitance, which can 

be attributed to the porous electrode or SEI film on the electrode surface129, R3 

represents the charge transfer resistance, W1 is the Warburg resistance resulting 

from the solid-state ion diffusion in the electrode channels and CPE2 is the 

pseudocapacitance that is generated on the complex surface of internal 

boundaries129. According to table, the capacitance of CPE2 of TiO2(300) is much 

larger than for the other two. This may be due to additional charge storage at the 

interface between the anatase and rutile phases; such interfacial charge storage 

has been reported for systems containing anatase-TiO2(B) junctions129, 154. The 

charge transfer resistance, R3 of TiO2(500) is slightly lower than TiO2(300) 

because of the high ratio of anatase in TiO2(500) leading to low intercalation 

energy and high conductivity, evidenced from the DFT and EPR results.  

The ion diffusion which influences the rate-capability of the electrode318 can 

be determined through the Warburg region. The linear relation between Zre and 

ω-1/2 (where ω is the angular frequency) in the low-frequency excitation range 

(Figure 5.2.14b) gives the Warburg factor, σ according to following equation: 

Zre=R +σω-1/2                                                (5.2.2) 

  The ion diffusion coefficient (D) is calculated from the reported equation110: 

𝐷 =
1

2
[(

𝑉𝑚

𝐹𝑆𝜎
) (

𝑑𝐸

𝑑𝑥
)]

2

                                          (5.2.3) 

where Vm is the molar volume, F the Faraday constant, S is the effective contact 

area between electrode and electrolyte, (dE/dx) is the slope of the electrode 

potential E vs. composition x (see Figure 5.2.15a-c).  
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Figure 5.2. 15 The relationship between dE/dx and the electrochemical potential and 

intercalated lithium concentration in the as-synthesized TiO2. (a) TiO2, (b) TiO2(300) 

and (c) TiO2(500). (d) Elemental mapping of the electrode after cycling from a crack 

area. The images displayed are SEM image, mapping of Ti, F and P. 

 

  The ion diffusion coefficients are calculated to be 1.1 × 10-11, 3.3 × 10-12 and 

8 × 10-12 cm2 s-1 for the hydrothermal TiO2, TiO2(300) and TiO2(500). The results 

are in good agreement with the reported conclusion and DFT analysis in this 

work. The hydrothermal TiO2 mainly composed of TiO2(B) which possesses the 

pseudocapacitive charging mechanism exhibit facile electrochemical 

diffusibility319 and the smaller ionic diffusivity of TiO2(300) compared with 

TiO2(500) indicates a rich phase boundary in TiO2(300) which causes high 

activation energy to the overall diffusion at low frequencies320. Figure 5.2.14d 

displays the SEM image and elemental mapping of Ti, F and P of the electrode 

post cycling from a cracked area. The non-correlated distribution of F and P in 
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the mapping of the electrode surface and cross section denotes the electrolyte 

decomposition and formation of SEI. 

5.2.8 Research Summary 

Hierarchical TiO2 spheres composed of ultrathin nanotubes containing anatase and 

rutile phases were prepared at low temperature via the control of nucleation and growth. 

The hydrothermal condition in the Ti3+ hydration affects the dendrimer structure and 

produces nuclei of mixed crystallography. The as-prepared TiO2, containing 78.7% 

anatase and 21.3% rutile, showed superior properties in lithium storage, a specific 

capacity of 167 mAh g-1 at 1 A g-1 (6C) and maintained 95 mAh g-1 at 10 A g-1 (60C). 

The capacity retention rate was 97.2% at 1 A g-1 and 92.7% at 2 A g-1 after 500 cycles.   

In this structure, the enhanced performance results from the synergistic function 

between the two phases, the anatase incorporating Li more readily and the rutile having 

a higher Li ion conductivity. The interfacial boundaries between the two phases may 

also contribute to higher capacity at high current densities by the formation of a Li+/e- 

double-layer across the boundary. 

 

5.3 Spatially-confined Heterojunctions in ZnO/Zn2SnO4/SnO2 

5.3.1 Introduction 

  Transition metal oxides have been considered as promising anode candidates with 

the merits of low cost, environmental benignity and high theoretical capacity based on 

the conversion reaction mechanism8, 321. Earth abundant ZnO and SnO2 have attracted 

great interest because of their large theoretical capacity of 978322 and 782323 mAh g-1 

respectively. However, they both suffer from poor electronic conductivity and inferior 

cycling stability because of huge volume change during lithiation/delithiation. 

Spatially-confined lithiation/delithiation in a stepwise electrochemical reaction has 

been reported to effectively avoid inter-cluster migration and aid retention of the 

structural integrity of the metal oxide nanocomposite324. The stepwise reaction of a 

mixed transition metal oxide, Zn2SnO4 (ZSO) with Li+ ions can produce a temporary 

inactive buffer matrix which prevents structure destruction325. In addition, the ternary 
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metal oxide of ZSO in AxB3-xO4 configuration has improved electron conduction 

capability because of the facile electron hopping between the multivalent metal 

centres66-68. The spatially-confined stepwise reaction mechanism has ameliorated the 

volume change of metal oxides in composite and multivalent complex.  

Heterostructures composed of nanoparticles of different band gaps form hetero 

interfaces as the electronic bands align. The heterointerface can lead to enhanced 

surface reaction kinetics and facile charge transfer because of the established internal 

electric field 326, which exist in the interface fabricated by two-dimensional and/or 

three-dimensional materials. Heterostructured MoS2/WS2 was reported to display 

ultrafast charge transfer327 and CdO/SnTe has a four-time improvement in the electron 

mobility compared with that in a single phase328. In addition to the enhanced electron 

conduction, the heterostructures are beneficial for facilitating ion diffusion in the 

rechargeable batteries. Superior high-rate performance and fast ionic diffusion of 

TiO2(B)-anatase in LIBs have been reported resulting from the synergistic effects from 

the TiO2(B)-anatase interface129, 154. SnS/SnO2 heterostructures have been studied and 

exhibited very low Na+ ion-diffusion resistance and enhanced charge-transfer capability 

owing to the induced electric field within the interfacial structures215. Metal oxides are 

typical semiconductors and usually have the characteristic electronic structure with 

distinct bands, leading to the formation of heterointerface at the phase junctions. Whilst 

the heterointerface formed in metal oxides lacks study in terms of lithium storage.  

In this section, a heterostructure of triphase metal oxides nanocomposite, 

ZnO/Zn2Sn2O4(ZSO)/SnO2 was synthesized by the rational control of the amount of 

Sn4+ related with a MOF-derived ZnO/C70, 85 cube. The obtained nanocomposite has 

amorphous carbon, which is from the pyrolysis of MOFs70, 83-85, 87 and heterointerfaces 

between ZnO/ZSO and ZSO/SnO2, which were studied by the ambient pressure 

photoemission spectroscopy (APS) and surface photovoltage spectroscopy (SPS). The 

nanocomposite was used as the anode material in LIBs and the electrochemical reaction 

mechanism was investigated via the in-situ synchrotron X-ray powder diffraction, 

demonstrating the benefits of the heterointerface-induced electric field. 
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5.3.2 Experimental Preparation, Characterization and Calculation 

Synthesis of Zn-MOF: 0.95g terephthalic acid was dispersed in 100mL 

dimethylacetamide (DMA) in a 250mL flask and 5.03g Zn(NO3)2 6H2O was added and 

stirred for 10min. Then the temperature was increased to 120 oC for refluxing for 16 h. 

The obtained product was washed with DMA three times and dried in vacuum at 80oC. 

Synthesis of ZnO@C: The obtained Zn-MOF powder was heated in an Ar flow at a 

temperature increase rate of 8 oC min-1 to a set temperature and maintained at this 

temperature for 6 min followed by direct cooling down. The calcination temperatures 

are 550, 650, 750, 850 and 950 oC for comparison of products. The products were 

denoted as ZnO@C550, ZnO@C650, ZnO@C750, ZnO@C850 and ZnO@C950.  

Synthesis of ZnO@CC: 40 mL 0.1M glucose solution in water was mixed with 80 

mg ZnO@C750 by stirring at room temperature for 30 min. Then the mixture was 

transferred to a 120 mL autoclave and heated at 180 oC for 2h. After cooling down to 

the room temperature, the obtained mixture was filtered and washed with water and 

ethanol 3 times to yield a solid product before drying in the oven. Finally the dried 

powder was calcinated in an Ar flow at 3 oC/min to 550 oC and maintained at this 

temperature for 5h to obtain ZnO@CC. 

Synthesis of ZnO/ZSO@CC: 40mL 0.1 M glucose solution in water was mixed 

with 80mg ZnO@C750 and 0.154 mL 0.1 M SnCl4 solution by stirring at room 

temperature for 30 min. Then the mixture was transferred to 120 mL autoclave and 

heated at 180 oC for 2 h. After cooling down to the room temperature, the obtained 

mixture was filtered and washed with water and ethanol 3 times to yield a solid product 

for drying in the oven. The dried powder was calcinated in an Ar flow at 3 oC/min to 

550 oC and maintained at 550 oC for 5 h followed by another heating process in air at 

350 oC for 2 h to obtain ZnO/ZSO@CC. 

Synthesis of SnO2/ZSO@CC: 40 mL 0.1 M glucose solution in water was mixed 

with 80 mg ZnO@C750 and 1.54 mL 0.1 M SnCl4 solution by stirring at room 

temperature for 30 min. The mixture was transferred to a 120 mL autoclave and heated 

at 180 oC for 2h. After cooling down, the product was filtered and washed with water 

and ethanol 3 times to yield a solid product for drying in the oven. The dried powder 
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was calcinated in an Ar flow at 3 oC/min to 550 oC and maintained at 550 oC for 5 h 

followed by another heating process in air at 350 oC for 2 h to obtain SnO2/ZSO@CC. 

Synthesis of ZnO/SnO2/ZSO@CC: 40 mL 0.1 M glucose solution in water was 

mixed with 80 mg ZnO@C750 and 0.678 mL 0.1 M SnCl4 by stirring at room 

temperature for 30 min. Then the mixture was transferred to a 120 mL autoclave and 

heated at 180 oC for 2 h. After cooling, the obtained mixture was filtered and washed 

with water and ethanol 3 times to yield solid product which was dried in the oven. The 

powder was calcinated in Ar flow at 3 oC/min to 550 oC and maintained at 550 oC for 5 

h followed by another heating in air at 350 oC for 2 h to obtain ZnO/SnO2/ZSO@CC. 

  Materials Characterization: The electronic structure information regarding to the 

Fermi level, defect position and surface photovoltage spectroscopy was obtained from 

a Kelvin probe and dual-mode Ambient Pressure Photoemission Spectroscopy 

(APS) systems, carried out by Daboczi Matyas at Imperial College London. 

5.3.3 Heterostructure Characterization 

 

Figure 5.3. 1 (a) Schematic of the procedure in preparing ZnO@C, ZnO/ZSO@C, 

ZnO/ZSO/SnO2@C, ZSO/SnO2@C, and (b) the proposed interfaces. (c) Rietveld 

refinement of the synchrotron XRD patterns of ZnO/ZSO/SnO2@C.  
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  A schematic of the synthetic procedure of samples is shown in Figure 5.3.1a. Cubic 

MOF-5 crystals were prepared using terephthalic acid as ligand and Zn(NO3)2 as zinc 

source with DMA solvent by refluxing at 120 oC as reported70. The obtained MOFs 

were subject to high-temperature pyrolysis in argon at 750 oC to yield hierarchical 

porous carbon-coated ZnO85 (here labelled as ZnO/C). Specific amounts of SnCl4 in 

0.1 M glucose solution were reacted with the porous structure hydrothermally resulting 

in decomposition of the glucose-chelated Sn4+ in the interior space310 of the porous 

ZnO/C. The anchored Sn4+ ions then react with ZnO during annealing to form a ternary 

metal oxide, Zn2SnO4 (ZSO) or are oxidized by air to SnO2 coated with amorphous 

carbon, the latter is formed by the decomposition of glucose and organic ligands in the 

MOFs86. The increase in the amount of SnCl4 in the reaction tuned the composition of 

the final products from ZnO@C to ZnO/ZSO@C, ZnO/ZSO/SnO2@C and 

ZSO/SnO2@C. According to the synthetic procedure and the reaction between ZnO and 

Sn4+, possible interface configurations of each sample are shown in Figure 5.3.1b.  

 

Figure 5.3. 2 XRD patterns of the synthesized samples. (a) MOF-5, composite of ZnO/C 

and ZnO@C. (b) ZnO/ZSO@C. (c) ZnO/ZSO/SnO2@C and (d) ZSO/SnO2@C. 
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XRD of the samples using Cu Kα radiation (1.5406 Å) are displayed in Figure 5.3.2, 

confirming the designated phase composition according to the synthetic protocols. 

ZnO/ZSO/SnO2@C has three components and the high-energy synchrotron XRD with 

a radiation wavelengh of 0.82531 Å was performed on ZnO/ZSO/SnO2@C to study the 

crystallographical structure because of the merits of low divergence and wavelength 

resolution of the beam. Figure 5.3.1c shows the obtained XRD pattern and the results 

after Reitveld refinement, performed by using TOPAS software. ZnO/ZSO/SnO2@C is 

composed of hexagonal ZnO (a=3.25005 Å, c=5.20671 Å, space group P63mc), cubic 

Zn2SnO4 (a=8.65644 Å, space group Fd-3ms) and tetragonal SnO2 (a=4.73901 Å, 

c=3.18871 Å, space group P42/mnm) in a weight ratio of 24.57%, 16.87% and 58.56%. 

The crystal volumes of ZnO, ZSO and SnO2 are 47.6, 648.7 and 71.6 Å3. The crystal 

size and strain parameters were refined using the LVol_FWHM_CS_G_L and 

e0_from_Strain macros in TOPAS. The obtained Gaussian/Lorentzian sizes are 

630.6/202.8 nm, 10000/239 nm, 24.1/9.3 nm and strains are 0.014, 0.022, 0.208 for 

ZnO, ZSO and SnO2 respectively. The large strain of SnO2 means a high density of 

lattice dislocations that fill or partially fill the near-boundary region329. In this material, 

the dislocations are mainly at or near the heterointerface because of the relatively small 

domain size of SnO2 in conjugation with the other two components. 

 

Figure 5.3. 3 SEM images of (a) MOF-5 and (b) MOF-pyrolysed ZnO/C composite. 

 

The morphologies of the as-prepared MOF-5 and pyrolyzed ZnO/C are displayed in 

Figure 5.3.3, typically polygon structures were observed in SEM. The polygons are 

maintained in the as-prepared ZnO@C, ZnO/ZSO@C, ZnO/ZSO/SnO2@C and 

ZSO/SnO2@C and their hierarchical porous features are shown in Figure 5.3.4(a-d). 
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The structural consistence with ZnO/C indicates that the decomposed glucose and 

formed ZSO, which is nearly 14 times larger than ZnO in unit cell volume are embedded 

in the porous structure of ZnO/C. The stable interfaces among ZnO, ZSO and SnO2 are 

formed in the samples relying on the Sn4+-ZnO reaction.  

 

Figure 5.3. 4 Electron microscopy characterizations. SEM images of (a) ZnO@C, (b) 

ZnO/ZSO@C, (c) ZnO/ZSO/SnO2@C and (d) ZSO/SnO2@C. (e) TEM and (f) 

HRTEM image of ZnO/ZSO/SnO2@C. (g) STEM and (d-g) elemental mapping of C, 

O, Sn and Zn. 
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Figure 5.3. 5 Nitrogen adsorption-desorption isotherms. The inset shows the 

corresponding pore size distribution from BJH method. (a) ZnO@C, (b) ZnO/ZSO@C, 

(c) ZnO/ZSO/SnO2@C, (d) ZSO/SnO2@C and (e) pyrolyzed MOF, ZnO/C composite. 

 

 



173 
 

Table 5.3. 1 Specific surface area, pore size and pore volume of the samples. 

Sample SSA/m2 g-1 Main pore size/nm Pore volume/cm3 g-1 

ZnO/C 177 3.4 0.265 

ZnO@C 252.8 4.9 0.387 

ZnO/ZSO@C 208.8 5 0.211 

ZnO/ZSO/SnO2@C 296.6 5.3 0.356 

ZSO/SnO2@C 341.6 5.3 0.227 

 

The specific surface area (SSA), calculated using the Brunauer-Emmett-Teller (BET) 

method, and pore size distribution, determined using the BJH method (Barrett, Joyner, 

and Halenda) of the samples were obtained through the N2 adsorption/desorption 

isotherms (Figure 5.3.5). All the samples display type-IV isotherms, indicating the 

mesoporous characteristics of the materials and the SSA, main pore size and pore 

volume of the samples are listed in Table 5.3.1. The pore sizes are mainly distributed 

between 2 and 50 nm, an indication of mesopore and in agreement with the type-IV 

isotherms observed. ZnO@C shows higher SSA, larger pore size and pore volume than 

ZnO/C resulting from the decomposed glucose.  

 

Figure 5.3. 6 TGA curves of the as-prepared ZnO/C, ZnO@C and ZnO/ZSO/SnO2@C. 

 

TGA analysis (Figure 5.3.6) indicates the carbon content of ZnO/C is 29.6% and the 

glucose-decomposed carbon increases the content to 40.1% for ZnO@C and 44.3% 
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when Sn4+ ions are in the glucose. The increase in the amount of Sn4+ reacting with 

ZnO/C leads to enlarged pore size from ZnO@C to ZnO/ZSO@C, ZnO/ZSO/SnO2@C 

and ZSO/SnO2@C. However, the SSA and pore volume of ZnO/ZSO@C have a drop 

compared with ZnO@C until SnO2 is formed in ZnO/ZSO/SnO2@C and ZSO/SnO2@C. 

The produced ZnO, SnO2 and glucose-decomposed carbon can increase the SSA and 

pore volume while ZSO is opposite. This is because ZSO has large crystal size, formed 

from the solid-state reaction between the absorbed Sn4+ ions and ZnO, following the 

geometry of the ZnO particles, leading to decreased SSA and pore volume. The Sn4+ 

ions that can not react with ZnO then react with oxygen to become small-size SnO2 out 

of the ZSO and ZSO reasonably has two interfaces with ZnO and SnO2, respectively.  

 

Figure 5.3. 7 TEM images of (a) ZnO@C, (b) ZnO/ZSO@C, (c) ZSO/SnO2@C. (d) 

Electron diffraction pattern of ZnO/ZSO/SnO2@C. 

 

Figure 5.3. 8 (a) Bright-field and (b) dark-field TEM images. 
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TEM images in Figure 5.3.7 indicate the samples are composed of nanoparticles 

with diameters around 15 nm. HRTEM image in Figure 5.3.4f indicates that the circled 

particle mainly exposes the lattice d space of 0.164nm which is from the (511) plane of 

ZSO. The fast Fourier transform of the HRTEM in the inset yields the (321) plane of 

SnO2 and (202) plane of ZnO in reciprocal space. Three phases are revealed in a particle 

of ZnO/ZSO/SnO2@C and the polycrystalline characteristics of the electron diffraction 

are evident in Figure 5.3.7d, implying the formed heterostructures are nanocomposites. 

Figure 5.3.4g is the STEM image of ZnO/ZSO/SnO2@C and elemental mappings of C, 

O, Sn and Zn are displayed in Figure 5.3.4(h-k). C is distributed in all the areas of the 

while O, Sn and Zn display consistent distribution, confirming ZSO and SnO2 are 

formed based on the geometry of ZnO, supporting the models in Figure 5.3.1b.  

 

Figure 5.3. 9 Electronic structure study. (a) Surface photovoltage spectroscopy of the 

samples under white light in Kelvin probe. (b) Fermi level and valence band maximum, 

VBKP from Kelvin probe and valence band position from XPS, VBXPS. (c, d) Schematic 

of band bending. (e) Referred band energy of ZnO, ZSO and SnO2 from the literatures.  
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Figure 5.3. 10 (a) Cube-root ambient pressure photoresponse of the samples. (b) 

Valence band edge of the samples. (c) Excitation of electrons from defect states in N-

type semiconductors with space change region. (d) High-resolution XPS of Zn 2p.  

 

  The bright-field (BF) and dark-field (DF) TEM images in Figure 5.3.8 show the 

well-defined nanoparticles without large-scale agglomeration in the carbon matrix, 

signifying the benefits of the synthetic protocol. To characterize the heterostructures in 

the as-prepared nanocomposites, Kelvin probe and ambient pressure photoemission 

spectroscopy (APS) were performed. 

Figure 5.3.9a displays the obtained surface photovoltage spectroscopy (SPS) of the 

as-prepared samples. The change in the work function (WF), an identification of the 

contact potential difference (CPD) under illumination with white light, results in a shift 

of energy bands and space charge region. The negative change in the WF indicates that 

the illumination excites the electrons from surface defect states to the conduction band 

of the samples and leads to a positive surface photovoltage (SPV) 330. After 100 s of 
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illumination, the magnitude of the SPV changes of the four samples are in order 

ZSO/SnO2@C < ZnO/ZSO/SnO2@C < ZnO@C < ZnO/ZSO@C. The small change in 

SPV denotes that a number of excited electrons are buried in the diffusion from bulk to 

surface resulting from the formed heterojunctions330, 331 which are closely associated 

with the electronic structure of the metal oxides. 

Fermi levels and valence band positions of the samples are determined through 

Kelvin probe and APS are shown in Figure 5.3.9b. The work functions of ZnO@C, 

ZnO/ZSO@C, ZnO/ZSO/SnO2@C and ZSO/SnO2@C are 4.8, 4.89, 4.88 and 5.07 eV 

respectively. Thus the work function of ZSO component is deduced to be larger than 

4.89 eV and SnO2 smaller than 4.88 eV when these heterojunctions are under 

equilibrium, leading to the possible build-in electric field in the space charge region as 

depicted in Figure 5.3.9c and d. The resulting band bending diagrams are deduced by 

referring to the published band energies of ZnO332, SnO2
333 and ZSO333 (Figure 5.3.9e).  

The positions of the valence band maxima from APS (VBKP) are deduced from the 

cube-root photo response of the samples because of the semiconductor response334 

(Figure 5.3.10a). The photoemission is sensitive to the lowest work function patch on 

the surface so the observed VBKP may be due to the emission from thermally occupied 

defect states in the samples334 which result from lattice dislocation and the 

heterointerface. XPS was then used to detect the valence band states (VBXPS) according 

to the valence band edge spectra plotted in Figure 5.3.10b. The difference in the 

position of VBKP and VBXPS indicate there are defect states above the valence states in 

the as-prepared samples. The energy of the surface defect states in ZnO@C is too deep 

to be detected by APS and the energy of ZnO/ZSO/SnO2@C > ZSO/SnO2@C > 

ZnO/ZSO@C. The SPS and VBKP results indicate the SnO2 heterointerfaces leads to 

enhanced depletion of excited charge carriers as represented in Figure 5.3.10c and 

brings high-energy defects which might be due to the existence of oxygen vacancies335. 

The internal built-in electric fields of ρE1 in ZnO/ZSO/SnO2@C and ρE3 in ZnO/SnO2 

are enhanced, resulting from electron trapping on the SnO2 side. The high-resolution 

Zn 2p XPS in Figure 5.3.10d shows the binding energy of Zn 2p3/2 of 

ZnO/ZSO/SnO2@C is 1022.28 eV, 0.1 eV smaller than ZnO/ZSO@C than ZnO@C 
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than ZSO/SnO2@C, resulting from the high electron density336 induced by the SnO2 

heterointerface. The enhanced internal electric field leads to facile electron transfer 

among the components in addition to the relatively low activation energy for electron 

hopping in the middle phase of a ternary metal oxide, ZSO66, 89. 

5.3.4 High-rate Electrochemical Storage Performance  

 

Figure 5.3. 11 (a) Voltage profiles of ZnO/ZSO/SnO2@C of the first three cycles at 0.05 

A g-1. (b) dQ/dv vs. potentials profiles of ZnO/ZSO/SnO2@C of the first three cycles at 

0.05 A g-1. (c) Comparison of the specific capacities of ZnO@C, ZnO/ZSO@C, 

ZnO/ZSO/SnO2@C and SnO2/ZSO@C. (d) High-rate performance of 

ZnO/ZSO/SnO2@C at 2, 5, 10, 15 and 20 A g-1.  

 

The electrochemical performance of the materials was evaluated in lithium-ion half 

cells by using the materials as the anode. Figure 5.3.11a depicts the voltage profiles of 

ZnO/ZSO/SnO2@C of the first three cycles at 0.05 A g-1 in 0.01~3 V vs. Li+/Li. The 

first discharge and charge capacities are 1603 mAh g-1 and 1010 mAh g-1 respectively, 

with a coulombic efficiency of 63%. The irreversible capacity is due to the formation 
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of the solid electrolyte interphase (SEI) film which results in an irreversible cathodic 

peak at 0.48 V in the first cycle of the differential profiles of d(capacity)/d(V) vs. 

voltages (Figure 5.3.11b). The cathodic peak in the first cycle at 0.96 V indicates the 

reduction of ZSO to metallic Zn, Sn and insulator Li2O (equation 5.3.1). The resulting 

Li2O also leads to some irreversible capacity in the electrochemical cycling337. The 

peaks below 0.33 V are attributed to the alloying reactions of Zn and Sn (equations 

5.3.2 and 5.3.3)66, 325. The anodic curve of the first cycle overlaps the sequential cycles 

and displays three main peaks at 0.29, 0.53 and 1.29 V, indicating the three anodic 

cycles proceed the same reaction in dealloying (equations 5.3.2 and 5.3.3) and Li2O 

decomposition (equations 5.3.4 and 5.3.5)338. Thus ZnO and SnO2 are reversibly 

formed after the first cycle while ZSO is only active in the first lithiation process. The 

decomposition of ZSO leads to smaller crystals of ZnO and SnO2 and the cathodic peak 

at 0.96 V after the first cycle is widened because of the mechanism changing from 

(equation 5.3.1) to (equations 5.3.4 and 5.3.5). The voltage profiles in the 2nd and 3rd 

cycle are close with increasing coulombic efficiencies of 91.4% and 94.2%, implying a 

high reversible capability. ZnO/ZSO/SnO2@C outperforms the other samples in the rate 

performance as shown in Figure 5.3.11c.  

At currents increasing from 0.05 to 0.1, 0.2, 0.5 and 1 A g-1, ZnO/ZSO/SnO2@C 

shows the specific capacities of 1035, 929, 825, 685 and 565 mAh g-1 with a retention 

of 54.6%, much higher than ZnO@C of 21.4%, ZnO/ZSO@C of 33.1% and 

SnO2/ZSO@C of 42.9%. The average capacities of ZnO/ZSO/SnO2@C at 2, 5, 10, 15 

and 20 A g-1 (discharge in 25 seconds) in Figure 5.3.11d are 426, 279 181, 139 and 121 

mAh g-1 indicating an outstanding high-rate performance. The high-rate capability of 

ZnO/ZSO/SnO2@C is due to the unique heterointerface structure among ZnO, ZSO and 

SnO2 at the beginning and between ZnO and SnO2 during the cycling which introduces 

the build-in electric field and has facile electron conduction. The electrochemically 

produced ZnO and SnO2 crystals arising from ZSO decomposition fill the orginal ZSO 

layer and may form more electric fields between them or with adjacent ZnO and SnO2. 

Zn2SnO4 + 8Li+ + 8e- → 2Zn + Sn + 4Li2O                             (5.3.1) 

Zn + xLi+ + xe- ⇋ ZnLix  (x≤1)                                      (5.3.2) 
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Sn + yLi+ + ye- ⇋ SnLiy  (y≤4.4)                                     (5.3.3) 

ZnO + 2Li+ + 2e- ⇋ Zn + Li2O                                        (5.3.4) 

SnO2 + 4Li+ + 4e- ⇋ Sn + 2Li2O                                      (5.3.5) 

 

Figure 5.3. 12 CV profiles of the samples at 0.2 mV s-1 in 0.01~3 V vs. Li+/Li. 

 

Figure 5.3. 13 (a) Cycle performance of  the four samples at a current density of 0.5 A 

g-1. (b) Cycle performance of ZnO/ZSO/SnO2@C at 10 A g-1 and 15 A g-1. 
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CV profiles of ZnO@C, ZnO/ZSO@C, ZnO/ZSO/SnO2@C and SnO2/ZSO@C at 

0.2 mV s-1 in 0.01~3 V vs. Li+/Li are displayed in Figure 5.3.12. The cathodic peaks of 

all the samples are due to the conversion and alloying reaction in equations 2-5. The 

cathodic peaks of ZnO/ZSO/SnO2@C show lower overpotential than the others 

resulting from the facilated electron conduction through the heterointerface structures. 

 

Figure 5.3. 14 Heterointerface representation. (a) The formed crystals after ZSO 

decomposition. (b) Proposed lithium insertion with the influence of electric field. DFT 

calculation of the intercalation energy of (c) ZnO, (d) ZSO and (e) SnO2. 

 

 Figure 5.3.13a plots the long-term cycling performance of the samples at a current 

density of 0.5 A g-1. After 500 cycles, ZnO/ZSO/SnO2@C displays a much higher 

capacity retention of 73.5% than the other three samples. Even at ultrahigh current 

densities, 10 and 15 A g-1, the specific capacity of ZnO/ZSO/SnO2@C retains 76.2% 

and 56.4% of the initial capacity after 1000 cycles, displayed in Figure 5.3.13b. The 

high stability of ZnO/ZSO/SnO2@C in the electrochemical cycles implies the better 

maintainance of the crystal volume in the lithiation/delithiation, which could result 

from the heterointerface structure that allows limited volume change of ZnO and SnO2 

through the stepwise reaction. In the lithiation of ZnO/ZSO/SnO2@C, ZSO, then SnO2 

and then ZnO undergo the conversion reaction325 and after the ZSO is depleted in the 

first cycle, SnO2 is prior to ZnO in the sequent cycles. The built-in electric field through 

the heterointerfaces provides the driving force of the mobile Li+ ions towards the prior 

reaction phase, as illustrated in Figure 5.3.14, improving the ion diffusion kinetics. 
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Table 5.3. 2 Parameters of the EIS fitting using the corresponding circuits to samples. 

ZnO/ZSO/SnO2@C Value Error % ZSO/SnO2@C Value Error 

R1 17.97 1.26 R1 47.5 0.8 

R2 35.64 1.79 R2 36.9 5.8 

CPE1-T 2.9E-5 10 CPE1-T 5.2E-5 22.8 

CPE1-P 0.62 1.53 CPE1-P 0.67 3.5 

R3 17.2 22.5 - - - 

CPE2-T 0.0178 5.8 - - - 

CPE2-P 0.73 8.5 - - - 

R4 23.01 1.6 R4 47.31 3.4 

W1-R 60.55 20.2 W1-R 189.6 3.2 

W1-T 12.55 26.5 W1-T 13.7 5.2 

W1-P 0.39 1.36 W1-P 0.37 1.4 

C1 2.2E-5 2.6 C1 1.7E-5 4.5 

 

Figure 5.3. 15 (a) Nyquist plots of the samples after 10 electrochemical cycles at the 

open-circuit potential. (b) Nyquist plots of the ZnO/ZSO/SnO2@C, ZSO/SnO2@C after 

500 cycles at open-circuit potential. (c) and (d) are the equivalent circuit used for fitting. 

 

EIS measurements were performed to study the kinetics of charging and discharging. 

Nyquist plots of the samples after 10 electrochemical cycles, shown in Figure 5.3.15a, 
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display semi circles which are attributed to charge transfer resistance (Rct) paralled to 

interfacial capacitance154, 215. The smaller the semi-circle diameter, the lower the Rct and 

the Rct of ZnO/ZSO/SnO2@C is lower than ZSO/SnO2@C, ZnO2@C and ZnO/ZSO@C, 

indicating that the heterointerface structure in ZnO/ZSO/SnO2@C greatly enhances the 

electron and lithium ion transport and thus a high kinectics. The EIS results are similar 

to the reported p-n heterojuction215 in SnS/SnO2 but the heterojuctions in 

ZnO/ZSO/SnO2 are produced through the band allignment in n-type semiconductors. 

Despite ZnO/ZSO/SnO2@C, ZSO/SnO2@C also exhibits competitive current-rate 

retention and kinetic properties which might be due to the ehanced field effect from the 

SnO2 heterointerface. To compare the heterointerface effect, EIS measurements of 

ZnO/ZSO/SnO2@C and ZSO/SnO2@C after 500 cycles were carried out and the 

Nyquist plots are displayed in Figure 5.3.15b with fitted equivalent circuits. 

ZnO/ZSO/SnO2@C shows a much lower Rct and Warburg resistance than 

ZSO/SnO2@C indicating low charger-transfer and diffusion resistance.  

5.3.5 In-situ XRD Studies of the Phase Change 

In-situ synchrotron XRD was carried out on Beamline I11 with a X-ray wavelength 

of 0.82531 Å to investigate the reaction mechanism in a multi-phase metal oxides, 

ZnO/ZSO/SnO2@C. The real-time XRD patterns of the material in the first 

lithiation/delithiation process at specific operation voltage are displayed in Figure 6a. 

The lithiation reaction starts from the open potential to 0.01 V then following the 

delithiation reaction until 3 V. There are several new peaks at 13.8, 15.9, 20.5, 23.3 and 

24.1 degrees which appear in the lithiation process, these are labelled with stars in 

Figure 5.3.16a. The patterns at 13.8 and 23.3 degree may be from both Li7Sn2 and LiSn, 

and at 15.9, 20.5, 24.1 degree may be from Li22Sn5. The absence of the patterns of LixZn 

during lithiation may be due to the fast delithiation of LixZn in the time intervals when 

the XRD patterns are picked, and indicates a priority of SnO2 in the lithiation reaction 

compared with ZnO. Many XRD patterns of the produced LiySn still exist in the 

delithiation reaction until 3 V, resulting from the irreversible reaction of a high-mass 

density electrode (~10 mg cm-2). 
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Figure 5.3. 16 In-situ synchrotron XRD of ZnO/ZSO/SnO2@C in a lithium-ion cell of 

the first cycle. (a) Real-time XRD patterns in the first lithiation/delithiation process. 

Labelled stars are produced peaks in lithiation. The change in (b) peak intensity and 

microstrain of ZnO, ZSO and SnO2. The fitted lines are obtained from Gauss method. 

 

Figure 5.3.16b depicts the change in the intensity of the (110) plane of ZnO and SnO2, 

and (440) plane of ZSO, as well as the microstrain change in the first cycle. SnO2 

changes before ZnO in the peak intensity and FWHM (full width at half maximum) of 

selected peaks (Figure 5.3.17), and the microstrain variation of SnO2 is larger, 

indicating the lithiation of SnO2 is prior to ZnO with a high quantity of lattice 

dislocation and defect introduced into the crystals339. The above analysis of the 
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electronic structure of the SnO2 heterointerface confirmed that the defects and the 

lithiation with both Li+ ions and electrons may enlarge the defect by preferred reaction 

at these defect locations. ZSO has a slight increase in the (440) intensity with lithiation 

resulting from the relatively increased amount during the depletion of SnO2 and ZnO. 

The lithiation of ZSO in equation 1 is not finished in one step but goes to Sn+ZnO 

before further lithiation to Sn+Zn. This process synchronizes the lithiation of SnO2 and 

ZnO and leads to the concave and convex profiles in their peak intensities. The result 

is in good agreement with the phase percentage change through the Rietveld refinement 

in Figure 5.3.17. The stepwise reaction of ZSO and lithiation mechanism of 

ZnO/ZSO/SnO2@C were confirmed through in-situ XRD recording.  

 

Figure 5.3. 17 The change in the phase percentage and FWHM of specific lattice plane 

in ZnO/ZSO/SnO2@C through the characterization of in-situ XRD. 
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5.3.6 Research Summary 

Heterostructures of ZnO/ZSO/SnO2@C nanocomposites are prepared starting with 

MOF-pyrolyzed ZnO/C cubes. The glucose-chelated Sn4+ is anchored to the ZnO 

particle and the formed ZSO and SnO2 depend on the geometry of the initial ZnO. High-

energy X-ray radiation indicates the SnO2 component has small crystal size and lattice 

dislocations. The photo spectroscopy studies in the electronic structures confirm that 

electron trapping and defect states in SnO2 lead to an enhanced electric field which is 

formed through band alignment. The unique heterointerfaces in ZnO/ZSO/SnO2@C 

result in enhanced electron and ion transport through the electric field and the spatially-

confined stepwise reaction improves the cycling performance. ZnO/ZSO/SnO2@C 

outperforms the others with a specific capacity of 1035 and 121 mAh g-1 at 0.05 and 20 

A g-1 respectively, and high capacity retention of 76.2% at 10 A g-1 after 1000 cycles. 

The in-situ synchrotron XRD demonstrate the stepwise conversion reaction process of 

ZSO into Sn+ZnO then to Sn+Zn and the priority reaction of SnO2 over ZnO. 

 

5.4 Chapter conclusion 

In this chapter, heterojunctions were fabricated between metal oxides of different 

electronic structure to enhance the kinetics of both electron and ion conduction to boost 

the high-rate performance of the materials in lithium storage. Across the 

heterojunctions, the built-in internal electric field facilitates electron transfer and 

decreases ionic diffusion resistance. To improve the kinetics of the materials in lithium 

storage and ensure a high performance at large current densities, heterojunctions were 

engineered in rationally-designed nanostructured materials. 

Dandelion-shape TiO2/MLG comprising TiO2(B) fibrils and anatase pappi was 

hydrothermally formed and displayed outstanding performance for Li storage. The 

heterointerface between the two TiO2 polymorphs and the boundaries formed with the 

edge-abundant MLG contribute a number of active sites for lithium storage and charge 

transfer. The interfacial charge storage enhanced the high-kinetic pseudocapacitive 

storage of lithium ions, leading to high-rate performance.  
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Hierarchical anatase/rutile TiO2 spheres composed of ultrathin nanotubes were 

prepared at low temperature via the control of crystal nucleation and growth. The as-

formed TiO2, comprising 78.7% anatase and 21.3% rutile, displayed superior properties 

in lithium storage, especially at ultrahigh current densities: 95 mAh g-1 at 10 A g-1 (60C). 

In this heterojunction structure, the anatase incorporating Li more readily and the rutile 

having a higher Li ion conductivity. This synergistic function between the two phases 

and the interfacial double-layer storage give rise to a promising capacity at high rates. 

A ZnO/ZSO/SnO2@C nanocomposite was prepared by controlling the reaction 

between MOF-pyrolyzed ZnO/C cubes and Sn4+ ions. In the formed composite, SnO2 

was of small crystal size and a high amount of lattice dislocations and electron trapping 

in the SnO2 lead to an enhanced internal electric field. The electron and ion transport 

were facilitated by the built-in electric field in the unique heterointerfaces of 

ZnO/ZSO/SnO2@C and the cycling performance was improved because of the 

spatially-confined stepwise electrochemical reaction.  
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6 Electrochemical Interface Tuning and Enhancement 

  Electrochemical interfaces are crucial for the charge transfer in an electrochemical 

reaction and highly influences the reaction kinetics and material’s stability. Tuning of 

the interface is correlated with the properties of both the electrolytes and the electrode 

materials. Strategies for tuning the interface in terms of the electrode materials are 

through modifying the materials’ electronic structure, enhancing the chemical 

interaction of composites and improving the materials surface by coating. Means in 

terms of the electrolyte are through tuning the composition and using additives while 

the study regarding electrolyte is beyond the topic of this thesis which focuses on the 

material development. Herein, this chapter will mainly explore the interface tuning and 

enhancement arising from the electrode materials and the correlation with their resulted 

Li-storage performance.    

  The interface structure on graphite in LIBs has been widely studied but how the 

materials electronic properties influence the interface is still not clear. Graphene has 

been proved with distinct electronic properties with graphite and is proposed to be a 

high-capacity anode material for lithium storage. Tuning the layer number of graphene 

layers results in the change of material’s electronic properties and influence the yielded 

interface structure. Monolayer, bilayer and multilayer graphene are synthesized for 

lithium storage and the analysis of the formed interface structure can point out which 

material is more suitable as the anode. Graphene has been widely used as a conductive 

network in forming composites and a base for doping with heteroatoms enabling 

graphene to form chemical interaction with other composites through the surface groups. 

The increase in conductivity and composite interaction can enhance the material’s 

stability in lithium storage, e.g. the cycling stability of sulphur for lithium storage is 

improved by forming composites with graphene oxide. Phosphorus (P) doping can 

contribute electrons to graphene and induce a polar surface in P-doped graphene oxide 

(PGO). Two-dimensional dichalcogenide, SnS2 exhibits high capacity in lithium 

storage but with fast degradation. PGO is proposed a base to composite with the 

heterostructured SnS2/SnO2 to immobilize the structure in lithium storage by forming 
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chemical interaction. Surface coating is a mostly popular method to change the interface 

of materials for lithium storage. ZnO has a high capacity but suffers from the large 

volume change in lithium storage but ZnS displays much less volume change. 

Sulfidation of the ZnO surface by forming a ZnS surface layer is a strategy to mitigate 

the volume change of the materials and suppress the capacity degradation in lithium 

storage. Nanoengineering of the electrochemical interface of materials through tuning 

their electronic structure, enhancing the interaction of composites and improving the 

surface will benefit materials’ stability during lithium storage and lead to mitigated 

capacity degradation. The following sections will elucidate how these three strategies 

work to improve the capacity stability of materials in lithium storage.  

 

6.1 Safe Solid Electrolyte Interphase on Graphite 

6.1.1 Introduction 

  Graphene, a single layer of carbon atoms arranged in a hexagonal crystal lattice, 

displays fascinating physical-chemical properties, such as high specific surface area 

(2630 cm2 g-1)340, high room-temperature electron mobility (2.5✕105 cm2 V-1 S-1) and 

a tunable band gap341. Graphene has been proposed as an anode material in LiBs 

because lithium ions can be adsorbed on both sides of the graphene sheets, leading to 

two layers of lithium for each graphene sheet and a theoretical capacity of 744 mAhg-1 

through the formation of LiC3
342, 343, twice as high as the commercial anode material, 

graphite. Graphite has a layered structure and stores lithium ions through an 

intercalation mechanism with excellent cycling performance. The theoretical maximum 

capacity of graphite is 372 mAh g−1 achieved by forming the intercalated compound, 

LiC6. In the intercalation process, each Li transfers its 2s electron to the carbon host 

and sits between the carbon sheets. Graphene-based layered crystals, such as bilayer, 

trilayer and multilayer graphene exhibit the same intercalation mechanism as graphite 

for lithium storage. For graphene and graphene-layered materials a capacity that 

exceeds the theoretical value of infinite, perfect sheets may be observed experimentally 

owing to lithium insertion within the ‘‘cavities’’ of the material344, lithium binding on 
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the so-called ‘‘covalent’’ sites344 and lithium binding on hydrogen terminated edges of 

graphene fragments 343, 345, 346. 

  The operated potential of graphene-layered materials is close to 0 V vs. Li+/Li for 

lithium storage. The aprotic electrolytes typically used in the cells may be 

thermodynamically unstable at such potentials45, 347, leading to the decomposition of 

electrolyte and the formation of a passivating film, termed solid electrolyte interphase 

(SEI). SEI films consist of the sacrificial reduction products from electrolyte and are 

conductive to Li+ ions but electronically insulating. SEI films suppress further 

decomposition of the electrolyte, critical to the coulombic and voltage efficiency, 

cyclability and safety of batteries348, 349. The SEI formation process consumes a 

considerable amount of Li+/e- giving rise to an irreversible capacity in early charge-

discharge cycles, it is not until a stable SEI layer is formed that reversible charging and 

discharging of batteries is observed. The quality of the SEI film is crucial for the 

stabilization of the electrode-electrolyte interface and thus reproducible cell kinetics350. 

A non-uniform SEI can cause heterogeneous lithium deposition and growth of lithium 

dendrites351 which can lead to short circuits and failure of the batteries. The formation 

of SEI layer is thermodynamically governed by the energy of the lowest unoccupied 

molecular orbital (LUMO) of the electrolyte and the Fermi level of the lithiated 

materials. However, there is still a limited understanding of the intimate interaction 

between the electrode and electrolyte, and the mechanism of SEI formation, as well as 

its properties45.  

In this section, the formation of SEI films on monolayer, bilayer and multilayer 

graphene is investigated. Theoretical calculations are carried out to model the lithiated 

graphenes and study their electronic stability. Field effect transistors (FETs) are used to 

study the charge and impurity interaction between the electrolyte and graphene. SEI 

films formed on graphene-layered samples via the electrochemical reaction in a liquid 

cell are characterized using AFM, XPS and TOF-SIMS.  

6.1.2 Experimental in Preparation, Characterization and Simulation 

Graphene preparation: Copper foils (0.125 mm thickness, Sigma-Aldrich) were 

prepared for graphene synthesis via immersion cleaning in a glacial acetic acid bath for 



191 
 

60 mins prior to growth. The foils were removed from the glacial acetic acid bath and 

carefully dried in compressed air jet ensuring no residue solvent remained on the 

surface. Graphene samples were synthesized using a bespoke VG Scientifica vertical 

CVD furnace at a growth temperature set-point of 1050 oC for 30 mins using methane 

as the carbon source. The copper foils were rotated during growth at 5 rpm to ensure 

homogenous interactions with the gas flow. Samples were cooled to room temperature 

naturally under a flow of 200 sccm of argon before removal from the furnace. Mono-

layer graphene was synthesized with a H2:CH4 ratio of 8:2 at a pressure of 4 torr. Bi-

layer graphene was synthesized with a H2:CH4 ratio of 32:8 at a pressure of 5 torr. 

Multilayer graphene was synthesized with a H2:CH4 ratio of 1:9 at a pressure of 5 torr. 

The graphene sample was supplied by Dr. Peter C. Sherrell at Imperial College London.  

Material characterization: Atomic force microscopy (AFM) was carried out by 

Victoria Bemmer, time-of-flight secondary ion mass spectrometry (TOF-SIMS) 

measurement was implemented by Sarah Fearn and Jonathan Ngiam at Imperial 

College London.  

FET device and measurement: Field effect transistors (FETs) with large-area 

graphene channel were fabricated. Monolayer and bilayer graphene were transferred 

onto a p-type Si substrate, coated with thermally grown SiO2 of a thickness of 90 nm, 

by etching from the copper. Source and drain electrodes were patterned to contact the 

graphene channel and the back-gated voltage was applied by placing a silver wire on 

the Si substrate. This experiment was developed by the author and carried out with the 

help of Deana Kwong Hong Tsang at Imperial College London.  

Simulation: Intercalation energy and Löwdin population analysis was carried out 

using JDFTx on graphene, bilayer graphene and graphite lithiated structures both 

solvated in dimethyl carbonate (DMC) and in a vacuum state. Löwdin population 

analysis is used to determine the oxidation states of the atoms in the structure, while the 

intercalation energy determines the energy of lithium in the structure compared to 

lithium in bulk lithium solid. The calculations used optimised structures determined by 

manually finding the structure at the energy minima and by using an L-BFGS 

optimisation algorithm. Each calculation used 20 hartree plane wave energy cutoff and 
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100 charge density cutoff as recommended for the GBRV PBE pseudopotentials that 

were used352. The k point grid used for all calculations was 12 x 12 x 4. A Fermi Dirac 

smearing scheme was used for filling the electronic states with a smearing width of 0.01 

hartree. An electronic self-consistent field algorithm was employed for electronic 

minimisation. A GGA energy functional correction developed by Grimme was used to 

correct for Van Der Waals forces 353. For the solvated structures, the liquid was 

modelled using a non-linear polarizable continuum model (PCM) where the liquid is 

modelled as a dielectric cavity with the same non-linear dielectric properties of the 

DMC 354. A GLSSA13 PCM was used which includes empirical data for the cavity 

tension354. The DCM solvent was assumed to have bulk fluid density. The theoretical 

calculation was carried out by Johannes Lischner and Elena Stein Scholtis at Imperial 

College London.  

6.1.3 Formation of Solid State Interphase 

 

Figure 6.1. 1 Optical microscopic images of graphene grown by CVD, from left to right: 

monolayer, bilayer and multilayer. 

 

Figure 6.1. 2 (a) Raman mapping of the intensity ratio of 2D:G. (b) Raman spectra. 
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Monolayer, bilayer and multilayer graphene were grown by the chemical vapour 

deposition (CVD) method on copper using a tunable gas mixture of methane and 

hydrogen at 1050 oC. The optical microscopy images are shown in Figure 6.1.1. The 

optical micrographs of the three graphene samples on the copper substrate display the 

copper surface steps and graphene wrinkles which increase in size from mono- to 

multilayer. The graphene wrinkles are found to distribute across the whole copper 

surface and surface valleys, confirming the continuity of the grown graphene films355. 

Raman spectroscopy and mapping using a 514 nm laser excitation, Figure 6.1.2, 

indicate the uniform layers of graphene in monolayer355, bilayer356 and multilayer357, 358 

forms.  

Raman spectroscopy which is sensitive to the geometric structure has been 

considered as the best technique to quantify the layer number of graphene359. The strong 

characteristic peaks are assigned to G (1580 cm-1) and 2D (2670 cm-1) bands, resulting 

from the in-plane vibration of sp2 carbon atoms at the Brillouin zone center and the 

double resonance scattering of two phonons360, 361, respectively. Both bands are highly 

sensitive to the layer number of graphene and display specific characteristics in the peak 

position and shape360, 362-364. The most significant factor, ratio of the intensity of 2D to 

G (I2D/IG) has been widely used to identify the layer number of graphene361, 363 and for 

our samples, monolayer graphene has I2D/IG ratio of ~2 and bilayer graphene ~1, which 

are typical features of mono-355 and bilayer graphene356. A low I2D/IG ratio of 0.14, 

along with a shift in peak position from 2670 towards 2710 cm-1 signifies multilayer 

graphene or graphite357, 358. The corresponding Raman mapping of the I2D/IG ratio of 

each sample indicates large areas of graphene with uniform layer number were grown 

via the large-scale CVD method directly on copper. Bilayer graphene shows the best 

uniformity in comparison with mono- and multilayer graphene which agrees with 

claims that when forming bilayer graphene by CVD, two layers of graphene grow at 

the same time rather than via an underlayer mechanism365 (This part including 

graphene synthesis and microscopy imaging, Raman spectrum was carried out by Peter 

C. Sherrell). 
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Table 6.1. 1 Parameter of pure phase used to calculate intercalation energies. Energy 

unit eV. 

Structure C 

atoms 

Li 

atoms 

energy of 

all atoms 

energy of 

all solvated 

Energy in vacuum 

carbon/lithium 

energy of solvated 

carbon/lithium 

monolayer 2 0 -11.427 -11.426 -5.7133 -5.7130 

bilayer 4 0 -22.857 -22.856 -5.7143 -5.7141 

multilayer 4 0 -22.861 -22.861 -5.7153 -5.7153 

bulk Li 0 2 -14.395 -14.395 -7.1976 -7.1976 

 

Table 6.1. 2 Parameter of specific lithium-carbon layer structure used to calculate 

intercalation energies. Energy unit in eV. L and C mean lithium and carbon layer, LG is 

lithium-intercalated graphite (multilayer graphene).  

Structure Number 

of 

Carbon 

atoms 

Number 

of 

Lithium 

atoms 

energy of 

vac 

(Hartree) 

energy of 

sol 

(Hartree) 

intercalation 

vac (eV) 

intercalation 

sol (eV) 

LC 6 1 -41.467 -41.471 0.28369 0.11043 

LCL 6 2 -48.656 -48.666 0.26132 0.09073 

LCC 12 1 -75.756 -75.762 0.34192 0.13352 

CLC 12 1 -75.797 -75.795 -0.77336 -0.77116 

LCCL 12 2 -82.946 -82.961 0.27899 0.04333 

LCLC 12 2 -82.985 -82.990 -0.25820 -0.34906 

LCLCL 12 3 -90.173 -90.183 -0.08314 -0.19776 

LG 6 1 -41.519 -41.519 -0.80824 -0.80764 

 

Table 6.1. 3 Calculated intercalation energy of the specific lithium-carbon layer 

structure in vacuum. Energy unit in eV. L and C mean lithium and carbon layer, LG is 

lithium-intercalated graphite (multilayer graphene). 

Structur

e 

Intercalation energy (eV) Energy difference between 

consecutive structures 

C/Li ratio 

LG -0.80824 -0.03488 1 

CLC -0.77336 -0.51516 2 

LCLC -0.25820 -0.17506 1 

LCLCL -0.08314 -0.34447 0.6667 

LCL 0.26132 -0.01766 0.5 

LCCL 0.27899 -0.00471 1 

LC 0.28369 -0.05822 1 

LCC 0.34192 
 

2 
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Table 6.1. 4 Calculated intercalation energy of the specific lithium-carbon layer 

structure in solvated system. Energy unit in eV. L and C mean lithium and carbon layer, 

LG is lithium-intercalated graphite (multilayer graphene). 

Structure Intercalation energy (eV) Energy difference between consecutive 

structures 

C/Li ratio 

LG -0.80764 -0.03647 1 

CLC -0.77116 -0.42210 2 

LCLC -0.34906 -0.15130 1 

LCLCL -0.19776 -0.24109 0.6667 

LCCL 0.04333 -0.04740 1 

LCL 0.09073 -0.01971 0.5 

LC 0.11043 -0.02309 1 

LCC 0.13352 
 

2 

 

Figure 6.1. 3 Electrochemical characterization and simulation on monolayer, bilayer 

and multilayer graphene. (a) Change in the specific capacity of the graphene anode in 

cycling at a current density of 5 μA cm-2. (b) Schematic intercalation sites of lithium 

ions in the graphene from top and side views. Order of the most energetically favourable 

structures depending on the intercalation energy in a (c) solvated system and (d) 

vacuum system. L denotes lithium layer and C is graphene layer. LG is lithiated graphite.  
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LiBs using these samples as anodes were cycled at 5 μA cm-2 between 0.01~3 V and 

the variation in the specific capacity is measured, as shown in Figure 6.1.3a. All 

samples show a peak in the capacity over the initial 60 cycles, the Gaussian fitting 

displays three peaks at different cycle numbers for the three samples. Monolayer 

graphene has the peak capacity on the 14th cycle while the bilayer is on the 22nd and 

the multilayer on the 31st. The peak capacity arises from the intercalation capacity of 

Li+ ions plus the decomposition of the aprotic electrolyte which is irreversible. 

Although the intercalation of the solvated lithium ions is terminated in the first 

charge/discharge cycle348, the electrolyte continues to decompose in the subsequent 

cycles leading to the continuous growth of the SEI film and irreversible capacity. The 

amount and rate of electrolyte decomposition is associated with the reduction capability 

and electron donating rate of the lithiated graphene. To address the different peak 

capacities, we employ theoretical calculation (done by Johannes Lischner and Elena 

Stein Scholtis) and FET measurement (this experiment was helped carry out by Deana 

Kwong Hong Tsang) to yield the physicochemical properties of graphene and 

interaction with electrolyte. 

 

Figure 6.1. 4 Model used in calculation. (a) monolayer, (b) bilayer with AA stacking, 

(c) graphite with AA stacking, (d) lithium bulk, (e-f) lithiated monolayer graphene, (g-

k) lithiated bilayer graphene, (l) lithiated graphite.  
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Herein we use the intercalation energy which is defined as the energy required to 

intercalate a lithium ion into the graphene structure, to compare the structural stability 

and electron donating ability of the lithiated graphenes. Theoretical calculations for 

monolayer, bilayer, multilayer graphene and their respective structures with intercalated 

lithium ions were carried out in vacuum and dimethyl carbonate (DMC) solvent, a 

commonly used polar solvent in LiBs. The liquid was modelled using a non-linear 

polarizable continuum model (PCM) which involves putting the materials in a dielectric 

cavity with the same dielectric properties as DMC. This model places the dielectric 

continuum in regions of space that have an electron density below a critical value. To 

calculate the intercalation energy of lithium ions, equation (1) was used, where 

𝐸𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒
𝑖𝑛𝑡  is the intercalation energy of lithium in a specific structure, 𝐸𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 is 

the final total free energy of the structure with lithium, N is the number of carbon atoms 

and M is the number of lithium atoms in the unit cell. 𝐸𝐶 is the energy per carbon atom 

taken from either the monolayer, bilayer or multilayer graphene depending on what the 

carbon arrangement is in the intercalated case. 𝐸𝐿𝑖 is the energy per Li atom in bulk 

lithium metal. All the parameters are listed in Table 6.1.1 and the calculated 

intercalation energy is listed in Table 6.1.2 using the lithium-carbon layered structures 

in Figure 6.1.4.  

𝐸𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒
𝑖𝑛𝑡 =  𝐸𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 −  𝑁𝐸𝐶 − 𝑀𝐸𝐿𝑖                                (6.1.1) 

In defining the lithiated layered structures we use L and C to denote the intercalated 

lithium-ion layer and graphene layer respectively and LG for lithiated graphite with 

multiple lithium-ion and graphene layers. The schematic intercalation sites of lithium 

ions in graphite are displayed in Figure 6.1.3b, both top and side view. The lithium ion 

sits in the centre of the C6 ring between the crystalline sheets, 0.432 nm away from the 

next neighbour site and 0.183 nm between the lithium-ion (L) and graphene (C) plane. 

Eight possible lithiated structures are considered from the geometric arrangement 

although the intercalated lithium ion is reported to reside between the graphene layers366, 

which is not suitable for monolayer graphene. The intercalation energies of the specific 

lithiated structures in vacuum and solvated DMC were then normalised by dividing by 

the number of lithium atoms to find the intercalation energy per lithium atom in a 
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specific structure, see Table 6.1.3 and 6.1.4, from which the most energetically 

favourable structures in the solvated system are derived, see Figure 6.1.3c. The stability 

of these lithiated structures in the solvated systems show marginal differences when 

compared to the results from the vacuum system (Figure 6.1.3d). The LCCL 

configuration is more favourable than LCL within the solvated system while less in the 

unrealistic vacuum system. The LG structure is the most stable in both solvated and 

vacuum systems. Four out of five possible lithiated-bilayer graphene systems are more 

energetically stable than the lithiated monolayer and by comparing the most stable 

configuration for each sample, CLC is far more stable than LCL.  

 

Figure 6.1. 5 Quantified reduction of the oxidation state of the carbon atoms (Löwdin 

number) in specific lithiated structure from (a) solvated system and (b) vacuum system. 

 

In the lithiation process, the Li atom transfers its 2s electron to the carbon host 

reducing the carbon and causing a shift in chemical potential367. The Löwdin method 

was used to study the change (reduction) in the oxidation states of the carbon atoms in 

each lithium-carbon structure and the resultant Löwdin numbers in the solvated systems 

are plotted in Figure 6.1.5a. For the structures in which the carbon layers are 

asymmetrical to lithium layers, such as LC, LCL, LCC and LCLC, the carbon layer 

closest to the lithium displays the largest reduction in oxidation state, as indicated by 

the higher bar. In the vacuum system, see Figure 6.1.5b, the variation of the oxidation 

states is larger than the solvated system, resulting from the non-linear dielectric field of 
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the polar solvent. In the lithiation of monolayer graphene, Li 2s electrons cause a large 

reduction in the oxidation state of the carbon layer and the strongly reductive surface, 

explaining the fast SEI growth by decomposition of the electrolyte. In contrast, the 

multi layers of graphene in graphite model share the electrons of lithiation, decreasing 

the chemical potential of the lithiated graphite, thus slower rate of SEI formation. The 

chemical potential of lithiated graphite is smaller than bilayer then monolayer.     

6.1.4 Electrolyte-electrode Interaction 
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Figure 6.1. 6 Current and voltage characteristics of the field effect transistor (FET) with 

a large-area graphene channel. (a) Schematic of the graphene FET device. Transfer 

characteristics for (b) monolayer and (c) bilayer graphene with source-drain voltages 

(VD) of 200, 300 and 500 mV. (d) Output characteristics of bilayer graphene. Drain 

current, ID versus VD. (e) Schematic of the graphene FET device with liquid sprayed on 

the top of graphene. (f) Transfer characteristics of monolayer with the organic 

electrolyte on the surface and at a gating voltage of -5 and -10 V for 5 min. VD is 500 

mV. (g) Transfer characteristics of bilayer graphene with the solvent on surface. VD is 

200, 300 and 500 mV. (h) Output characteristics ID versus VD of bilayer graphene with 

solvent on the top. Gate voltage changes from -5 V to 5 V. 

 

To study the influence of the electrolyte on charge carriers in graphene, FETs were 

fabricated using large-area graphene channels and firstly studied with and without 

electrolyte/solvent sprayed on top of the graphene. Monolayer and bilayer graphene 

were transferred onto SiO2-terminated Si substrate by etching away the copper, a 

schematic of the back-gated graphene FET device is shown in Figure 6.1.6a. The 

transfer characteristics of both monolayer and bilayer graphene FETs in the absence of 

electrolyte show ambipolar behaviour at three source-drain voltages (VD) of 200, 300 

and 500 mV, see Figure 6.1.6b and c. The conduction minimum is located at back gate 

voltages (VBG) of 42 and 26 V respectively, indicating p-type characteristics resulting 

from charged impurities368 and trapped charged species at the graphene/substrate 

interface. The output curves for bilayer graphene (Figure 6.1.6d) show linear 

dependence between the drain current, ID and VD for both electron and hole doping, 

indicating an absence of significant Schottky barriers at the interfaces between 

graphene and the source/drain terminals369. The displayed FET characteristics of 

monolayer and bilayer graphene are in line with the reported conclusions of graphene 

FET368, 369. 

The organic electrolyte, 1 mol L-1 LiPF6 in EC/DMC of volume ratio 1:1, was then 

sprayed into the graphene channel of the FET, the schematic is shown in Figure 6.1.6e. 

Figure 6.1.6f shows the disappearance of the conduction minimum in monolayer 
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graphene when the electrolyte contacts the graphene surface. The appearance of a 

conduction minimum when the Fermi level (EF) is at the Dirac point (VDirac), is 

dependent on the concentration of impurities368. The carrier density, n, in graphene 

induced by the gate voltage in presence of impurity is expressed as equation (6.1.2)369: 

n=CBG(VBG-VDirac)/e                                                (6.1.2) 

where CBG is the geometrical capacitance, CBG =εε0/dBG. In the system under study the 

dielectric constant of SiO2 (ε) is 4369 and the thickness of SiO2 (dBG) is 90nm. CBG is 4 

✕10-8 F cm-2 giving a doping of 1.1✕1013 cm-2 at the Dirac point (VDirac=42v) for 

monolayer graphene in the absence of electrolyte according to equation (6.1.3).  

VBG≈φ= ne/CBG                                                    (6.1.3) 

where φ is electrostatic potential difference and is close to VBG in back gating369. Hence, 

a large gate voltage of 50 V, which can shift the impurities trapped in the substrate368, 

only induces a carrier concentration of 0.2×1013 cm-2 according to equation (6.1.2). The 

doping of 1.1×1013 cm-2 indicates a high charged impurity density or dirty sample370. 

When the carrier concentration is smaller than the charged impurity density in the low 

density limit near the Dirac point, locally the transport happens either through the 

electron or hole channel because of electron and hole puddles368. Immersion in the polar 

organic electrolyte induces charge transfer371 and increases the charged impurities in 

the graphene, causing the broadening in conductivity and loss of the Dirac point. In 

addition, the liquid electrolyte can detrimentally impact the graphene properties by 

inducing large strain fluctuations and lattice distortions372. 

Figure 6.1.6f also shows a decrease in the conductivity of the graphene samples in 

electrolyte when they are subject to constant negative gating (-5 and -10 V) for 5 min 

prior to the measurement. Ke371 et al have reported that negative programming results 

in the adsorption of Li+ ions and electropositive groups of the solvent on the graphene 

surface368, leading to an increased number of charged impurities and lower conductivity. 

To establish the role of impurities from the organic electrolyte in the absence of Li+ 

ions, an EC/DMC mixture in a volume ratio of 1:1 was sprayed in a FET with a large-

area bilayer graphene channel. Figure 6.1.6g displays the slopes of transfer curves at 

three source-drain voltages, 200, 300 and 500 mV. Similar to the results in Figure 6.1.6f, 
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the conductivity decreases and the conductivity minimum disappears after the solvent 

is introduced, compared to Figure 6.1.6c. The disappearance of a conduction minimum 

is associated with a low mobility of carriers369. The carrier mobility of the bilayer 

graphene, bilayer graphene with solvent and bilayer graphene with electrolyte was 

measured using a direct-current Hall effect. The obtained Hall mobilities for these three 

samples were 12.1×104, 3.6×104 and 4.8×104 cm2 V-1 s-1 respectively, indicating the 

organic solvents cause a large decrease in the mobility and charged impurities. The 

linear output characteristics of bilayer graphene with solvent on the surface in Figure 

6.1.6h also implies the conductivity decreases for both hole and electron doping. The 

charged impurities which can scatter electrons are responsible for the conductivity 

decrease, as explained by Boltzmann transport theory368, 370. 

6.1.5 Interphase Characterization 

 

Figure 6.1. 7 Morphological characterization of the SEI film on monolayer, bilayer and 

multilayer graphene. (a-c) Scanning electron microscopy (SEM) images. (a1-c1) 

Topographical atomic force microscopy (AFM) images. (a2-c2) Height distribution 

fitted by Gaussian function. (a3-c3) Amplitude AFM images.  
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In this part, the characterization using AFM was carried out by Victoria Bemmer, 

TOF-SIMS was implemented by Sarah Fearn and Jonathan Ngiam, data were analyzed 

by the author. The electron distribution in the lithiated structures and interactions 

between graphene and electrolyte will determine the growth quality of the SEI films. 

The cycling profiles in Figure 6.1.3a indicate the formed films are stable after 80 cycles, 

hence graphene electrodes were detached from the cell after 100 cycles for SEI study. 

Figures 6.1.7a-c display the SEM images of SEI films on monolayer, bilayer and 

multilayer graphene. The surface of the graphene samples is hard to directly image 

because of the coverage with SEI films. The film on monolayer graphene is non-

uniform and anchored with long lithium dendrites. The randomly distributed particles 

may be the decomposed inorganic salts from the electrolyte. The film on bilayer 

graphene displays hierarchical morphology but all the particles and dendrites are 

interconnected. In contrast with the loose film on monolayer and bilayer graphene, the 

film on multilayer graphene is uniform and dense. The difference in film morphology 

should reflect the ease of electron donation from the electrode to the electrolyte in 

lithiation, which is governed by the ease of reduction of the external carbon layer and 

scattering by charge impurities.  

  Topographical, phase-contrast and amplitude AFM studies of the SEI films on 

monolayer, bilayer and multilayer graphene were carried out using tapping-mode AFM. 

Across a spatial area of 500 nm×500 nm, the mean surface roughness in the 

topographical AFM images in Figures 6.1.7(a1-c1) are 21.7nm, 49.1 nm and 25.4 nm. 

The dendrite strip in Figures 6.1.7a1 is identified and the large interconnected blocks 

in Figures 6.1.7b1 and particles in Figures 6.1.7c1 are consistent with the 

morphological features in the SEM images. The height distributions, fitted by a 

Gaussian function, of the three samples are plotted in Figures 6.1.7(a2-c2). A wide 

distribution around 110 nm is found for bilayer graphene, whilst monolayer and 

multilayer show narrow distributions centred at 64 and 82 nm, respectively. The 

topography, as deduced from amplitude AFM in Figures 6.1.7(a3-c3) reveals the edges 

of grains which change from strip boundaries on monolayer to granular on multilayer.  
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Figure 6.1. 8 Phase-contrast AFM images and Gaussian distribution. (a, b) monolayer 

graphene, (c, d) bilayer graphene and (e, f) multilayer graphene. 

 

Phase-contrast AFM images in Figures 6.1.8 acquired using tapping mode, indicate 

the energy dissipated in the contact between the tip and sample surface, which is related 

to the mechanical properties and composition of samples. Phase contrast AFM images 

indicate independent features to the topographical characteristics. The low contrast 

means small energy dissipation while high contrast results from high energy dissipation, 

corresponding to the low and high phase shift. The phase contrast indicates most of the 

surface is net repulsive (ρ<90 o) between the tip and sample. To compare the phase 

distribution of each sample, we use Gaussian function to fit the phase distribution 

spectra in each sample and obtain the center phase value and standard deviation. 

f(x) = y0 + aexp[−(x − x0)
2/b2]                                        (6.1.4) 

Comparison of peak value between samples is a risk because of the possible 

difference in the mechanical properties of the tip and thus the interaction with the 

sample surface. However, it is reasonable to compare phase contrast in one image and 

the standard deviation of each sample describes the distribution of the phase. The fitted 

results show the standard deviations of monolayer, bilayer and multilayer graphene are 
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7.27, 14.75 and 7.19 degree. Multilayer shows the most uniform phase contrast in these 

three samples. Films on multilayer graphene show more uniform phase contrast than 

monolayer then bilayer. The difference in the physical properties of these SEI films 

results from their compositional variation produced from the different electrochemical 

interactions between the electrolyte and graphene electrodes. 

 

Figure 6.1. 9 Surface characterization of the SEI film on specific graphene surface. (a) 

XPS survey spectra and (b) quantification of the element: Li, C, O, F and P.  

 

XPS was used to study the composition of the films. The core-level XPS spectra in 

Figure 6.1.9a shows the elements, lithium (Li), carbon (C), oxygen (O), fluorine (F) 

and phosphorus (P) in the surface layer of all the films. The percentage of each element 

in the SEI layer of each graphene sample is plotted in Figure 6.1.9b. Carbon is always 

predominant in the SEI surface layer compared to other elements, indicating the 

decomposition of non-coordinated solvent molecules on the graphene surfaces, forming 

organic polymers in the SEI45, 373, 374. Electron transfer to the electrolyte via a graphene 

layer is known to cause ring opening of cyclic carbonates, producing reactive radicals 

that result in polymerization reactions45. SEI films on monolayer graphene have the 

highest ratio of O (34.34%), F (10.65%) and P (7.14%) in comparison with O (24.57%), 

F (9.25%), P (1.61%) on bilayer and O (33.11%), F (9.72%), P (2.02%) on multilayer 

graphene. The theoretical calculations have shown a reduced Löwdin number for the 

carbons of monolayer graphene, 0.038 and 0.079 in LC and LCL structures, indicating 

the monolayer is electron-rich and potentially more highly reductive to the electrolyte, 

resulting in the incorporation of inorganic ions in the films.  
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Table 6.1. 5 Normalized intensity of positive ion fragments from TOF-SIMS. Intensity 

unit ✕10-3. 

Sample Li LiOH2 Li2OH LiF C2H2Li CH3O C2H3O C3H2O2Li3 

Monolayer 168 0.46 3.91 1.77 6.15 0.47 2.75 6.69 

Bilayer 195 0.49 4.31 1.32 20 0.38 3.68 7.09 

Multilayer 224 0.54 5.45 1.72 14.9 0.49 3.41 7.07 

Table 6.1. 6 Normalized intensity of negative ion fragments from TOF-SIMS. Intensity 

unit ✕10-3. 

Sample C F O OH LiO2 Li2CO3 PO3 CH2OF POF2 PO2F2 

Monolayer 11.5 61 26.4 42.6 0.21 0.06 0.24 12.4 0.26 0.26 

Bilayer 12.6 20.1 38.8 41.7 0.39 0.09 0.22 1.48 0.46 1.03 

Multilayer 11.5 15.3 44 52.5 0.22 0.08 0.47 1.42 0.43 0.75 

 

ToF-SIMS was carried out on the SEI films. Mass spectra from the surface of the 

films were obtained using a 25 KeV Bi+ primary ion beam. The normalized intensities 

of selected secondary ion fragments from the surface mass spectra are listed in Tables 

6.1.5 and 6.1.6. Intensity normalization is the number of detected ions of a specific 

species relative to the total ions recorded. These species are from the complex 

components in the organic and inorganic layers of SEI films which have been 

previously analysed with a mosaic model45, 375. The detected fragments are from the 

decomposition products of EC, DMC and LiPF6 of the electrolyte at the electrode 

surface and include lithium carbonate, lithium semicarbonates ROCO2Li, and lithium 

bicarbonates (ROCO2Li)2 (R denotes an alkyl group).  

 

EC reduction376-378: 

CH2CH2OCO2 + Li+ → CH2CH2OCO2Li+                                  

CH2CH2OCO2Li+ + e− →  CH2CH2OCO2Li                                 

CH2CH2OCO2Li+ + e− →  ĊH2CH2OCO2Li                               

2ĊH2CH2OCO2Li + 2e− → (CH2OCO2Li)2 + C2H4                         
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2ĊH2CH2OCO2Li → (CH2CH2OCO2Li)2                                  

ĊH2CH2OCO2Li + CH2CH2OCO2Li+ → LiOCO2(CH2)4OCO2Li                

ĊH2CH2OCO2Li + e− → LiCO3
− + C2H4                                

LiCO3
− + Li+ → Li2CO3                                             

LiCO3
− + CH2CH2OCO2Li+ → (CH2OCO2Li)2                           

ĊH2CH2OCO2Li + Li+ → Li(CH2)2OCO2Li                             

DMC reduction: 

CH3OCO2CH3 + e− + Li+ → CH3OCO2Li +  CH3                         

2CH3OCO2Li + H2O → 2CH3OH + Li2CO3 + CO2                       

CH3OCO2CH3 + 2e− + 2Li+ → 2CH3OLi + CO                          

LiPF6 reduction: 

LiPF6 → PF5 + LiF                                               

LiPF6 + H2O → 2HF + PF3O + LiF                                  

EC side reaction: 

CH2CH2OCO2 + PF3O → CH2FCH2OPF2O    

                         

The mosaic model indicates that the SEI layers near the electrolyte mainly consists 

of oligomers and semicarbonate species45. The high intensities of 7Li+, 16O-  and 17OH- 

relative to F and P in the SEI surface of multilayer graphene indicate a high amount of 

organic decomposition products, resulting in the more uniform and dense morphology. 

The intensity of 19F- is much higher in the SEI on monolayer than the other two, 

consistent with the XPS analysis and supporting the conclusion that PF6
- decomposition 

is favoured at the monolayer graphene surface. In all SEI films, Li2O and LiF dominate 

the inorganic components, with higher intensities of 19Li2OH+ and 20LiF+ in comparison 

to 19LiOH2
+, 33LiO2

- and 62Li2CO3
-. Li2CO3 is thermodynamically unstable on the 

surface because it can be reduced to Li2O and Li2C by lithium, resulting in a low 

intensity. Alkyl C2H2Li+, alkoxide C3H2O2Li3
+, CH3O

+ and C2H3O
+ dominate the 

oligomers and oxygen-containing polymers379 in the SEI, resulting from solvent 

decomposition via one-electron or two-electron reduction.  

The appreciable amount of CH2OF–, POF2
– and PO2F2

– confirm that reactions 
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between LiPF6 and water molecules occur, as well as the EC side reaction. PO3
–, a 

reduction product from the Li2PF6
+ ion aggregates shows highest intensity in the SEI 

of multilayers, inconsistent with another decomposing product, LiF and the published 

conclusion374. The exchange current density for LiPF6 reduction is not able to explain 

this result. Here, we attribute the high amount of PO3
– on the multilayer graphene to the 

higher quantity of co-intercalated Li2PF6
+ for multilayer than the mono- and bilayer 

systems, owing to its rich layered spaces. There is a difference in the amount of the 

organic and inorganic species in the different SEI films, leading to distinguishable 

morphological characteristics.  

6.1.6 Interphase Formation Process 

 

Figure 6.1. 10 1keV Cs+ TOF-SIMS depth profiles and ion maps of the SEI films on 

(a1-a3) monolayer, (b1-b3) bilayer and (c1-c3) multilayer graphene. (a1-c1) Depth 

profiles of negative C-, F-, Li2O
-, PO3

-
 and PO2F2

-. Secondary ion mapping of (a2-c2) 

PO2F2
- and (a3-c3) PO3

-
 at the sputter time of 0 (left side) and 40s (right side). The scale 

bar in the mapping is not the same intensity and the mapping colour only represents the 

dispersion of the secondary ions. 
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Figure 6.1. 11 Schematic of the proposed electron transfer from the current collector, 

Cu to graphene surface in the process of the formation of the SEI film. Left to right is 

monolayer, bilayer and multilayer graphene. Arrows denote electron transfer direction 

and the intensity implies the electrons transferring in specific direction. 

 

TOF-SIMS depth profiling was carried out with a 1 keV Cs beam raster. The depth 

profiles can provide compositional changes through the film as the material is sputtered 

away. However, it is not possible to monitor the organic molecules over depth, as the 

ion beam bombardment results in the fragmentation of the organic molecules. 

374.Lithiated monolayer graphene has high chemical potential and its surface state is 

tuned by electron consumption in the process of electrolyte decomposition.  

The negative-ion profiles in Figure 6.1.10(a1-c1) display the relative intensities of 

C-, F-, Li2O
-, PO3

-
 and PO2F2

- on sputtering. For all samples, the concentration of C- 

increases while PO2F2
- decreases with sputtering, implying that the organic species 

decompose easily near the graphene surface while the side reaction of the EC molecules, 

in contrast, prefers the SEI surface. SIMS mappings of the PO2F2
- fragment at 0 and 40s 

displays a more uniform distribution in the SEI of monolayer graphene than the others, 

see Figure 6.1.10(a2-c2). The observation is the same for PO3
- group mapping, see 

Figure 6.1.10(a3-c3). The uniform dispersion of fragments in the SEI formed on 

monolayer graphene is due to reduced electron interlayer scattering380 when electrons 

transfer through monolayer graphene, perpendicular to the basal planes, see Figure 

6.1.11. The concentration of PO3
- increases in the SEI of monolayer and bilayer 

graphene with sputtering, while is nearly constant in the SEI of multilayer graphene, 

resulting from the changes in rate of SEI formation381. The surface reactivity of lithiated 
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multilayer graphene is lower than bilayer than monolayer, leading to a sluggish change 

in the surface state and a slow change in the intensities of the species. In addition, as 

depicted in Figure 6.1.10c, the limited electron transfer through multilayer graphene 

due to the scattering, results in small exchange currents on the basal planes to convert 

LiPF6
374 to PO3

-. The concentration of F- fragments drops with sputtering depth in the 

SEI of monolayer graphene whilst the multilayer and bilayer curves display a drop 

followed by a rise. Near the surface of lithiated monolayer graphene, the solvent 

molecules prefer to gain the electrons relative to the PF6
- group, resulting in more 

organics near graphene surface and limited F-containing species. However, the edges 

in the multilayer graphene, which have fast charge transfer kinetics, facilitate the 

electrolyte decomposition, causing severe decomposition of solvent and PF6
- close to 

graphene surface and edges, forming a thick SEI film along the edge which is mainly 

composed of inorganic species45, 374. These results are in good agreement with the 

surface analysis of SEI films by Kanamura et. al382, 383. Inorganic Li2O is reported to 

lay on the electrode-side of the SEI film45 but this is only clearly revealed in SEI of 

bilayer graphene because of the low concentration of Li2O
- on both SEI films of 

monolayer and multilayer graphene. SEI compositions on electrode-side and solution-

side are different resulting from the electrode surface state and edge/basal structures, 

confirming the electrolyte decomposition can be altered in each SEI layer deposition. 

 

Figure 6.1. 12 EIS of graphene-Li half cell. (a) Nyquist plot of the cells after 10 cycles 

at 1.5 V vs. Li+/Li. (b) In-situ high frequency resistance of cells at 1000 Hz in cycling 

at 5 μA cm-2. Alternative current (AC) amplitude is 5 mV and interval time is 0.2 s.   
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EIS of the graphene-Li cells was used to study the resistance of the formed SEI films. 

Figure 6.1.12 displays the Nyquist plots of the cells measured at an open circuit 

potential of 1.5 V after 10 cycles. Multilayer graphene shows the largest charge-transfer 

resistance represented by the intercept of the semicircle in Nyquist plot, compared with 

mono- and bilayer, resulting from a thick SEI film that possesses a larger amount of 

inorganic components. In-situ high frequency resistance reveals that the resistance 

measured at 1000 Hz keeps rising with cycling due to the continuous growth of SEI 

film. Multilayer graphene always displays the largest resistance compared to the other 

two, implying the high resistive characteristic of the SEI film on multilayer graphene.  

6.1.7 Research Summary 

Monolayer, bilayer and multilayer graphene have been used as the anode materials 

for lithium batteries and displayed different rates of SEI growth, with monolayer the 

fastest and multilayer the slowest. Theoretical calculations indicate the intercalation 

energy of lithiated monolayer graphene is the largest, yielding an electron rich surface 

on which electrolyte reduction occurs. FET measurements confirm the intimate 

interaction between the organic electrolyte and graphene. Polar solvents are shown to 

introduce charge impurities and through electron scattering, decrease carrier mobility 

of both holes and electrons in graphene. AFM indicates the SEI films on graphene have 

different mechanics and compositions. Chemical analysis shows the SEI surface is 

dominated by Li, C, O, F and P. Monolayer graphene is not suggested as an ideal anode 

material for lithium storage according to the fast SEI growth dynamics while multilayer 

graphene, in the contrast, has mild SEI formation hence is more suitable as an anode 

material for lithium storage.   

 

6.2 Phosphorus-doped Graphene Oxide in Composite with SnS2/SnO2  

6.2.1 Introduction 

Next-generation lithium-ion batteries require the high performance at high-rate and 

long-term cycling stability to meet the increasing demands in the rapidly developing 

electrical equipment, such as electric vehicles. Advanced nanostructured materials that 
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exhibit fast kinetics and high surface areas are promising to boost the performance of 

LIBs. A number of nano technologies by chemical and physical means have been used 

to engineer the materials into hierarchical75, low-dimensional8, heterostructured215 and 

composited384 structures. Transition metal dichalcogenides (TMDs) such as TiS2 have 

been studied as a first-type intercalating materials for the intercalation of alkali metal 

cations385. The TMDs offer larger specific capacities, of 800 ~1000 mAh/g, than 

graphite (372 mAh/g) and have an analogous structure to graphite for lithium 

intercalation, the lithium ions are sandwiched between the hexagonal-arranged 

chalcogen atoms with neighbouring layers interacted through weak van der Waals 

forces, the high rate capability and cycling stability are also favourable. However, the 

semiconductor characteristics of the TMDs lead to unsatisfactory properties compared 

with metallic graphite and relatively sluggish kinetics and poor cycling stability for 

energy storage385.  

Heterostructure fabrication has endowed materials with improved electron-transfer 

kinetics because of a built-in driving force for charge transfer resulting from the band 

alignment of the two interconnected semiconductors. In a recently fabricated ultrafine 

SnS/SnO2 heterostructure, the built-in electric field was reported to result in a low ionic 

diffusion resistance and greatly enhance the charge-rate performance215. To alleviate 

the loss of sulphur materials at the electrode in lithium-sulphur batteries and improve 

cycle life, graphene oxide has been employed as an immobilizer to anchor the sulphur 

and the lithiated polysulfides via reactive functional groups386. The nanocompositing is 

realized by a chemical reaction in a microemulsion system followed by a low-

temperature annealing to partially reduce the surface groups, the resulting conductivity 

and lifespan have been greatly enhanced.  

Heteroatomic doping into graphene, which is also called surface functionalization, is 

a promising method of tuning the physicochemical and electronic properties of the 

material. Heteroatoms such as nitrogen (N), oxygen (O), phosphorus (P), boron (B) and 

sulphur (S) yield functional groups on the surface of graphene and introduce defects 

into the lattice387. Heteroatomic doping not only helps maintain the layer separation but 

also alters the electron distribution in the graphene layer, provides sites for specific 
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adsorption and may yield redox active surface entities that can enhance the specific 

capacitance of the electrodes. Graphene oxide (GO), oxygen-functionalized graphene, 

is formed when graphene is exfoliated from graphite in strong acids. A range of oxygen 

functional groups, including hydroxyl, epoxy, carboxyl, phenol, carbonyl and quinone, 

have been identified on the surface of GO388. The enriched oxygen functional groups 

play important roles in the electrochemical capacitive performance of chemically 

functionalized graphene in electrolytes of different pH and provide abundant covalent 

bonding sites for further functionalization with other atoms.  

Electron-rich nitrogen (N) doping has been widely used to improve the electronic 

conductivity and catalytic activity of graphene389. Pyridinic N (N-6), pyrrolic N (N-5) 

and graphitic sp2 N (N-Q) are formed when nitrogen replaces carbon atoms in the 

graphene390. Capacitances as high as 287 F g-1 have been reported for nitrogen doped 

graphene391. Phosphorus (P) is located in the same main group (15) as N and has the 

same number of valence electrons. The electronegativity of P atoms (2.19) is lower than 

that of C atoms (2.55), so P will be partially positively charged in the C-P bond and the 

polarity of the C-P bond is opposite to that of C-N bond. Moreover, the larger radius of 

a P atom relative to a C atom will lead to structural distortions of the hexagonal carbon 

framework with P protruding out of the graphene plane due to the longer P-C bond as 

compared with the C-C392 bond and could result in increased surface area and improved 

separation of the graphene layers. Recently, P-doped carbon materials have been 

proposed for use in supercapacitors, batteries, field-effect transistors and catalysts for 

oxygen reduction reaction (ORR)393, 394,395. To date the amount of P incorporated on 

graphene oxide has been low, typically <3%. 

In this section, a P-doped graphene oxide (PGO) with high level doping was used to 

immobilize the heterostructured SnS2/SnO2 during the electrochemical reaction, thus 

enhance the cycle life of the nanocomposites without destructing the high kinetic 

performance. The protruded P atoms with polarity enhance the interaction with the 

composited heterostructures and greatly improve the current-rate and cycling 

performance in the lithium storage.  
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6.2.2 Material Synthesis, Characterization and Calculation 

Synthesis of P-doped graphene oxide: Tens of grams of GO were reproducibly and 

safely prepared by a modified synthesis396 in a custom-built rig designed to manipulate 

up to 10 L of concentrated acids. In a typical synthesis, a 9:1 mixture of concentrated 

H2SO4/H3PO4 (3:0.3 L) was added to 24 g natural graphite flakes (150-500 µm sieved, 

Aldrich), followed by addition of 144 g of KMnO4 (6 wt equiv.). This reaction is slightly 

exothermic and temperature rose to 35-40 °C. The reacting suspension was then heated 

to 50 °C and stirred at 400 rpm for 18 h. Next, the suspension was cooled to room 

temperature and the oxidation stopped by dropwise addition of 1.72 L of 2 wt.% H2O2. 

The suspension was washed by centrifugations at 9000 rpm and dispersions in doubly 

distilled water (Thermo Scientific Sorvall LYNX 6000 Superspeed Centrifuge). The 

work-up was carried out until the supernatant water of the centrifuged GO was close to 

pH 6, typically occurring after 16 cycles of washing. A couple of low speed (<1000 

rpm) centrifugation cycles were typically performed to remove un-exfoliated graphite 

particles. Dr. Victoria Garcia Rocha at Imperial College London did this preparation. 

GO (10 cm3, 6.7 g dm-3) was mixed with the P containing surfactant in 20 mL ethanol 

and then dried at 60 oC in the oven. The resultant mixture was transferred to a tube 

furnace with Argon flow and heated at 5 oC min-1 to a temperature of 500 oC, held at 

this temperature for 30 min, then heated at 3 oC min-1 to the target temperature and held 

at this temperature for 30 min. The product was collected after cooling to room 

temperature. For reducing GO, GO was heated in a tube furnace with Argon flow and 

heated at 5 oC min-1 to a temperature of 500 oC, held at this temperature for 30 min, 

then heated at 3 oC min-1 to 800 and 900 oC for another 30 min. 

  Synthesis of SnS2/SnO2 heterostructured materials: 9 mmol SnCl4·5H2O (98%, 

Sigma-Aldrich) was dissolved in 30 mL ethylene glycol (EG, 98%, VWR Chemicals) 

to form uniform solution A. 21mmol Na2S ·9H2O (98%, Sigma-Aldrich) was dissolved 

in 30 mL distilled water to form second solution B. Solution B then was added dropwise 

to solution A by strong stirring over 20 min. The mixed solution was transferred to an 

autoclave of volume 120 mL for 18h at 180 oC. After cooling to room temperature, the 

obtained product was washed with ethanol and water three times followed by sintering 
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in an argon flow, the temperature was raised at 5 oC min-1 to 180 oC and held for 2 h.    

  Synthesis of SnS2/SnO2/PGO composites: 62 mg of the as-prepared PGO was 

sonicated in 30 mL water and 21 mmol Na2S ·9H2O (98% from Sigma-Aldrich) was 

dissolved in the 30 mL PGO–containing water to form a uniform solution. The solution 

was then added dropwise to a SnCl4 solution, formed using 9mmol SnCl4·5H2O (98% 

from Sigma-Aldrich) dissolved in 30 mL ethylene glycol, with stirring. The obtained 

mixture was then transferred to an autoclave of 120 mL and held at 180 oC for 18h. 

After cooling to room temperature, the product was washed with ethanol and water 

three times followed by sintering in an argon flow, the temperature was raised at a rate 

of 5 oC min-1 to 180 oC and maintained for 2 h.    

Electrochemical Tests: For battery assembly and tests, all the procedures are as 

described in Chapter 3. For the performance of as-prepared PGO, all electrochemical 

tests were carried out on an Autolab potentiostat at room temperature. EIS was 

measured on a Solartron SI 1250 Frequency Response Analyzer from 60 KHz TO 10 

mHz with an AC amplitude of 5 mV. A three-electrode system was employed composed 

of the working electrode, a mercury oxide electrode (MOE) as the reference and a 

platinum mesh as counter electrode. The electrolyte was 6 M KOH (>85%, Sigma-

Aldrich) solution in a sealed beaker. To prepare the working electrode the active 

material, PGO, was dispersed in ethanol and mixed with conductive carbon black 

(Sigma-Aldrich), PTFE binder (1%, Sigma-Aldrich) at a weight ratio of 8:1:1 to make 

an electrode slurry of concentration of 8 mg mL-1. Then 15~50 μL of the slurry was 

pipetted on to a gold sheet and dried at room temperature. The electrode mass was 

measured before and after slurry transfer to double check the mass of PGO. Heng Qin, 

Jiahui Qi and Joseph Hadden at Imperial College helped with the testing system. 

Simulation and models: Density-functional theory calculations using the plane-

wave/pseudopotential approach were implemented in the Quantum Espresso software 

package397. The ultrasoft GBRV pseudopotentials developed by Garrity et al352., a wave 

function cut-off of 40 Ry, a charge density cut-off of 200 Ry and the PBE generalized 

gradient approximation398 to the exchange-correlation energy functional were used. The 

graphene oxide sheets were separated by 20 Angstrom of vacuum. To further reduce 
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spurious interactions between the sheets, the dipole correction developed by 

Bengtsson399 was employed. Atomic positions were relaxed using the Broyden-

Fletcher-Goldfarb-Shanno algorithm. As convergence criterion, the condition that all 

components of all forces must be smaller than 0.05 eV/Angstrom was imposed.  The 

unit cells contained up to 50 atoms and the Brillouin zone was sampled only at the 

Gamma point. Joint density-functional theory calculations were carried out using the 

JDFTx software package354. In these calculations, the same convergence parameters as 

in the Quantum Espresso simulations were used. The water was described using a linear 

polarizable continuum model. The results were compared to nonlinear continuum 

models and only relatively small differences found. The theoretical calculation was 

carried out by Dr. Johannes Lischner at Imperial College London.  

6.2.3 PGO Structure 

 

Figure 6.2. 1 XPS of (a) PGO1TPA+1.3TOP,800 and PGO1TPA+1.3TOP, 900, (b) PGO1TPA, 800, 

PGO1TPA, 900, PGO4TPA, 800 and PGO7TPA, 800, (c) PGO1.3TOP, 800, PGO1.3TBU, 800,PGO0.7TOP, 

800 and PGO0.7TOP, 900, (d) GO. Adapted with permission from ref.153, copyright 2017, 

American Chemical Society. 
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Table 6.2. 1 Experimental details for preparing PGO. Adapted with permission from 

ref.153, copyright 2017, American Chemical Society. 

Label GO (6.7 g L-1) TPA TOP TBU Secondary temperature 

PGO1TPA+1.3TOP,800 10 mL 1 mmol 1.3 mmol / 800 oC 

PGO1TPA+1.3TOP, 900 10 mL 1 mmol 1.3 mmol / 900 oC 

PGO1TPA, 800 10 mL 1 mmol / / 800 oC 

PGO1TPA, 900 10 mL 1 mmol / / 900 oC 

PGO4TPA, 800 10 mL 4 mmol / / 800 oC 

PGO7TPA, 800 10 mL 7 mmol / / 800 oC 

PGO1.3TOP, 800 10 mL / 1.3 mmol / 800 oC 

PGO1.3TBU, 800 10 mL / / 1.3 mmol 800 oC 

PGO0.7TOP, 800 10 mL / 0.7 mmol / 800 oC 

PGO0.7TOP, 900 10 mL / 0.7 mmol / 900 oC 

Table 6.2. 2 Atomic contents of C, O and P in PGO and GO. Adapted with permission 

from ref.153, copyright 2017, American Chemical Society. 

Label            C (%) O (%) P (%) P:C    O:C 

GO       68.17   31.83 -     -    0.467 

PGO1TPA+1.3TOP, 800 60.85 31.38 7.77 0.128 0.516 

PGO1TPA+1.3TOP, 900 93.50 4.19 2.31 0.025 0.045 

PGO1TPA, 800     94.73 3.51 1.76 0.019 0.037 

PGO1TPA, 900     96.42 2.43 1.14 0.012 0.025 

PGO4TPA, 800     90.90 6.61 2.49 0.027 0.073 

PGO7TPA, 800     62.93 26.88 10.19 0.162 0.427 

PGO1.3TOP, 800     94.63 3.70 1.68 0.018 0.039 

PGO1.3TBP, 800     92.63 5.97 1.40 0.015 0.064 

PGO0.7TOP, 800     96.34 3.10 0.55 0.006 0.032 

PGO0.7TOP, 900     92.19 5.60 2.20 0.024 0.061 

 

The as-prepared GO and three sources of phosphorus: tri-n-octylphosphine (TOP), 

tri-n-butylphosphine (TBP) and tetradecylphosphonic acid (TPA) were used for 

synthesizing PGO at two annealing temperatures (800°C and 900°C). 0.7 mmol to 7 

mmol of TOP, TBP and/or TPA were added to 10 mL of a 6.7 g dm-3 aqueous suspension 

of GO, the annealed samples are labelled as PGOxPS,T where x is the number of mmol 
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of the phosphorus source (PS) used and T is the annealing temperature. To compare the 

doping results, experiments using different phosphorus sources and annealing 

temperatures were carried out as listed in Table 6.2.1. The atomic percentages of C, O 

and P in GO and PGO samples was determined by XPS, shown in Figure 6.2.1 and the 

calculated P:C and O:C ratios for GO and PGO samples are presented in Table 6.2.2.  

 

Table 6.2. 3 C, O content (at. %) and O:C ratio of GO800 and GO900. Adapted with 

permission from ref.153, copyright 2017, American Chemical Society. 

Sample C O O:C 

GO800 82% 18% 0.22 

GO900 94.7% 5.3% 0.056 

 

 

Figure 6.2. 2 Relationship between P content (at.%) of the product and the amount of P 

source (mmol) for doping 67 mg GO at 800 and 900 oC. Adapted with permission from 

ref.153, copyright 2017, American Chemical Society. 
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Figure 6.2. 3 XRD patterns of GO mixed with TPA and TOP heated in oven at 60, 120 

and 180 oC for 12h. Adapted with permission from ref.153, copyright 2017, American 

Chemical Society. 

 

The XPS data shows that in all samples the percentage of O is greater than that of P. 

In those samples of which the amount of P incorporated in the graphene is <3%, the 

O:C ratio is significantly lower than that of the parent GO. Both the heat and P sources 

acting as reducing agents at high temperature contribute to the oxygen reduction (O/C 

ratios of GO treated at 800 and 900 oC are listed in Table 6.2.3). Comparison of the 

elemental composition of the samples PGO1.3TOP, 800 and PGO1.3TBP, 800 suggests that 

TBP is a poorer reducing agent than TOP and less efficient at P-doping the GO. Studies 

performed at different annealing temperatures show that for TOP an increase in 

annealing temperature favours P doping whilst for TPA and the mixed TOP-TPA system 

P doping is enhanced at the lower temperature. For synthesis using a single source of P, 

the amount of P in the final material increases with the number of mmol of P sources. 

When 7 mmol of TPA are added to 67 mg of GO and annealed at 800°C, a P-doping 

level of 10.19% is achieved, higher than reported in literatures387, 393, 394, 400.   

7.77% P-doping can be achieved using only 2.3 mmol of P source when a mixed 
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system is used, 1 mmol TPA with 1.3 mmol TOP, pointing to a synergistic effect in this 

mixed source system, see Figure 6.2.2. To investigate why the mixed TPA-TOP system 

leads to more efficient doping of the GO, XRD studies were performed on GO and GO 

plus P precursor systems prior to high temperature annealing. The GO was mixed with 

measured quantities of surfactant, the system dried at temperatures of 60°C, 120°C and 

180°C for 12 hours and the XRD recorded, Figure 6.2.3. Analysis of the (002) peaks 

obtained for a drying temperature of 180°C shows that the distance between the GO 

sheets is 0.349 nm, 0.400 nm, 0.410 nm and 0.433 nm for GO, 67 mg GO mixed with 

1 mmol TPA, 67 mg GO mixed with 1.3 mmol TOP and 67 mg GO mixed with 1 mmol 

TOP + 1.3 mmol TPA, respectively. The increased distance between the GO layers in 

the mixed system suggests that the combination of P containing surfactants can more 

readily penetrate the space between the GO layers. 

 

Figure 6.2. 4 N2 adsorption/desorption isotherms and pore size distribution of (a) 

PGO1TPA+1.3TOP,800, (b) PGO1TPA, 800, (c) PGO1.3TOP, 800 and (d) PGO7TPA, 800. Adapted with 

permission from ref.153, copyright 2017, American Chemical Society. 
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Figure 6.2. 5 (a) P 2p and (b) O 1s high-resolution XPS spectra of PGO1TPA+1.3TOP,800. 

Adapted with permission from ref.153, copyright 2017, American Chemical Society. 

 

Figure 6.2. 6 (a, b) Raman spectra of GO, PGO1TPA+1.3TOP,800, PGO1TPA, 800 and PGO1.3TOP, 

800. (c) Raman mapping of the D-band to G-band intensity ratio (ID/IG), ID and IG. 

Adapted with permission from ref.153, copyright 2017, American Chemical Society. 

 

Figure 6.2. 7 (a) TEM image and (b) HRTEM image of PGO1TPA+1.3TOP,800. (c) SAED 

and (d-f) EDX elemental mapping images of PGO1TPA+1.3TOP,800. Adapted with 

permission from ref.153, copyright 2017, American Chemical Society. 
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Figure 6.2. 8 (a) AFM image of PGO1TPA+1.3TOP,800 and (b) the thickness. Adapted with 

permission from ref.153, copyright 2017, American Chemical Society. 

 

  Gas adsorption studies indicate the specific surface areas (SBET) of PGO1TPA+1.3TOP, 800, 

PGO1TPA, 800, PGO1.3TOP, 800 and PGO7TPA,800 are 99.5 m2 g-1, 113 m2 g-1, 295.7 m2 g-1 

and 132.6 m2 g-1 with total pore volume (Vt) values of 0.13 cm3 g-1, 0.11 cm3 g-1 and 

1.27 cm3 g-1 and 0.14 cm3 g-1, respectively (Figure 6.2.4). The high specific surface 

area observed when TOP is used as a P source suggests that this surfactant is able to act 

as both a P-doping agent and better separate the graphene layer. The percentage of O 

present in the PGO samples with low percentages of P are significantly lower than the 

amount of oxygen present in the initial GO indicating that TBP, TOP and TPA all act as 

strong reducing agents when annealing is performed at high temperature in an inert 

atmosphere. When the amount of P source employed in the synthesis, and hence the 

reducing power, is increased to increase P-doping, the amount of oxygen in the product 

also increases suggesting P-O bonds are present in the final material. High-resolution P 

2p and O 1s XPS spectra were employed to probe the surface chemistry of the as-

prepared PGO samples, see Figure 6.2.5. The P2p spectrum of PGO1TPA+1.3TOP,800 can 

be deconvoluted into three peaks that are assigned to P-C (I), P=O/P-O-P (II) and P-O 

(III)400, 401. The O 1s XPS spectra indicate that the as-prepared PGO contains bridging 
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oxygen, -O- and P-O-H bonding (II, III). The O1s XPS spectrum also shows a peak at 

531.4 eV which can be assigned to either C=O and/or P=O (I)402-404 and the peak at 

534.6eV is due to absorbed H2O and O2 (IV).  

Measurements of the change of ratio between the intensity of the Raman G band 

peak, due to in plane motion of the sp2 carbons, and the Raman D band peak, a result 

of out of plane vibrations, was employed to determine the change in defect density on 

doping. Raman spectra, measured using a 514 nm laser source, of GO, PGO1TPA+1.3TOP, 

800, PGO1TPA, 800 and PGO1.3TOP, 800 are displayed in Figure 6.2.6a. An increase in the 

ID:IG ratio is apparent upon P-doping indicating that the reaction leads to an increase in 

the defect density in the 2D material. In all cases an increase in the defect density is 

observed upon P-doping. The full width at half maximum (FWHM) of the G band of 

PGO1TPA+1.3TOP,800 is 54 cm-1, smaller than GO (66.5 cm-1). Change in FWHM indicates 

that the P doping stiffens G-mode phonons405, consistent with increased charge carrier 

concentration. The PGO samples all show a downshifted G-mode compared with GO, 

suggesting π–p* conjugation due to the formation of P-C bonds406 and weakening of 

the C-C bonds. The FWHM of 2D band of PGO is larger than GO (Figure 6.2.6b) and 

2D-mode is upshifted after doping. The shift of 2D mode and scattered line width on P 

doping suggests PGO is hole-doped369. Raman mapping of the ID, IG and ID/G peak 

intensities, Figure 6.2.6c, indicates a uniform distribution of defects post doping405, 407. 

  The selected area electron diffraction pattern and HRTEM image of PGO1TPA+1.3TOP, 

800, in Figure 6.2.7(a-c) shows no long range order in the annealed material. The 

elemental mapping of PGO1TPA+1.3TOP, 800 demonstrates that the P is uniformly 

distributed on the surface, Figure 6.2.7(d-f). The atomic force microscopy (AFM) 

image of PGO1TPA+1.3TOP, 800 and corresponding line profiles are depicted in Figure 

6.2.8a and b. The AFM gives a range of material thicknesses between 2.34 and 5.03 

nm, given the distance between GO layers is approximately 1 nm340 the estimated 

number of layers in the as-prepared P doped materials is 2 to 5.  

6.2.4 Charge Storage Performance of PGO 
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Figure 6.2. 9 Electrochemical characterization of PGO. (a) CV curves of PGO7TPA, 800 

at different scan rates from 0.05 to 5 V s-1. (b) Voltage profiles of PGO1TPA+1.3TOP,800  

across different voltage ranges at 2 A g-1. (c) CV curves of Au substrate and PGO7.77% 

loaded Au at 100 mV s-1. (d) Relationship between the specific capacitance of PGO and 

P at.% content at current densities of 2 and 3 A g-1. Adapted with permission from ref.153, 

copyright 2017, American Chemical Society. 

 

The as-prepared PGO samples display quasi-rectangular CV curves, even at a scan 

rate of 5 V s-1 (Figure 6.2.9a) and triangular shaped charge-discharge curves in the 

potential range 0.0 to -0.5 V (Figure 6.2.9b). Control experiments indicate that the 

electrochemical characteristics of the current collector in the working electrolyte and 

Au substrate contribute negligibly to the measured responses (Figure 6.2.9c). The 

specific capacitance of the PGO tested at both 2 A g-1 and 3 A g-1 increases with the 

atomic % of P in the material (Figure 6.2.9d). The sample with the highest P content, 

10.19%, displays capacitances of 132.4 F g-1 and 95.7 F g-1 at 2 A g-1 and 10 A g-1, 

exhibiting an energy density of 3.3 Wh kg-1 at a power density of 500 W kg-1 and an 

energy density of 2.5 Wh kg-1 at a power density of 2.5 KW kg-1 respectively.  
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Table 6.2. 4 The parameters of components in the fitted equivalent circuit for the 

samples GO, PGO1TPA, 800 and PGO1TPA+1.3TOP, 800 after 5 CV cycles at 0.5 V s-1. Adapted 

with permission from ref.153, copyright 2017, American Chemical Society. 

Sample R R1 CPE1-T CPE1-P R2 CPE2-T CPE2-P 

GO 0.665 3181 4E-4 0.89 - - - 

Error/% 0.99 4.41 1.28 0.25 - - - 

PGO1.76% 0.532 9.781 1.2E-3 0.78 2075 2.2E-3 0.884 

Error/% 0.41 1.63 2.3 0.38 2.74 0.45 0.28 

PGO7.77% 0.522 4.451 1.2E-2 0.59 8769 5.5E-3 0.894 

Error/% 0.83 5.71 5.59 1.33 47.1 0.68 0.56 

 

 

Figure 6.2. 10 (a) Ragone plot of PGO. Cycling performance of (b) PGO10.19% at 10 

A g-1 and (c) PGO7.77% at 15 A g-1 in 0.5~0 V vs. MOE in 6 M KOH. Adapted with 

permission from ref.153, copyright 2017, American Chemical Society. 
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Figure 6.2. 11 (a) Nyquist plots and (b) Bode plots of GO, PGO1TPA, 800 and 

PGO1TPA+1.3TOP, 800 after 5 CV cycles at 0.5 V s-1 and corresponding fitted results. GO is 

fitted by the model in (d) and the other two are in (e). (c) Nyquist plots of GO, PGO1TPA, 

800 and PGO1TPA+1.3TOP, 800 after 1000 CV cycles at 0.5 V s-1. Adapted with permission 

from ref.153, copyright 2017, American Chemical Society. 

 

The increase in P content enhances the energy density from 0.72 to 4.6 Wh kg-1 at 

500 W kg-1 for the samples with P content of 0.55% and 10.19% respectively, see 

Ragone plot in Figure 6.2.10a. The highly P-doped samples, 10.19% and 7.77%, 

deliver promising cycling performance (Figure 6.2.10b and c). PGO7TPA, 800 cycled at 

10 A g-1 retains a specific capacitance of 90 F g-1 with a coulombic efficiency of 96.3% 

after 5000 galvanostatic charge/discharge cycles and PGO1TPA+1.3TOP, 800 cycled at 15 A 

g-1 maintains 70.4 F g-1 with an efficiency of 82.7% after the same number of cycles. 

Compared to GO, the specific capacitance of the highly doped PGO is enhanced in 

terms of both magnitude and stability.  
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The increased capacitance with P doping is also observed in the electrochemical 

impedance analysis of the electrodes, the Nyquist plot after 5 cycles of GO, 

PGO1TPA+1.3TOP, 800 and PGO1TPA, 800 are shown in Figure 6.2.11a and the bode plots in 

Figure 6.2.11b. Nyquist and Bode plots after 1000 cycles for the same samples are 

displayed in Figure 6.2.11c. The equivalent circuits used to fit the data are shown in 

Figure 6.2.11d and e and the values of the elements that yield the best fit to the data 

points, solid lines in the figures, are provided in Table 6.2.4. In addition to capacitive 

components of higher magnitude upon P doping the EIS data also points to two time 

constants for charging the electrode in the presence of P and only a single time constant 

for GO electrode. The increase in capacitance with increased P doping does not follow 

the change in the surface area with doping. To explain why addition of P to GO 

increases capacitance and results in two time constants in EIS, DFT were conducted. 

6.2.5 Structure Simulation of PGO  

 

Figure 6.2. 12 Structure of P-doped graphene oxide. (a) and (b): Low-energy 

configurations of GO with adsorbed P atoms. (c) and (d): Low-energy configurations 

of GO with substitutional P atoms. Circles denote P atoms which are bonded to O atoms. 

The yellow is carbon, green is phosphorus, red is oxygen and blue is hydrogen atom. 

Adapted with permission from ref.153, copyright 2017, American Chemical Society. 
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To gain insight into the structure of PGO, DFT calculations were performed on GO 

sheets with phosphorus defects (see Methods section for computational details). Two 

types of defects were studied: (i) phosphorus atoms which are adsorbed to the GO sheet 

and (ii) substitutional phosphorus atoms which replace carbon atoms in the basal plane 

of the GO sheet. To identify favourable low-energy configurations of P defects of type 

(i), we employed the following procedure: by adding epoxy and hydroxyl groups as 

well as vacancies at random positions to pristine graphene, an undoped GO sheet was 

prepared. Next, adsorbed P atoms are added at random positions and the whole structure 

relaxed. This procedure was repeated for many different initial configurations and the 

relaxed configurations sorted according to their total energy. 

According to the calculated energy, Figures 6.2.12a and b exhibit the resulting low-

energy configurations of GO with adsorbed P atoms. Two scenarios are observed 

depending on the initial position of the P atom. If the P atom is initially in close vicinity 

(i.e. within 1 or 2 C-C bond lengths) of a vacancy or hole in the GO sheet, it will move 

to the vacancy or edge of the hole and pacify the available dangling bonds. Moreover, 

structures with particularly low energies exhibit P atoms at the edge of holes, which are 

bonded to one or more oxygen atoms. This explains our observation that samples with 

high P content also exhibit high O content, see Table 1, and is consistent with the XPS. 

Because of their large atomic radius, these bonded P atoms move above or below the 

GO basal plane and thereby enhance the specific surface area and specific capacitance 

of PGO. If, on the other hand, the P atom is initially located far from a vacancy or hole, 

it will form molecules with the oxygen and hydrogen atoms from epoxy and hydroxyl 

groups in its vicinity and desorb from the GO sheet. We also studied substitutional P 

defects in GO sheets. For this, we follow the same procedure as for the adsorbed P 

atoms, but instead of using a perfect graphene sheet as starting point, we employ a 

graphene sheet with several C atoms replaced by P atoms. After relaxation, we find that 

substitutional P atoms are stable and form low energy configurations when bonded to 

one or more oxygen atoms, see Figures 6.2.12c and d.  

The comparison of the relative concentrations of adsorbed and substitutional P atoms 

in GO sheets is difficult, because each of the configurations obtained in the previous 
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analysis features many different types of defects. To make progress, we compare the 

formation energies of adsorbed and substitutional P atoms in a graphene sheet with a 

single vacancy. Assuming that the substitutional P atom replaces a C atom located far 

from the vacancy and that the adsorbed P atom pacifies the dangling bonds at the 

vacancy site, we find that the formation energy of substitutional P atoms is higher than 

that of adsorbed P atoms by the formation energy of a vacancy in graphene, 8 eV. This 

indicates that formation of adsorbed P atoms is favourable in graphene oxide.  

 

Figure 6.2. 13 Comparison of charge distribution in the electrolyte of (a) graphene, (b) 

graphene oxide and (c) PGO for an applied voltage of 1 eV with respect to the point of 

zero charge. Isosurfaces of positive and negative charge are blue and red, respectively. 

Yellow atoms are carbon, red are oxygen and green are phosphorus. Adapted with 

permission from ref.153, copyright 2017, American Chemical Society. 

 

Simulation of PGO-electrolyte interface was carried out to study the electrochemical 

properties of PGO using joint density-functional theory framework408, 409. Here, the 

aqueous electrolyte is described by a local dielectric function 𝜖(𝑟) and a local inverse 

Debye screening length 𝜅(𝑟), whose spatial behaviour at the solid-liquid interface is 

determined by the electron density of the PGO electrode. To compute the capacitance 
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of graphene oxide, we carried out calculations at an applied voltage of 1 V from the 

point of zero charge and determined the charge on the electrode.  

From these calculations, we identified two mechanisms that contribute to the 

enhancement of the specific capacitance in PGO: i) increase of interlayer separation 

and ii) strong polarity of P-O groups. In particular, we observe that the capacitance of 

graphene trilayer approximately doubles as the interlayer separation is increased from 

the graphite value of 3.4 Angstrom to 4.7 Angstrom and then saturates. As the 

separation between the graphene sheets increases, electrolyte fills the space between 

the sheets and creates additional double layers which can store charge, see Figure 

6.2.13a. Comparing the charge distributions in the electrolyte for graphene, GO and 

PGO, displayed in Figure 6.2.13a-c, we find that polar surface groups in GO and PGO 

significantly modify the structure of the electrochemical double layer. For graphene and 

graphene oxide, the negatively charged electrode induces a (mostly) positive charge 

distribution in the electrolyte. Surprisingly, for PGO we observe a thin layer of negative 

charge in the electrolyte adjacent to the negatively charged electrode followed by a 

layer of positive charge. We attribute this structure, which enhances the charge storage 

capability of PGO, to the strong polarity of the P-O groups. A Löwdin population 

analysis reveals that P atom in PGO loses 1.6 electrons and therefore carries a large 

positive charge which attracts negative ions more strongly. 

6.2.6 PGO Immobilizer for SnS2/SnO2 in Lithium Storage 

 

Figure 6.2. 14 XRD patterns of the formed SnS2/SnO2 and SnS2/SnO2/PGO composites. 

The reference patterns are tetragonal SnO2 and hexagonal SnS2. 
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Figure 6.2. 15 (a, c, d) TEM and HRTEM images of the as-formed SnS2/SnO2/PGO 

composites. (b) Electron diffraction pattern of an area in a.  

 

Figure 6.2. 16 (a) STEM and (b-f) EDX elemental mapping images of the as-formed 

SnS2/SnO2/PGO composites. The elements are C, O, P, S and Sn. 
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Figure 6.2. 17 High-resolution XPS of (a) Sn 2p and (b) S 2p of the formed SnS2/SnO2 

and SnS2/SnO2/PGO composites. 

 

Heterostructured SnS2/SnO2 composite was synthesized through the annealing in Ar 

at 180 oC of the hydrothermally formed SnS2. SnS2/SnO2/PGO composite was prepared 

via the same protocol but from a hydrothermal product, PGO/SnS2. The XRD patterns 

in Figure 6.2.14 indicate that the obtained SnS2/SnO2 and SnS2/SnO2/PGO consist of 

tetragonal SnO2 (P42/mnm) and hexagonal SnS2 (P-3m1). There is a strong X-ray 

diffraction for the (002) plane in SnS2/SnO2/PGO signifying a preferred crystal growth 

along the c axis in comparison with SnS2/SnO2. For two-dimensional materials, the 

decreased in-plane sheet stacking and c dimension can greatly increase the (002) 

diffraction intensity. Thus, the SnS2 component may have a shorter c dimension in 

SnS2/SnO2/PGO than SnS2/SnO2, resulting from the addition of PGO in the 

hydrothermal reaction. The (002) diffraction position of SnS2/SnO2/PGO shows a left-

shift compared with SnS2/SnO2, with the d space enlarging from 5.9 to 5.95 Å, 

indicating that the compositing PGO layers sit between the two-dimensional sheets of 

SnS2/SnO2 and separate the stacked structure.   

  The morphology of SnS2/SnO2/PGO was studied by TEM and the images are 

displayed in Figure 6.2.15. The TEM image in Figure 6.2.15a indicates the obtained 

composite was formed by small-size sheets of both SnS2/SnO2 and PGO. The selected 

area diffraction pattern of the sheet structure in Figure 6.2.15b shows polycrystalline 

characteristics, consistent with the PXRD results. The layer edges of the composite 

were clearly revealed in Figure 6.2.15c confirming the two-dimensional materials are 
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maintained. The HRTEM image in Figure 6.2.15d shows tetragonal and hexagonal 

crystal structures, corresponding to the composited phase of SnO2 and SnS2 

respectively. The uniform elemental distribution mapping of C, O, P, S and Sn in the 

composite, as displayed in Figure 6.2.16 indicates the formed SnS2/SnO2 sheets are on 

the PGO sheets. 

  The epoxy and hydroxyl groups on graphene oxide are claimed to enhance the 

binding of sulphur to the C-C bonds because of the ripples induced by these groups386. 

In the structure of PGO, the phosphorus-oxygen groups protrude out of the ab plane of 

graphene structure and the large phosphorus atoms and long phosphorus-oxygen groups 

cause enhanced ripples on the surface. XPS was carried out to probe the surface bonding 

between the SnS2/SnO2 sheets and PGO sheets in the composite. Figure 6.2.17 

compares the high-resolution XPS of Sn 2p and S 2p of the formed SnS2/SnO2 and 

SnS2/SnO2/PGO composites. SnS2/SnO2/PGO displays lower binding energy in the 

XPS spectra of Sn 2p3/2 (486.88 eV vs. 486.98 eV) and S 2p3/2 (161.68 eV vs. 161.98 

eV), indicating a weakening of the chemical bond between the Sn and S in the 

composite after the incorporation of PGO. Sulphur has strong chemical interaction with 

the functional groups of GO and may lead to C-S bond386. In the structure of PGO, P 

atoms prefer to bond the oxygen functional groups and form strong dipole moments 

with O atoms, further enhancing the interaction environment of the sulphur in SnS2 and 

PGO in the composite, giving increased structural stability in the composite. 

6.2.7 Improvement in the Performance of Composites  
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Figure 6.2. 18 Voltage profiles of (a) SnS2/SnO2/PGO and (b) SnS2/SnO2 at specific 

current densities. (c) Cycling performance of the synthesized composites at 1 A g-1. 

 

  The specific capacities of SnS2/SnO2/PGO and SnS2/SnO2 composites were 

evaluated by the galvanostatic charge-discharge measurements at different current 

densities of 0.1, 0.2, 0.5 and 1 A g-1. As plotted in Figure 6.2.18a and b, the resulted 

specific discharge capacities of SnS2/SnO2/PGO are 781, 670, 561 and 481 mAh g-1 

and SnS2/SnO2 are 1341, 857, 597 and 423 mAh g-1 respectively. The capacity retention 

of SnS2/SnO2/PGO is 61.6%, much higher than 31.5% of SnS2/SnO2 although the 

composite of SnS2/SnO2 shows much higher capacities at 0.1, 0.2 and 0.5 A g-1. PGO 

in the composite greatly improves the rate performance for lithium storage through the 

enhanced interaction with the formed SnS2/SnO2 but may contribute a smaller specific 

capacity for storage of lithium ions. Figure 6.2.18c compares the cycling profiles of 

SnS2/SnO2/PGO and SnS2/SnO2 composites at 1 A g-1. After 500 cycles, the specific 

capacity of SnS2/SnO2/PGO is 238 mAh g-1 and SnS2/SnO2 is 128 mAh g-1, 

corresponding to capacity retention rates of 49.5% and 30.3% respectively. The 

improved capacity retention in rate and cycling of SnS2/SnO2/PGO is due to the 

immobilization of SnS2/SnO2 by the interaction of PGO sheets.  

6.2.8 Research Summary 

  P-doped graphene oxide (PGO) was used as an immobilizer for the heterostructured 

SnS2/SnO2 by forming chemical interaction, resulting in improved current-rate and 

cycling performance of the prepared composites during the electrochemical lithium 

storage. In PGO, the protruding P atoms lose electrons giving large dipole moments 

with the oxygen atoms, enhancing the chemical interaction with the composited 
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heterostructures. Highly doped PGO was prepared by the thermal decomposition of the 

phosphorus containing surfactants; TPA, TBP and TOP with the GO matrix. DFT 

calculations show that the doped phosphorus atoms prefer to adsorb to defects in the 

GO sheet rather than substitute for carbon atoms in the basal plane of the GO sheet. The 

doping of phosphorus atoms can improve the charge storage capability by increasing 

interlayer separation of GO and the strong polarity of P-O groups leading to specific 

adsorption of ions at the surface.  

 

6.3 Sulfidation of ZnO to Optimize Reaction Interface 

6.3.1 Introduction 

Electrode materials for LIBs dominate the storage performance and should 

offer high specific capacity, widespread availability, be environmentally benign, 

exhibit good conductivity and stability. Whilst many metal oxides are able to 

meet the first three of these criteria, they are not employed in devices because of 

the unsatisfactory conductivity and poor stability41. The instability of many metal 

oxide based Li-battery anodes stems from the large volume changes during 

lithiation-delithiation; for example, bulk ZnO has a volume change of 228% in 

charging and discharging. Preparing nanosized metal oxides of well-defined 

architecture has been demonstrated as a means to mitigate the large volume 

change and reduce the distance ions diffuse. The pyrolysis of MOFs offers facile 

routes to metal oxide-carbon nanocomposites with defined structure90, 137, 410. 

MOF-5, also called IRMOF-1, has been carbonized in a nitrogen atmosphere at 

550 oC to obtain hierarchically porous carbon-coated ZnO quantum dots (QDs)85. 

The resultant ZnO QDs, with mean particle size of 3 nm, show uniform 

dispersion without agglomeration in the carbon matrix and the ZnO 

QDs@porous carbon delivers promising storage performance in lithium-ion 

batteries. However, the so-called ZnO QDs are highly dependant on the quality 

of the MOFs, and the pyrolysis method used affects the crystal size, especially 

for MOFs with distorted metal oxide clusters, common for MOF-592, 411-415. 
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Xie416 et al. and Wang417 et al. have demonstrated that introducing metal 

nanoparticles into a zinc oxide-carbon composite improves electron transport. It 

is reported that the as formed materials show enhanced reversible capacitance, 

improved rate performance and greater stability.        

Zinc sulfide has a slightly lower theoretical capacity than that of zinc oxide 

but the percentage volume change on lithiation-delithiation is reduced, 

suggesting that anodes incorporating zinc sulfide will be more stable than zinc 

oxide anodes. Fu418 et al. prepared a ZnS-carbon composite by reacting 

carbonized ZnO from pyrolysis of MOF-5 with thioacetamide in an autoclave for 

24 h. It was demonstrated that the resultant precipitate was an excellent anode 

material in a Li-ion battery. Sulfidation of ZnO has also been employed to 

prepare materials for supercapacitors419. It was demonstrated that partial 

sulfidation of ZnO yielded a beneficial ZnO@ZnS material that possessed high 

capacity and excellent stability. The interface effect in the nanocrystals of the 

heterostructure induces electric fields resulting in low ion-diffusion resistance 

and facile electron transfer68, 215.   

In this secion, the surface sulfidation was performed on ZnO produced by the 

pyrolysis of distorted MOF-5. Silver sulfide (Ag2S) quantum dots (SSQD) were 

anchored into the formed ZnO@C matrix through a hydrothermal reaction. It is 

demonstrated that the decomposition of Ag2S QDs within ZnO-carbon matrix 

resulted in introduction of metal nanoparticles to enhance electron transport and 

connectivity, and partial sulfidation of the surface of ZnO to improve materials 

stability, thus contributing enhanced capacity and cyclability. 

6.3.2 Material Preparation and Characterization 

Synthesis of MOF-5: 0.95 g terephthalic acid and 5.03 g Zn(NO3)2·6H2O were 

dissolved in 80 mL N,N-dimethylacetamide (DMA) in a 100 mL flask at room 

temperature. The solution was continuously stirred at 600 rpm and refluxed at 120 oC 

for 17 h, heating rate, 5 oC min-1. The precipitate was collected after cooling down and 

washed with DMA three times before drying under vacuum overnight at 80 oC. 

Synthesis of ZnO@C: The prepared MOF-5 was sintered at 550 oC and 700 oC in 
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Ar, heating was performed at a rate of 8 oC min-1 followed by direct cooling. The 

samples were denoted as ZnO@C550 and ZnO@C700, respectively. 

  Synthesis of C550: 240 mg of ZnO@C550 was mixed with 30 mL 3 mol L-1 KOH 

solution and stirred overnight. The precipitate was centrifuged and washed with water 

to remove K+ ions before drying in an oven at 80 oC. The powder was denoted C550. 

Synthesis of ZnO@CC: 180 mg ZnO@C550 was added to 20 mL of 0.1 mol L-1 

solution of glucose and stirred for 30 min before transfer to the 120 mL autoclave. The 

autoclave was put into the oven and heated at a rate of 5 oC min-1 to 180 oC, left for 2 h 

and then cooled down to room temperature. The solution was then filtered and washed 

with ethanol and water several times before drying in vacuum at 80 oC. 

Synthesis of Ag2S quantum dots (SSQD): Silver sulphide (Ag2S) quantum dots 

(SSQD) were synthesized via thermal-decomposition of silver diethyldithiocarbamate, 

Ag(DDTC) as described in the literature420. Briefly, 0.1 mmol of Ag(DDTC) was added 

to 10 g of 1-dodecanethiol (DT) in a 100 mL three-necked flask at room temperature. 

Oxygen was removed from the slurry with vigorous magnetic stirring under vacuum 

for 5 min. The reaction flask was refilled with Ar and the reaction temperature was 

raised to 130 °C at a rate of 10 °C min-1 and retained at this temperature for 1 min to 

allow the growth of 2.7 nm SSQDs. The solution was cooled to room temperature under 

ambient atmosphere and 50 mL of ethanol was subsequently poured into the solution. 

Ag2S QDs were collected by centrifugation at 16,000 g for 30 minutes. In order to 

render Ag2S QDs hydrophilic with a carboxylic acid group capping, ligand exchange 

of DT with dihydrolipoic acid (DHLA) was performed.421 A mixture of as-prepared 

Ag2S QDs (10 mg), cyclohexane (15 mL), ethanol (15 mL), and DHLA (100 g) was 

stirred at room temperature for 48 h. The hydrophilic Ag2S QDs were collected by 

centrifugation at 16,000 g for 1 h, washed with deionized water twice, redispersed in 

deionized water and stored at 4 oC in the dark. This experiment was carried out by Dr. 

Ioannis G. Theodorou at Imperial College London. 

Synthesis of SSQD inlayed ZnO/C: 200 μL of SSQD solution (5 mg mL-1) was 

mixed with 20 mL 0.1 mol L-1 solution of glucose by stirring. Then 180 mg ZnO@C550 

was added and stirred for 30 min before transfer to the 120 mL autoclave. The autoclave 
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was put into the oven and heated at a rate of 5 oC min-1 to 180 oC, left for 2 h and then 

cooled down to room temperature. The solution was filtered and washed with ethanol 

and water several times before drying in vacuum at 80 oC. The powder was heated in 

Ar at a rate of 2 oC min-1 to 550oC and heated for 5 h to transfer SSQDs into ZnO@C, 

the product denoted as ZnO@CC/SSQDm. Similarly, when 600 μL SSQD solution was 

used with 180 mg ZnO/C550, the product was labelled ZnO@CC/SSQD3m. 

  Materials Characterization: Charge/discharge of batteries were helped by Rowena 

Brugge at Imperial College London and Ian D. Johnson at University College London. 

Nitrogen adsorption/desorption was performed by Tingting Zhao and Yuchen Yang at 

University College London. Clare H. Burgess helped STEM at Imperial College London. 

Alvin Lukai Lim at University College London assisted the assembly of testing cells. 

6.3.3 Sulfidation of ZnO@C  

 

Figure 6.3. 1 (a) Schematic of MOF-5; red spheres are O atoms, white are H, black are 

C and blue are Zn. (b) XRD patterns of MOF-5. XRD patterns of the pyrolysed metal 

oxide ZnO@C550, ZnO@CC/SSQDm and ZnO@CC/SSQD3m in (c) and ZnO@CC and 

ZnO@C700 in (d). Adapted with permission from ref.70, copyright 2017, American 

Chemical Society. 
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Figure 6.3. 2 (a) TEM image, (b) HRTEM image, (c) Size distribution and (d) EDX of 

as-prepared SSQD. Adapted with permission from ref.70, copyright 2017, American 

Chemical Society. 

 

  MOF-5 was synthesized by refluxing terephthalic acid (H2BDC) and 

Zn(NO3)2·6H2O in N,N-dmethylacetamide (DMA). MOF-5 has a chemical 

formula of Zn4O(BDC)3 and has a cubic structure, as depicted in Figure 6.3.1a. 

The central cluster of MOF-5 is zinc oxide, resulting from the combination of 

Zn2+ and carboxylic acid, and the Zn-O-C motifs are formed and linked with 

benzene struts422, 423. The XRD patterns of the as-synthesized MOF-5 are 

displayed in Figure 6.3.1b in comparison with the calculated MOF-5 and ZnO. 

The patterns at a 2θ value greater than 30°displays peaks that match those of 

zincite. At lower angles, the positions of the peaks are in good agreement with 

those calculated for MOF-592, 411, 412. However, the measured intensities of the 

XRD peaks, especially at low-angles, are different from those calculated and 

published415, 424. It was reported that this discrepancy may result from species, 

e.g. Zn(OH)2, in the pores that can reduce the intensity of the diffraction at 6.9° 

and split the peak at 9.7°, owing to a symmetry distortion from cubic to trigonal.  

On pyrolysis of the as-formed MOF at 550 °C and 700 °C in an Ar atmosphere, 

denoted ZnO@C550 and ZnO@C700 respectively, composites containing 

zincite (ZnO) are obtained, as evidenced by the XRD patterns in Figure 6.3.1c 
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and d. The crystal size of ZnO in ZnO/C550, calculated by application of the 

Scherrer equation on the (103) peak, is 25 nm resulting from the distorted metal 

cluster in the MOFs. When ZnO/C550 was placed in a glucose solution, 

hydrothermally treated and the recovered solid calcined at 550 °C, the XRD 

pattern of the resultant solid, ZnO@CC, indicated that the zincite was maintained 

throughout the processing.  

Zincite is also observed in the XRD patterns obtained when SSQDs are added 

to the glucose solution at Zn to Ag ratios in mass of 180:1 and 60:1 prior to 

processing, samples termed ZnO@CC/SSQDm and ZnO@CC/SSQD3m, 

respectively. The used SSQDs have a particle size around 2.7 nm, as revealed in 

Figure 6.3.2. The XRD patterns of the sample infused with larger concentration 

of SSQDs, ZnO@CC/SSQD3m, exhibit weak features at 2θ angles of 38.1 o and 

44.2 o consistent with the (111) peaks and (200) peaks of silver metal, indicating 

the silver sulfide particles undergo thermal decomposition to give the silver 

nanoparticles in the resultant material matrix. 

 

Figure 6.3. 3 N2 isotherms of (a) ZnO@C550, (b) ZnO@CC and (c) ZnO@CC/SSQDm. 

Adapted with permission from ref.70, copyright 2017, American Chemical Society. 

 

Figure 6.3. 4 TGA/DSC of (a) ZnO@C550, (b) ZnO@CC and (c) ZnO@CC/SSQDm. 

Adapted with permission from ref.70, copyright 2017, American Chemical Society. 
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N2 adsorption/desorption isotherms of ZnO@C550, ZnO@CC and 

ZnO@CC/SSQDm shown in Figure 6.3.3 display typical type IV curves. The 

Brunauer–Emmett–Teller (BET) theory was used to deduce the surface area of 

all the samples, the pore size distributions of ZnO@C550 and ZnO@CC/SSQDm 

were determined using the Barret-Joyner-Halenda (BJH) method on account of 

their mixed macroporosity and mesoporosity, Density Functional Theory (DFT) 

was employed to find the pore size distribution of the mesoporous ZnO@CC 

sample. ZnO@C550 has a BET surface area of 222 m2 g-1, with pore sizes 

distributed around 49 and 545 nm and a pore volume of 0.352 m3 g-1. ZnO@CC 

has a BET surface area of 252 m2 g-1, a pore size below 20 nm and a pore volume 

of 0.387 m3 g-1. ZnO@CC/SSQDm shows 231 m2 g-1 with pore sizes around 41 

and 576 nm and a pore volume of 0.366 m3 g-1. The enlarged surface area and 

pore volume of ZnO@CC and ZnO@CC/SSQDm indicates that the glucose 

penetrated into the pores larger than micron size is then decomposed in the 

hydrothermal and calcination treatments to yield amorphous carbon which 

contributes to the larger pore area and volume310. The total carbon contents of 

ZnO@C550, ZnO@CC and ZnO@CC/SSQDm are 20%, 17.4% and 14.3%, 

respectively, deduced from the TGA profiles in Figure 6.3.4.  

 

Figure 6.3. 5 Raman spectra of ZnO@C550 and ZnO@CC/SSQDm. Adapted with 

permission from ref.70, copyright 2017, American Chemical Society. 
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Figure 6.3.5 displays the Raman spectra of ZnO@C550 and 

ZnO@CC/SSQDm. ZnO has optical phonons represented as A1, E1, 2E2 and 2B1 

amongst which the A1 and E1 modes are polar modes active for both Raman and 

Infrared, the E2 mode is nonpolar only active for Raman and the B1 mode is a 

silent mode425. A1 and E1 modes split into longitudinal (LO) and transverse (TO) 

components, and the E2 mode comprises low-frequency phonons, E2(L), and 

high-frequency phonons, E2(H). The bands around 435 and 327 cm-1 (inset) are 

due to the E2(H) mode and multi-phonon scattering consisting of predominant A1 

and smaller E2 and E1 symmetry425, 426. The bands at 1340 and 1589 cm-1 are 

typical D and G modes of carbon materials, and the intensity ratio of ID/IG is 

indicative of the fraction of graphite structure310. The ID/IG ratios of 

ZnO@CC/SSQDm and ZnO@C550 are 0.83 and 0.95 respectively, indicating 

that the degree of graphitization increases as glucose decomposes in ZnO@C550. 

 

Figure 6.3. 6 SEM images of (a, b) Zn-MOF, (c) ZnO@C550, (e, f) ZnO@C700. EDX 

elemental mapping of zinc in a cube of ZnO@C550. Adapted with permission from 

ref.70, copyright 2017, American Chemical Society. 
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Figure 6.3. 7 SEM images of (a) ZnO@CC/SSQDm, (b) ZnO@CC/SSQD3m and (c) 

C550. (d) XRD patterns of C550. (e-i) Elemental mapping of C, O, Zn, S and Ag in 

ZnO@CC/SSQD3m. Adapted with permission from ref.70, copyright 2017, American 

Chemical Society. 

 

SEM image of the as-prepared MOF-5 in Figure 6.3.6a shows a cubic 

microstructure with a rough surface. The surface is patterned with spherical 

solids of approximately 1 μm inlayed into the MOF-5 matrix (Figure 6.3.6b). 

After the pyrolysis at 550 oC the resultant ZnO@C550, Figure 6.3.6c, is 

transformed into a highly porous structure in which the cubic sized particles of 

the parent MOF are maintained. The elemental mapping in Figure 6.3.6d 

indicates that Zn is uniformly distributed in the ZnO@C550. In contrast at a 

higher temperature of 700 oC, the formed ZnO@C700 has a destroyed cubic 

structure, containing smaller sized features, as displayed in Figure 6.3.6e-f.  
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The hydrothermal processing of ZnO@C550 with SSQDs-contained glucose 

solution followed by annealing at 550 °C maintains the cubic microstructure, as 

revealed in Figures 6.3.7a and b. The microstructure in Figure 6.3.7c is C550 

formed by processing ZnO@C550 in a strong base to dissolve ZnO, and the XRD 

patterns in Figure 6.3.7d with a broad peak at 22o indicates the amorphous state 

of carbon in C550427. EDX elemental mapping of ZnO@CC/SSQD3m, Figure 

6.3.7e-i, shows Ag agglomerates and a uniform distribution of C, O and Zn. The 

EDX spectra in Figure 6.3.7h also shows the presence of S in the composite, the 

nature of the S in the material is discussed below.  

 

Figure 6.3. 8 (a) TEM image and (b) SAED of ZnO@CC/SSQDm. (c) The angles 

between two lattice planes in the reciprocal space seen from (c) [010] and (e) [1,-1,-1] 

direction. (d) HRTEM image of ZnO@CC/SSQDm, the inset is the FFT pattern from 

the mixed area. (f) Stereographic projection to show the related reciprocal points. (g) 

DF STEM images of ZnO@CC/SSQDm. (h) TEM image of C550 and (i) SAED pattern. 

Adapted with permission from ref.70, copyright 2017, American Chemical Society. 
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Figure 6.3. 9 High resolution XPS spectra of (a) Ag 3d, (b) S 2p and (c) Zn 2P3/2 of 

ZnO@CC/SSQDm. XPS survey of (d) ZnO@CC/SSQDm and (e) ZnO@CC/SSQD3m. 

Adapted with permission from ref.70, copyright 2017, American Chemical Society. 

 

  ZnO@CC/SSQDm was subject to intense sonication to destroy the cubic 

microstructure and yield particles suitable for TEM analysis. Figure 6.3.8a 

shows the TEM image of ZnO@CC/SSQDm containing the nanosized 

components and a selective area electron diffraction (SAED) pattern of the 

circled sample is displayed in Figure 6.3.8b. Two unrelated reciprocal points 

from (101) planes are observed, pointing to interpenetration of ZnO crystals with 

random lattice orientations. The axes labelled a and c are at an angle of 90o and 

the reciprocal points of the (101) and (103) planes from a single zincite crystal 

have an angle of approximately 30o (see Figure 6.3.8c). Comparing θ1 and θ2, 

the point circled is formed from the second crystal. The polycrystalline nature of 

the material is confirmed in the HRTEM image in Figure 6.3.8d in which the 

(103) and (110) lattice planes of ZnO are both observed. The two (110) planes 

show different orientations, indicating they originate from different ZnO crystals. 

The Fast Fourier Transform (FFT) image of the lattice mixed area is displayed in 

the inset. In reciprocal space the (110) plane is at 40o with respect to the (101) 
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plane when viewed along the [1,-1, -1] direction (Figure 6.3.8e) and the 

stereographic projection, see Figure 6.3.8f, indicates that the (110) plane should 

be at an angle larger than 40o with respect to the (103) plane. Therefore, the red 

circled (110) plane in the inset corresponding to the green dotted plane (d=1.65 

Å) in HRTEM is from the second crystal. The bright field (BF) and dark field 

(DF) scanning transmission electron microscope (STEM) images in Figure 

6.3.8g and h illustrate the porous structure of ZnO@CC/SSQDm. That the carbon 

component is amorphous is confirmed by the TEM images of C550 and the 

corresponding electron diffraction patterns in Figure 6.3.8i.  

High-resolution XPS of Ag, S and Zn of ZnO@CC/SSQDm were carried out 

to study the categories of the chemical bonds. The spectrum of Ag 3d in Figure 

6.3.9a shows characteristics typical of a metal428. This spectrum contains two 

components: one at 368.3 eV for Ag 3d5/2 and the other at 374.3 eV for Ag 3d3/2, 

the difference in binding energy of 6 eV results from spin-orbital effects429. The 

orbital spin of silver metal leads to the loss of features at the higher binding 

energy side of each component. The intensity of the S 2p spectrum, Figure 

6.3.9b, is considerably weaker than that for Ag. The S 2p spectrum is consistent 

with the presence of ZnS and a very small amount of S in the as-prepared 

composite, with the absence of Ag-S confirming that SSQDs have transformed 

to Ag nanoparticles, in agreement with the Ag 3d XPS deconvolution and XRD 

analysis. The S 2p3/2 of ZnS is located at 161.7 eV and that of S is at 163.8 eV430. 

The spin-orbit of S 2p results in 1.16 eV difference between S 2p3/2 and S 2p1/2. 

In agreement, the Zn 2p spectrum, Figure 6.3.9c displays two 2p3/2 components 

at 1022.1 and 1021.9 eV pointing to Zn-O and Zn-S respectively430-432. The spin 

orbital of Zn 2p results in a pair of 2p3/2 and 2p1/2 with a difference of 23 eV in 

binding energy. The atomic ratio of S:Ag:Zn is 0.9:7.6:91.5 through the XPS 

survey of S 2p3/2, Ag 3d5/2 and Zn 2p3/2, see Figure 6.3.9d. The small amount of 

ZnS in the composite, consistent with a sub-monolayer of ZnS on the ZnO 

surface, explains the absence of ZnS signals in the XRD patterns and the Raman 

spectra. Figure 6.3.9e shows the atom ratio of S:Ag:Zn is 2.9:7:90.1 in 
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ZnO@CC/SSQDm, thus the ratio of ZnS:ZnO increased from 1:90 to 1: 30 when 

3-times more SSQDs are added in synthesis of ZnO@CC/SSQD3m. The content 

of Ag is found to be lower than that in ZnO@CC/SSQDm, indicating Ag particles 

have aggregated during sulfidation reaction, consistent with the EDX mappings.  

6.3.4 Facilitated Ion Diffusion after Sulfidation 

 

Figure 6.3. 10 CV of the samples. (a) Scan rate is 0.5 mV s-1 for comparison. (b) 

ZnO@C550 cycled at 0.1 and 0.2 mV s-1. (c) ZnO@CC at different scan rates. (d) First 

two cycles of ZnO@CC/SSQDm at 0.5 mV s-1. Adapted with permission from ref.70, 

copyright 2017, American Chemical Society. 

 

Table 6.3. 1 Integrated area of CV peaks around 0.5 V at 0.5 mV s-1 of ZnO@C550, 

ZnO@CC, ZnO@CC/SSQDm and ZnO@CC/SSQD3m 

Phase Area/ C g-1 

ZnO@C550 0.03066 

ZnO@CC 0.04662 

ZnO@CC/SSQDm 0.1090 

ZnO@CC/SSQD3m 0.1286 
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ZnO@C550, ZnO@CC, ZnO@CC/SSQDm and ZnO@CC/SSQD3m were used 

as the anode material in lithium-ion cells to study the electrochemical behaviour 

with lithium metal as the counter electrode. Figure 6.3.10a compares the cyclic 

voltammograms (CV) of the samples obtained between 0.01 and 3.00 V vs. 

Li+/Li at a scan rate of 0.5 mV s−1. The smaller areas under the CV curves of 

ZnO@C550 and ZnO@CC, in comparison to the samples ZnO@CC/SSQDm and 

ZnO@CC/SSQD3m, indicates a lower capacity for the former. This is confirmed 

by integration of the CV peak at 0.5 V where a larger capacity is observed when 

SSQDs are used in the processing (see Table 6.3.1). CV measured at 0.5 mV s−1 

of ZnO@CC/SSQDm shows more features that those of ZnO@C550, ZnO@CC 

and ZnO@CC/SSQD3m at the same scan rate. The additional peaks observed in 

ZnO@CC/SSQDm can be observed for all electrodes when lower scan rates are 

employed, for ZnO@C550 see Figure 6.3.10b, for ZnO@CC see Figure 6.3.10c 

and for ZnO@CC/SSQD3m see Figure 6.3.10d. The fact that the additional 

features are retained at higher scan rates for ZnO@CC/SSQDm electrodes points 

to an enhanced rate performance for this material. The CV curves of 

ZnO@CC/SSQDm have two cathodic peaks at 0.55 V and 0.2 V corresponding 

to the reduction of ZnO/ZnS to Zn, and the formation of Zn-Li alloys and/or the 

decomposition of electrolyte431, 433, 434. The multiple anodic peaks before 1 V 

result from the multi-step de-alloying reaction of LiZn, Li2Zn3, LiZn2 and Li2Zn5 

and the peak at 1.5 V is due to the decomposition of Li2O. 

 

Figure 6.3. 11 CV profiles of (a) ZnO@C550, (b) ZnO@CC/QQSDm and (c) 

ZnO@CC/SSQD3m. Adapted with permission from ref.70, copyright 2017, American 

Chemical Society. 
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Figure 6.3. 12 Relationship between logv and logi of (a) ZnO@C550 and (b) 

ZnO@CC/SSQD3m. The linear relationship between the anodic peak current (ip) and 

square root of scan rates of (c) ZnO@C550 and (d) ZnO@CC/SSQD3m. Adapted with 

permission from ref.70, copyright 2017, American Chemical Society. 

 

CV curves at different scan rates are shown in Figure 6.3.11 for ZnO@C550, 

ZnO@CC/SSQDm and ZnO@CC/SSQD3m. For ZnO@C550 the cathodic peak is 

extremely depressed at high rates and the anodic peak II moves to higher 

potential with increased scan rate. In contrast, for ZnO@CC/QQSDm the 

potential of the CV peaks is stable and for ZnO@CC/SSQD3m peak II downshifts 

with increasing scan rate. The upshift of the anodic peak with scan rate for 

ZnO@C550 points to high internal resistance in the system. SSQDs 

incorporation decreases the resistance, leading to lower distortion of the CV 

peaks for the ZnO@CC/QQSDm and ZnO@CC/SSQD3m systems. In cyclic 

voltammetry the peak current (ip) and scan rate (v) are related by the expression 

ip=avb, where b, the slope of the lg(v)-lg(ip) plot, has a value of 0.5 for a diffusion-

controlled and unity when charge transfer is surface-controlled.  
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Figures 6.3.12 a and b exhibit the relationship between lg(v) and lg(ip) of peak 

I and peak II from ZnO@C550 and ZnO@CC/SSQD3m, respectively. The b 

values from peak I and peak II of ZnO@C550 are 0.69 and 0.76 and for 

ZnO@CC/SSQD3m are 0.98 and 0.8 at a scan rate above 0.2 mV s-1. The switch 

to surface control of the electrochemical reaction in ZnO@CC/SSQD3m at high 

scan rates indicates a more facile injection of Li+ into the ZnS coated material at 

high current densities109. The Li+ ion-diffusion capability is evaluated by the 

appearent diffusion coefficient. The linear relationship between the anodic peak 

current (ip) and square root of scan rates resulting from the CV curves of 

ZnO@C550 and ZnO@CC/SSQD3m is depicted in Figures 6.3.12 c and d. Thus 

the ion diffusion coefficients are calculated using the Randle-Sevcik equation110, 

254. It is found that the coefficients are 3.6✕10-11 and 1.7✕10-11 cm2 s-1 for 

anodic peaks I and II respectively of ZnO@C550 and increase to 9.9✕10-10 and 

4.7✕10-10 cm2 s-1 for ZnO@CC/SSQD3m, demonstrating the facile lithium 

diffusion in the compound after sulfidation. 

6.3.5 Improvement in Capacity and Stability 
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Figure 6.3. 13 Voltage profiles of (a) ZnO@C550, (b) ZnO@CC, (c) ZnO@CC/SSQDm, 

(d)ZnO@CC/SSQD3m and (e)C550. (f) Capacity comparison and capacity contribution 

from components in (g) ZnO@C550 and (h) ZnO@CC/SSQDm. .Adapted with 

permission from ref.70, copyright 2017, American Chemical Society. 

 

Table 6.3. 2 Specific capacity (mAh g-1) of the samples at specific current densities. . 

Adapted with permission from ref.70, copyright 2017, American Chemical Society. 

sample 50 mA g-

1 

100 mA 

g-1 

200 mA 

g-1 

500 mA 

g-1 

1000 mA 

g-1 

ZnO@C550 667  465  318  185  118  

ZnO@CC 492  325  233  154  115  

ZnO@CC/SSQDm 690  544  438  288 213  

ZnO@CC/SSQD3m 1030  560  418  274  205  

C550 226  193  164  116  89  
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Figure 6.3. 14 Cycling performance of samples. ZnO@C550 at (a) 200 and (b) 500 mA 

g-1. (c) ZnO@CC/SSQDm and (d) ZnO@CC/SSQD3m at 500 mA g-1. (e) HFR of 

ZnO@CC/SSQD3m cycled at 500 mA g-1. (f) Rate performance of ZnO@CC/SSQDm. 

(g) ZnO@CC/SSQDm at 5 A g-1. . Adapted with permission from ref.70, copyright 2017, 

American Chemical Society. 

 

Galvanostatic charge/discharge was used to evaluate the storage performance 

of ZnO@C550, ZnO@CC, ZnO@CC/SSQDm, ZnO@CC/SSQD3m and C550 

and the profiles are displayed in Figures 6.3.13(a-e). The specific capacities at 

the specific current densities are listed in Table 6.3.2 and plotted in Figure 

6.3.13f for comparison. ZnO@CC has lower capacities than ZnO@C550, 

indicating that when SSQDs are introduced into the system in a glucose solution 

the decomposed organic makes a negligible contribution to the increased 

capacity. When 1 mg SSQDs were added to 180 mg ZnO@C550 to form 

ZnO@CC/SSQDm,, this improves both the capacity at low current density, owing 

to the silver nanoparticles increasing the connectivity in the matrix, and leads to 

a lower drop in performance with increasing current density. Further increase of 
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the amount of SSQDs (3 mg) in the composite, ZnO@CC/SSQD3m, results in 

only a limited change in the device performance at higher current densities but 

an enhanced capacity at low current densities, 50 and 100 mA g-1. The amorphous 

carbon, C550 derived by treating ZnO@C550 in a strong base has negligible 

capacity contribution according to the profiles in Figures 6.3.13 g and h.  

Figure 6.3.14a shows the cycling performance of ZnO@C550 at 200 mA g-1 

for 100 cycles. The device maintains a capacity of 332.3 mAh g-1 with an 

efficiency of nearly 100% after 100 cycles. At higher rate (500mA g-1) the 

capacity of ZnO@C550 suffers fluctuations (200 mAh g-1 at the 500th cycle) 

which are ascribed to the activation of dispersed ZnO crystals, see Figure 

6.3.14b. ZnO@CC/SSQDm retains a capacity of 294 mAh g-1 after 500 cycles as 

depicted in Figure 6.3.14c while ZnO@CC/SSQD3m only retains 136mAh g-1 

and suffers fluctuant capacities during cycling, as revealed in Figure 6.3.14d. 

The in-situ high frequency resistance (HFR) in Figure 6.3.14e tracing the 500 

cycles of ZnO@CC/SSQD3m displays the point resistance at 1000 and 100 HZ 

respectively. The up and down of the HFR correlate with the decrease and 

increase in capacity well, indicating the HFR of the electrode is responsible for 

the fluctuations in capacity during cycling. Figure 6.3.14f shows the rate 

performance of ZnO@CC/SSQDm at 1, 2, 5 and 10 A g-1 and each current has 

100 cycles. The stable and average capacities are 208, 175, 118 and 81 mAh g-1 

respectively, and after 400 cycles, the average value of 248mAh g-1 is recovered 

at 1 A g-1. The long-term and high-rate cycling of ZnO@CC/SSQDm at 5A g-1 is 

shown in Figure 6.3.14g. The capacity is still 97 mAh g-1 after 1000 cycles with 

a high coulombic efficiency of 99.8%. The ZnS layer out of ZnO crystal is able 

to buffer the volume change during cycling, and the performance in lithium ion 

storage is comparable with the published works431, 434, 435. 



254 
 

 

Figure 6.3. 15 dQ/dV vs. V curves at 200 mA g-1 of the samples. . Adapted with 

permission from ref.70, copyright 2017, American Chemical Society. 

 

To compare the electrochemical reaction process of the as-formed samples, 

the differential capacity, d(Capacity)/d(Voltage) against Voltage curves of C550, 

ZnO@C550, ZnO@CC and ZnO@CC/SSQDm at a current of 200 mA g-1 were 

performed and the obtained profiles are displayed in Figure 6.3.15. This 

representation exaggerates peaks due to charge transfer processes and makes it 

easier to differentiate redox processes than the CVs discussed above. The 

differential capacity trace for C550 shows no sharp peaks and is consistent with 

lithiation/delithiation of an amorphous carbon material. ZnO@C550 and 

ZnO@CC display five and three peaks in charge and discharge, consistent with 

multiple redox reactions and alloying/de-alloying steps. The features for the 

ZnO@CC/SSQDm are much sharper than for the other samples, pointing to 

improved electron transport in the matrix. In the top plot the first charging peak 

is clearly split into two, possibly as a result of the voltage shift for the reactions 

of ZnS and ZnO with lithium.  
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6.3.6 Impedance Study on the Charge-transfer Capability 

 

Figure 6.3. 16 Nyquist plots of ZnO@CC/SSQDm and fitting of the (a) 12th and (b) 

500th cycle. Inset shows equivalent circuit. (c) Comparison of ZnO@C550 after 12 and 

500 cycles. . Adapted with permission from ref.70, copyright 2017, American Chemical 

Society. 

 

Table 6.3. 3 The value and error of each component in the equivalent circuit of a. The 

chi-square function (ϰ) is 8.69×10-4. 

 R1/Ω R2/Ω CPE1/Ssn CPE1-P W1/Ω W1-T W1-P 

12-cycled 4.63 79.51 3.45E-5 0.73 60.8 13.39 0.33 

Error/ % 1.66 0.95 83.83 0.55 12.36 23.04 5.78 

Table 6.3. 4 The value and error of each component in the equivalent circuit of b. The 

chi-square function (ϰ) is 9.31×10-4. 

 R1/Ω R2/Ω CPE1/Ssn CPE1-P W1/Ω W1-T W1-P C1/F R3/Ω 

500-cycled 24.77 9.28 4.92E-5 0.65 19.55 1.77 0.35 3.56E-5 16.27 

Error/ % 0.95 2.85 16.67 2.63 2.57 4.24 0.33 3.69 3.12 

 

EIS was used to study the change in the impedance of ZnO@CC/SSQDm with 

cycling. Figures 6.3.16a and b depict the Nyquist plots for ZnO@CC/SSQDm 

electrodes cycled 12 and 500 times. The equivalent circuits employed to fit the 

experimental data are shown as insets. In both equivalent circuits, R1 represents 

the purely Ohmic internal resistance of the cell that results from the electrode and 

electrolyte. CPE1 (constant phase element) is the pseudocapacitance of the 

porous electrode. R2 represents the charge transfer resistance and W1 is a 

Warburg component arising from the solid-state diffusion of Li ions into the bulk. 

Long-term cycling, 500 cycles, produces R3, which is the surface resistance 
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attributed to the thickening SEI film on the electrode129, 154, 436, and C1, the 

capacitor in the bulk associated with Li+ ions insertion. The values of the 

components that yield the best fit to the experimental data are shown in the 

figures, and the produced values and errors are listed in Table 6.3.4 and 6.3.5. 

The Nyquist plots of ZnO@C550 after 12 and 500 cycles are shown in Figure 

Figures 6.3.16c. For both samples, the charge transfer resistance, R2, is found to 

decrease after 500 cycles, pointing to the facile insertion/desertion reaction of 

lithium ions through an enhanced electrochemical interface of the electrode with 

cycling. The smaller R2 value for ZnO@CC/SSQDm, in comparison to that of 

ZnO@C550, confirms the improved conductivity, indicating a conductive 

network of Ag nanoparticles resulting from the decomposition of SSQDs.  

6.3.7 Research Summary 

  In this work, a MOF-5 pyrolyzed ZnO proceeded surface sulfidation by the annealing 

with silver sulfide quantum dots that anchored into the carbon/nano-ZnO matrix. The 

treatment altered the ZnO surface to be ZnS which has suppressed volume change in 

the repeatable lithiation/delithiation reaction. The decomposed silver nanoparticles 

were incorporated in the matrix, improving the electron conduction between the nano 

components. The lithium storage performance of the material has been greatly 

improved. At a low current density of 200 mA g-1, treatment of ZnO@C with Ag2S QDs 

results in a 38% improvement in the specific capacity. High-rate and cycling 

performance are also developed remarkably compared with untreated samples. The 

engineering of the materials active surface has the potential to alter other carbon-metal 

oxide composites to improve their performance in energy storage applications. All the 

figures, tables and some texts are adapted with permission from ref.70, copyright 2017, 

American Chemical Society. 

 

6.4 Chapter conclusion 

  In this chapter, the electrochemical interface of the materials was tuned by changing 

the electronic structure, chemical interaction and surface properties of the materials to 
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improve the stability in the materials structure and electrochemical performance for 

lithium storage. The electrode-electrolyte interface is crucial for the charge transfer 

performance in the electrochemical reaction and greatly influences the reaction kinetics. 

The optimization of the electronic properties and compositions of the materials results 

in improved electrode-electrolyte interface, thus better electrochemical performance. 

SEI film is a product formed on the electrode surface because of the chemical 

potential of the electrode beyond the stable window of the electrolyte. The anode 

materials of monolayer, bilayer and multilayer graphene for lithiation/delithiation 

display different rates of SEI growth, with monolayer the fastest and multilayer the 

slowest. The lithiation of monolayer graphene has the largest intercalation energy 

because of the specific electronic structure and yields highly reductive surface on which 

electrolyte reduction occurs. The fast decomposition of electrolyte leads to an unstable 

SEI film and lithium dendrites jeopardizing the performance. Multilayer graphene 

displays a stable SEI film with improved morphology and mechanics thus more suitable 

as an anode material for lithium storage.  

Phosphorus-doped graphene oxide (PGO) is an effective immobilizer for the 

heterostructured SnS2/SnO2 by chemical interaction, resulting in improved current-rate 

and cycling performance of the composites during electrochemical lithium storage. The 

doping of phosphorus atoms improves the charge storage capability by increasing 

interlayer separation of GO and the strong polarity of P-O groups leads to specific 

adsorption of ions at the surface. The protruding P atoms in PGO have strong polarity 

with the oxygen atoms of the functional groups, enhancing the chemical interaction 

between PGP and SnS2/SnO2 heterostructures and improving the structural stability of 

the as-formed composite.  

The surface sulfidation of the MOF-5 pyrolyzed ZnO@C alters the ZnO surface to 

be ZnS of which the volume change during the lithiation/delithiation reaction is much 

smaller than ZnO. The ZnS surface layer is formed out of ZnO through the thermal 

reaction of ZnO with the Ag2S quantum dots and offers suppressed volume change of 

ZnO, leading to improved stability in the high current-rate and long-term cycling 

performance.   
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7 Conclusions and Future Work 

Recently, a number of new materials have been developed to replace the commercial 

anode material, graphite in LIBs but the sluggish kinetics and capacity degradation of 

these materials are still the key issues. In the thesis, strategies were developed to address 

the capacity degradation of the anode materials by improving the kinetic performance 

and structural stability of these materials. The strategies stem from the processing of 

their morphologies, electronic structures and electrochemical interface to facilitate the 

reaction kinetics and mitigate the capacity degradation of the materials at high rates. 

The structure of the thesis has been arranged as below:  

 

  In the first strategy, nanostructured materials in hollow, core-shell, yolk-shell and 

clusters were developed to shorten the conduction pathways of Li+/e- and buffer the 

volume change of the materials in lithium storage. In the synthesis, a thermal vapour 

method was developed by evaporating a low-boiling point metal out of a mix-metal 

nanomaterial. Co and Zn have a difference in the boiling point by ~2000 oC and Co/Zn 

mixed-ion materials were feasible examples to elucidate the synthetic method. Zn-Co 

mixed-ion MOFs of tunable amounts of Zn and Co ions were solvothermally prepared 

as the precursors to remove Zn by the thermal vapour process and form Co3O4 

nanostructures. Among them, the optimal hollow Co3O4 spheres exhibited a specific 

capacity of 890 mAh g-1 at 0.1 A g-1 and maintained a similar value at 1 A g-1 after 120 

cycles. The values indicate outstanding rate and cycling performance of the synthesized 

materials, better than some reported works on Co3O4. The specific energy is calculated 
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as high as 2670 wh kg-1 with respect to the anode material only assuming LiCoO2 

(potential is 4 V) is the cathode in a full cell (output voltage is 3 V). Co3O4 in the shapes 

of dumbbells, spheres and grapes were formed by clustered nanoparticles during 

pyrolysis. Among them, Co3O4 grapes performed the best with a high specific capacity 

of 861 and 606 mAh g-1 at 0.1 and 10 A g-1, respectively, corresponding to a specific 

energy between 1818 and 2583 wh kg-1. The high capacity retention at large rates of the 

as-prepared samples is over most of the reported performance of Co3O4. Although the 

specific energy is quite high, the value is only with respect to the anode material rather 

than a whole cell. Thermal vapour method has been applied to Zn/Co-based precursors 

to prepare nanostructured Co3O4 for lithium storage. However, cobalt has become a 

scarce resource rendering Co3O4 impossible to be commercialized for energy storage. 

In contrast, Sn is a promising material for lithium storage through an alloying reaction 

with cheap price and high specific capacity. Using the developed thermal vapour 

method, yolk-shell and core-shell Sn@C spheres interconnected by carbon nanofibers 

were synthesized from the precursor, electrospun ZnSn(OH)6@polyacrylonitrile. The 

optimal structure showed a specific capacity of 545 mAh g-1 at 1 A g-1 and a capacity 

retention of 91.8% after 1000 cycles. This considerable high retention after long-term 

cycling is a leading report for the Sn-based materials in lithium storage. The specific 

energy corresponds to 1907 wh kg-1 (output voltage is 3.5 V). The materials yielded by 

thermal vapour method possess advanced nanostructures that can shorten the 

conduction pathway and suppress the volume change in lithium storage, resulting in 

stable cycling performance.  

  In the second strategy, heterojunctions were prepared in the composites made of 

metal oxides of different electronic structures. The heterojunctions benefit the kinetics 

and boost the high-rate performance of the materials in lithium storage. In this chapter, 

dandelion-shaped TiO2 composite formed by anatase TiO2 and TiO2(B) was prepared 

and displayed high kinetics for lithium storage through the enhanced interfacial storage 

occuring between the TiO2(B) fibrils and anatase pappi in the composites. 

Heterojunctions between TiO2(B) and antase TiO2 are easy to yield because TiO2(B) is 

a metastable phase of anatase TiO2. Another type of heterojuntion in TiO2 was 
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developed in an anatase/rutile TiO2 composite which has been well studied for 

photocatalysis. In lithium storage, TiO2 spheres of mixed anatase/rutile maintained a 

considerable specific capacity of 95 mAh g-1 at an ultra-high rate of 10 A g-1 (~60 C), 

resulting from a synergistic storage between the two phases with the anatase 

incorporating lithium ions more readily and rutile conducting lithium ions faster. The 

anatase/rutile TiO2 composites delivered a specific energy of 190 wh kg-1 at a specific 

power of 11.4 kw kg-1 (output voltage is 2 V), far beyond the performance of single 

anatase or rutile phase. Although TiO2 has displayed improved high-rate performance 

after heterojunctions were synthesized, it still suffers from a low specific capacity 

compared with other metal oxides. ZnO and SnO2 are two high-capacity and cheap 

materials for lithium storage and heterojunctions were introduced between them 

through a spatially-confined layer, Zn2SnO4 forming a ZnO/Zn2SnO4/SnO2 composite. 

The internal electric field along the heterojunctions was enhanced and the kinetics was 

facilitated resulting from the electron trapping in SnO2. The stepwise reaction of the 

composite with lithium suppressed the volume change of the involved metal oxides and 

led to improvement in the cycling stability. ZnO/Zn2SnO4/SnO2 composite exhibited a 

specific capacity of 121 mAh g-1 at 20 A g-1 (discharge in 36s) and a capacity retention 

of 76.2% at 10 A g-1 after 1000 cycles. The performance corresponds to a specific 

energy of 424 wh kg-1 at a specific power of 42.4 kw kg-1 (output voltage is 3.5 V), 

much better than the reported TiO2 and metal oxides including ZnO and SnO2. 

Heterojunctions in metal oxides facilitated the kinetics and improved the high-rate 

performance of the materials in lithium storage, in comparison with the materials 

lacking heterojunctions, suppressing the capacity degradation at high rates. 

  In the third strategy, the electrochemical interface of materials was improved by 

modifying the materials’ electronic structure, chemical interaction and surface to 

enhance the materials stability during lithium storage. In this chapter, how the electronic 

structure of materials influences the interface in electrochemical reaction was revealed 

through multilayer, bilayer and monolayer graphene as the anode materials in LIBs. 

Multilayer graphene was evidenced with a low intercalation energy and weak reduction 

capability, resulting in a uniform interphase and safe performance in lithium storage. 
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Graphene has been widely used as a conductive network in the composites and a matrix 

for heteroatom doping. P-doped graphene oxide with tunable amount of P content was 

developed and P atoms induced a polar surface in PGO. In a composite of 

PGO/SnS2/SnO2, the polar surface of PGO was evidenced to form chemical interaction 

with SnS2/SnO2 and immobilize the heterostructure, resulting in improved capacity 

retention for lithium storage from 30.3% of SnS2/SnO2 to 49.5% of PGO/SnS2/SnO2 in 

500 cycles. Despite the chemical interaction, surface coating of materials is capable of 

modifying the materials’ stability. Sulfidation of MOF-pyrolyzed ZnO modified the 

ZnO surface with a ZnS layer, resulting in mitigated capacity degradation during 

cycling compared with ZnO, with a much higher specific capacity of 294 mAh g-1 than 

200 mAh g-1 of ZnO after 500 cycles at 0.5 A g-1. ZnS has smaller volume change in 

lithium storage than ZnO and suppresses the volume change of ZnO in the lithium 

storage. Through the above engineering of the electrochemical interface of materials, 

the stability of the material structures in lithium storage was enhanced and led to stable 

cycling performance.  

These studies elucidate that the strategies of hierarchical nanostructure synthesis, 

heterojunction nano engineering and electrochemical interface tuning are of great 

significance in improving the stability of materials in lithium storage. However, there 

are still a few deficiencies in these approaches: (i) in the first protocol basing on a 

thermal vapour method, the loss of low boiling point Zn inevitably causes the depletion 

of carbon which is high conductive network in a composite. The carbon loss can 

deteriorate the conductivity of formed materials and lithium-storage performance; (ii) 

in the second approach in terms of heterojunction fabrication, the involved metal oxides 

still suffer large volume change in lithium storage although the rate performance is 

improved; (iii) in the third strategy of tuning electrochemical interface of materials, the 

interaction with the electrode materials from interface modifiers is not robust, leading 

to appreciable capacity degradation. In the execution of these projects, I conducted the 

materials synthesis, characterization, electrochemical analysis and writing, despite the 

collaborative work which I have clarified in the relevant chapters. For the theoretical 

simulations, I have well communications with my collaborators and understanding of 
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the presented contents in the thesis to support my research. Although the studied 

strategies have proved effective to suppress the capacity degradation of the anode 

materials in LIBs, efforts beyond these methods are still to be developed for the next-

generation LIBs. 

My future work will, on one hand, continue to use the well-studied strategies in this 

thesis to explore more advanced nanomaterials for high-performance lithium storage. 

In the thesis, a thermal vapour method has been well developed to synthesize the 

nanostructured materials in terms of the Zn/Co and Zn/Sn involved precursors. Metal 

oxides (e.g. Co3O4) processing conversion reaction and metals (e.g. Sn) using alloying 

reaction to store lithium were yielded through this method, evidencing that the thermal 

vapour method can be a general method to develop energy materials. In the next step, 

a Zn/Si involved precursor will be explored to synthesize advanced Si anode materials 

for lithium storage because Si owns much higher specific capacity than all the studied 

materials in the thesis. Heterojunctions formed in metal oxides were evidenced to 

facilitate the reaction kinetics in lithium storage. Metal oxides are also feasible to 

engineer with different morphologies to result in high contact area with electrolyte and 

high cycling stability with considerable capacities. In the next step, heterojunctions will 

be developed in hierarchically-structured metal oxide composites with large specific 

surface to deliver high specific capacities at large rates. Electrochemical interface 

structure is vital for the cycling stability of materials in lithium storage and it is yielded 

during the interaction between the electrode materials and electrolytes. In addition to 

the optimization of electrode materials, the tuning of electrolyte also changes the 

interface properties. In the next step, additives (e.g. surfactant) will be used to tune the 

electrolyte composition and properties to tune the interphase on electrode that can be 

beneficial for the cycling stability of LIBs. 

On the other hand, I will develop more approaches to process the materials and lead 

to progress in their energy-storage performance. The thesis revealed that nanostructures 

can suppress the volume change and shorten Li+/e- conduction of the materials and 

result in high Li-storage performance at high rates. The synthesis and electrochemical 

analysis of TiO2 in the thesis have been well discussed in lithium storage in terms of its 
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different polymorphs and defects. New nanostructures of TiO2 will be explored and the 

role of defects formed in the synthesis of TiO2 will be studied in lithium storage. A 

number of nanoprocessing methods have been used to synthesize TiO2, among which 

the template-based method is popular for preparing the hollow TiO2 nanostructures. 

However, only a few publications report the tunable creation of defects in the formed 

hollow TiO2 and how the defects influence the performance is still unclear. In the next 

work, a new approach will be developed to control the defect content in the nano-hollow 

TiO2 and the Li-storage performance of the material will be studied.     

 Despite the future work on new nanomaterials, advanced techniques for studying 

the dynamic information of materials in lithium storage are also required to understand 

how the materials degrade in the reaction. In the thesis, in-situ XRD has been used to 

explore the reaction process of ZnO/Zn2SnO4/SnO2 composite in lithium storage. 

However, the information acquired from in-situ XRD may not be enough to understand 

the materials behaviour and failure reasons in long-term lithium storage when the thesis 

has revealed the complicated electrochemical interface also influenced the electrode 

stability. Characterizations of the interface need other surface analysis approaches such 

as XPS, and TEM and the difficulties will be how to apply these techniques into 

operando. In the next step, more in-situ characterization methods will be used to 

diagnose the dynamic changes of materials and resulted interface during lithium storage 

and confirm the key factors that can improve the materials stability. Both the material 

development and advancement in the materials research in my future work will base on 

the results from this thesis and will contribute new strategies for developing the 

electrode materials in the next-generation LIBs.  
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