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ABSTRACT 

Electrode materials are vital to the performance of lithium-ion batteries and sodium-ion 

batteries. A rational design of electrode materials depends critically on understanding of their 

electrochemical processes, which is highly desirable for the development of high 

performance electroactive materials towards different applications. The composition, 

morphology, structure and preparation method can affect the electrochemical performance. 

In this doctoral work, a series of electrode materials were designed and fabricated and their 

electrochemical properties for lithium-ion batteries and sodium-ion batteries were 

investigated.  

Single crystalline spinel LiMn2O4 nanorods were prepared as stable cathode materials for 

lithium-ion batteries. The preparation involves infiltration of LiOH into porous Mn3O4 

nanorods by a vacuum-assisted impregnation route, which facilitates the homogeneous 

reaction to prepare LiMn2O4. The reaction parameters were optimized and Li-rich single 

crystalline LiMn2O4 nanorods were prepared, which retained 95.6 % of its initial capacity 

after 1000 cycles at 3C rate as cathode material for lithium-ion batteries. 

Considering the concerns of the increasing cost of lithium salts, the development of low-cost 

sodium-ion batteries is becoming a hot topic. In this doctoral work, a series of anode materials 

were explored for sodium-ion storage. The electrochemical performances of SnO2/nitrogen-

doped graphene and SnO2/graphene were compared to investigate the effects of nitrogen-

doping into graphene on enhancing the electrochemical performance for sodium-ion batteries. 

In contrast to the previous reports which often ascribe the enhanced electro-activity of 

nitrogen-doped graphene based composites to two nitrogen-doping effects (improving the 

electron transfer efficiency and increasing electro-active sites within the graphene network) 
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in one single declaration, it was demonstrated that the improved electron transfer efficiency 

of SnO2/nitrogen-doped graphene due to nitrogen-doping plays a more important role than 

the increased electro-active sites within graphene network in enhancing the electro-activity 

of SnO2/nitrogen-doped graphene nanohybrids compared to the SnO2/graphene counterpart. 

MoS2/reduced graphene oxide (RGO) nanocomposites with intimate two-dimensional 

heterointerfaces were prepared by a facile one-pot hydrothermal method. The synergistic 

effect between MoS2 and graphene contributing to the enhanced reversible capacity of 

MoS2/RGO nanocomposites was investigated by experimental and computational studies. It 

was revealed that Na prefers to be adsorbed on MoS2 in the MoS2/RGO heterostructure rather 

than intercalate into the MoS2/RGO heterointerface. Interestingly, the MoS2/RGO 

heterointerfaces can significantly increase the electronic conductivity of MoS2, and store 

more Na ions, while maintaining the high diffusion mobility of Na atoms on MoS2 surface 

and high electron transfer efficiency from Na to MoS2. 

SnS2 nanoplatelet@graphene nanocomposites were prepared by using a morphology-

controlled hydrothermal method. The as-prepared materials achieved a high reversible 

specific sodium-ion storage capacity of 725 mA h g−1, stable cyclability, and an enhanced 

high-rate capability as anode materials for sodium-ion batteries.  

Three dimensional interconnected SnO2/graphene aerogels with a hierarchically porous 

structure were constructed by a facile in situ process. Such a functional architecture not only 

facilitates the electrode–electrolyte interaction but also provides an efficient electron 

pathway within the graphene networks. The as-prepared SnO2/graphene aerogels exhibited 

an initial reversible capacity of 451 mA h g−1 with a stable cycling performance at a current 
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density of 20 mA g−1. Even at a high current density of 1000 mA g−1, the electrode achieved 

a capacity of 168 mA h g−1 after 500 cycles. 

A series of freestanding electrodes with distinct architectures and promising electrochemical 

performance for sodium-ion storage were prepared, including: 

1) Three dimensional freestanding electrodes consisting of Sn@CNT nanopillar arrays 

grown on carbon paper, which achieved a reversible capacity of 887 μA h cm−2 in the first 

cycle and good cyclability extending to 100 cycles. 

2) Vertically aligned MoS2 nanosheets/carbon paper electrodes as highly reversible anode 

materials. Coating with carboxy methyl cellulose sodium salt improved the cycling 

performance and a high reversible capacity of 286 mA h g-1 was achieved after 100 cycles at 

a current density of 80 mA g-1. The as-prepared electrodes delivered a high initial Coulombic 

efficiency of 79.5% and promising rate capability. Even at a high current density of 1000 mA 

g-1, a reversible capacity of 205 mA h g-1 was maintained. 

3) Heterostructured Ti3C2 MXene/CNTs porous films with high volumetric capacity for 

sodium-ion storage. The open structure facilitates electrolyte transport and access of ions to 

the electrode and produces functional MXene-based electrodes for sodium-ion storage. When 

applied as freestanding electrodes for sodium-ion storage, the built-to-order 

Ti3C2 MXene/CNTs porous films showed a volumetric capacity of 421 mA h cm−3 at 

20 mA g−1, good rate performances, and excellent cycling stability.   
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INTRODUCTION 

Human flourishing relies critically on the exploration and utilization of energies. With the 

ever-increasing concerns about the depletion of fossil fuels and the environmental pollution 

resulting from their combustion for energies, developing and utilizing renewable energy 

sources such as solar, wind, geothermal and tidal energy is of great significance for a 

sustainable future. In order to support the application of renewable energies, energy storage 

and conversion technologies need to be implemented to store the intermittently available 

energy and supply power when required. Lithium-ion batteries now surpass other battery 

systems (for example, lead–acid batteries, nickel metal hydride batteries) in terms of energy 

density. Their applications range from electric vehicles (EV) and hybrid electric vehicles 

(HEV) to portable devices. Although there have been advances in lithium-ion batteries in 

recent decades, significant improvements of lithium-ion battery performances, such as 

energy density, cost and cyclability, are still required. The performance of lithium-ion 

batteries critically depends on the electrode materials used, especially on the cathode side. In 

this doctoral work, the focus is directed towards a low-cost spinel LiMn2O4 cathode material. 

On the other hand, sodium-ion batteries have attracted attentions as a low-cost alternative to 

lithium-ion batteries because sodium is the fourth most abundant element in the earth’s crust 

and the distribution of sodium mineral salts is widespread. Although working similarly to 

lithium-ion batteries, sodium-ion batteries are in the early stage of development. The 

development of electrode materials that can satisfy criteria for commercialization of sodium-

ion batteries is one of the key issues. Compared to widely investigated cathode materials, 

anode materials that can host sodium-ions with decent electrochemical performances are 

facing challenges, including low initial Coulombic efficiency, low specific capacity, poor 
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cycling performance and rate capability. In this doctoral work, the development of anode 

materials with enhanced electrochemical performance for sodium-ion batteries is the research 

interest.  

For both lithium-ion batteries and sodium-ion batteries, the electrode reaction occurs at the 

surface and requires transport of ions into the electrode material. Consequently, the design 

of electrode materials plays a vital role to achieve high performance batteries. In this doctoral 

work, electrode materials were constructed based on the understanding of structure-

electrochemical performance interplay for better utilization of electroactive materials and 

achieving prolonged cyclability and enhanced rate capability. Methodologies such as 

optimization of preparations, tuning the composition and morphology of electroactive 

materials as well as the harmonious hybridization between each component were applied to 

fabricate advanced electrode materials for lithium-ion batteries and sodium-ion batteries.  

Each chapter of this doctoral thesis is outlined as follows: 

1) Chapter 1 reviews the research development of lithium-ion batteries and sodium-ion 

batteries. The working principle, the development of cathode materials, especially spinel 

LiMn2O4 cathodes, and anode materials are presented in this chapter. For sodium-ion 

batteries, the comparison to lithium-ion batteries is given and advances in cathode materials 

and anodes are summarized. 

2) The experimental section is Chapter 2, which includes material preparations, 

physiochemical characterizations as well as the electrochemical investigations. In detail, 

solid state reaction and hydrothermal synthesis were mainly applied to prepare different 

electrode materials in this doctoral work. The structure and morphology of the prepared 
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materials were characterized by X-ray diffraction (XRD), field emission scanning electron 

microscopy (FESEM), transmission electron microscopy (TEM), nitrogen adsorption-

desorption, Raman Spectroscopy, X-ray photoelectron spectroscopy (XPS), and 

thermogravimetric analysis. Cell assembly and electrochemical testing techniques were also 

presented. 

3) Chapter 3 shows the preparation of single-crystalline spinel LiMn2O4 nanorods by a novel 

template-engaged reaction method. Using porous Mn3O4 nanorods and vacuum assisted 

impregnation, Mn- and Li-precursors can be mixed homogeneously. By optimizing the 

sintering temperature and the precursor ratio, stable LiMn2O4 cathode materials were 

prepared. The post-mortem FESEM analysis demonstrates that the single-crystalline 

LiMn2O4 nanorods exhibited ultrahigh structural stability. It shows that single crystalline 

spinel LiMn2O4 nanorods could be promising cathode materials for LIBs with long cycle life. 

4) Chapter 4 elucidates the nitrogen-doping effect on enhanced electrochemical performance 

of SnO2/nitrogen-doped graphene compared to SnO2/graphene. For a reasonable comparison, 

SnO2/nitrogen-doped graphene and SnO2/graphene with the same SnO2 ratio, similar SnO2 

crystallinity and particle size, comparable surface area and pore size were prepared. 

5) The focus of Chapter 5 is to investigate the interfacial interactions between layered 

transition metal sulfides (TMSs) and graphene. MoS2 in the family of TMSs was selected as 

a typical example. A series of MoS2/graphene composites with tuned heterointerfacial areas 

were prepared and the electrochemical performances were tested. In combination with 

computational investigations, the synergistic effect contributing to the enhanced reversible 

capacity of MoS2/graphene nanocomposites was studied. 
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6) Research findings in Chapter 5 inspired the preparation of two-dimensional platelet-on-

sheet nanoarchitectured SnS2/graphene composites for sodium-ion storage, as shown in 

Chapter 6. The SnS2/graphene composites exhibited high capacity and long cycling 

performance as anode materials for sodium-ion batteries. 

7) To support the high-rate applications of sodium-ion batteries, Chapter 7 presented the 

preparation of 3D SnO2/graphene composite anode materials by a facile in-situ process, 

during which cross-linked 3D conductive graphene networks with macro-/meso-sized 

hierarchical pores were formed and SnO2 nanoparticles were dispersed uniformly on the 

graphene surface simultaneously. The mass transport and electron transfer were optimized 

within the 3D architecture, which affords high-rate sodium-ion storage. 

8) To eliminate electrode preparation by traditional slurry methods, a series of freestanding 

electrodes were fabricated, as shown from Chapter 8 to Chapter 10. These freestanding 

electrodes include Sn@CNT arrays on carbon paper (Chapter 8), vertically aligned MoS2 

nanosheets on carbon paper (Chapter 9) and heterostructured MXene/carbon nanotube 

composite paper (Chapter 10). The electrode preparations, physiochemical properties, 

sodium-ion storage mechanisms and other electrochemical characterizations are shown in 

detail. 

9) The last chapter of this doctoral thesis (Chapter 11) briefly summarizes the research 

outcomes of this doctoral work and future scope of related research is also presented.
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Chapter 1 Literature Review 

Adopted on 12 December 2015, the Paris agreement by 195 countries in the twenty-first 

Conference of the Parties (COP21) of the United Nations Framework Convention on Climate 

Change (UNFCCC) sets the goal of limiting the rise in the global average temperature to well 

below 2 °C by 2100. To achieve this goal, the use of renewable energy sources will offer a 

key support by reducing the combustion of fossil fuels and, hence, by reducing emissions of 

greenhouse gases, such as carbon dioxide, and nitrous oxide. The main sources of renewable 

energy include solar energy, wind energy, hydroelectricity, biomass energy, geothermal 

energy, hydrogen, etc. The development of energy-storage technologies that can be combined 

with the use of these renewable energies is needed. In this context, new and advanced 

rechargeable battery systems are currently being pursued and in this doctoral study, the focus 

is directed towards lithium-ion battery (LIBs) and sodium-ion battery (SIBs) technologies. 

1.1 Lithium-ion Batteries 

Among all metals, lithium is the lightest and has the greatest electrochemical potential and 

provides the largest energy density for weight. However, attempts to develop rechargeable 

lithium batteries failed because of poor lithium metal rechargeability due to the formation of 

dendrites and the consequent safety concerns. Research then shifted to a non-metallic lithium 

battery using lithium ions. In 1991, the first commercialized LIB appeared.1 Besides the 

improved safety, LIBs have merits such as high energy density, low maintenance, long cycle 

life, no memory effect and low self-discharge. LIBs have been attracting R&D 

investment from all corners of the world, with wide applications for portable devices, power 

tools, and electric vehicles. 
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1.1.1 Electrochemistry of Lithium-ion Batteries 

 

Figure 1.1 (a) Relative energy diagram of electrode potentials and electrolyte energy gap in 

LIBs; (b) schematic diagram of the lithium intercalation–de-intercalation reaction 

mechanism in rechargeable LIBs containing solid electrodes and a liquid electrolyte.2 

LIBs work by storing electricity in the form of chemical energy during charging while 

converting chemical energy into electrical energy during discharge. As shown in Figure 1.1a, 

a LIB consists of four components, including anode (negative electrode), separator, cathode 

(positive electrode), and a Li+ conducting medium as electrolyte. The insulating separator 

allows the penetration of Li+ while preventing direct contact between anode and cathode. 

Importantly, the electrolyte solvent should be able to withstand the potentials of electrodes 

without decomposing, i.e., LUMO of the electrolyte should be higher than the potential of 

anode while HOMO of the electrolyte should be lower than the potential of cathode, which 

otherwise will result in cell failure upon the long-term cycling. 
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Figure 1.2 Schematic illustration of rechargeable LIBs.3 

A typical operation of LIBs is shown in Figure 1.2. During the charge-discharge cycles, Li-

ions are shuttled between the cathode and anode electrodes. Taking the typical LiCoO2//C 

cell as example, during the charging process, electrons transfer via the external circuit from 

the cathode to the anode. Meanwhile, Li-ions are extracted from the layered LiCoO2 cathode, 

move within the electrolyte and intercalate into the anode electrode, storing electrochemical 

energy within the battery in the form of chemical energy. When the cell is discharged, the 

reverse occurs and the electrons flow in the opposite direction through the external circuit 

powering electrical devices. 

Characteristics of LIBs, such as energy and power density, safety, cycle life, cost, 

environmental impact, depend crucially on the chosen electrode materials. Tremendous 

efforts have been devoted to developing cathode and anode materials for LIBs. Figure 1.3 

summarizes some of these electrode materials and it can be seen that their potential and 
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specific capacity varies with the chemical compositions. In the following part, recent 

advancements of electrode materials for LIBs will be reviewed. 

 

Figure 1.3 Diagram illustrating the capacities and electrochemical potentials of important 

cathode and anode materials with respect to Li metal and the cell voltage of LIBs.3 

1.1.2 Cathode materials for LIBs 

Although numerous cathode materials have been investigated, the most promising ones for 

practical applications include LiCoO2, Li(Ni1/3Co1/3Mn1/3)O2, olivine LiFePO4, and spinel 

LiMn2O4.  

1.1.2.1 LiCoO2 
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Figure 1.4 Lamellar structure of LiCoO2. 

LiCoO2 has been popularly used as cathode materials since the launch of commercial LIBs 

in 1991. It has an α-NaFeO2 structure with the oxygen in a cubic close-packed arrangement 

as shown in Figure 1.4. The theoretical capacity of LiCoO2 is 270 mA h g-1 when all Li+ ions 

are extracted from the crystal. Experimentally, a practical capacity of 130-150 mA h g-1 can 

be achieved, indicating that only half of the Li atoms can be used during the charge/discharge 

process. A voltage plateau at around 3.9 V vs. Li+/Li can be clearly seen at this stage due to 

the phase change in LiCoO2 from a rhombohedral to monoclinic structure.4 Although LiCoO2 

is identified as a successful cathode material, intrinsic disadvantages exist, including5: 

1) Cobalt is less available, and thus more costly, than other transition metals, such as 

manganese, nickel and iron. 

2) LiCoO2 is not as stable as other potential electrode materials and can undergo performance 

degradation or failure when overcharged. One reason is that Co is dissolved in the electrolyte 

when the electrode is delithiated during charging, leading to the loss of cobalt in the lattice.6 
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Another reason is that at the end of charging, CoO2 layers form, which shear from the 

electrode surface and create barriers for lithiation.7 Additionally, there is a dramatic change 

in lattice parameters with the change in lithium content, which can lead to stresses and micro-

cracking of the cathode particles.8, 9 

3) High voltage charging of the material is harmful to the safety of LiCoO2-based battery, 

because O2 gas will be released from the lattice upon high voltage charging, which then reacts 

with the electrolyte. 

Tremendous efforts have been devoted to improving the electrochemical performance of 

LiCoO2. One effective strategy is surface coating.10 Various metal oxide coatings, such as 

Li2CO3,11 MgO,12-15 Al2O3,16-21 AlPO4,22-25 LiMn2O4,26 SnO2,27 ZrO2,28-30 and carbon,31 have 

been shown to improve both the cycle life (especially at high-voltage charging) and the rate 

capability of the LiCoO2 cathode. Besides these, nanostructured LiCoO2 including 1D 

nanowires,32 nanotubes,33 and 3D mesoporous structures34 have been prepared to improve 

the electrode/electrolyte interaction, and thus, increase the power density of the battery, 

1.1.2.2 Li(Ni1/3Co1/3Mn1/3)O2 

Apart from LiCoO2, other layered oxides, such as LiNiO2 and LiMnO2, have also been 

intensively investigated. However, complex synthesis methods and unstable structures 

during the charging state made it difficult to commercialize these materials. Interestingly, the 

addition of Ni and Mn to LiCoO2 can maintain its α-NaFeO2 layered structure. The most 

commonly used Li(Ni,Mn,Co)O2 composition contains equal amounts of the three transition 

metals, i.e. Li(Ni1/3Mn1/3Co1/3)O2. The valence states of Ni, Mn, and Co are +2, +4, and +3, 

respectively.35 The advantages of the Li(Ni1/3Mn1/3Co1/3)O2 cathode are that it provides high 
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capacity, good rate capability and can operate at high voltages. It was reported that 

Li(Ni1/3Mn1/3Co1/3)O2 can operate at voltage of 4.5 V with a capacity of around 200 mA h g-

1.36 The reversible capacity of Li(Ni1/3Mn1/3Co1/3)O2 involves the oxidation of Ni2+ to Ni4+ (a 

two-electron transfer process) during the initial stage and Co3+ to Co4+ in the later stage.37-39 

Thus, the higher capacity of layered LiNi1/3Co1/3Mn1/3O2 could be due to the improved 

chemical stability associated the Ni2+/3+ and Ni3+/4+ redox couple compared to Co3+/4+ redox 

couple. Unfortunately, Li(Ni1/3Mn1/3Co1/3)O2 suffers from poor electrochemical properties at 

high voltage due to the polarization effect and electrolyte decomposition.40 Moreover, even 

at upper voltage limits (4.4-4.5 V), capacity fading was still observed upon cycling. As 

reported by Shaju and coworkers, this may originate from the gradual decaying of 

electroactive Co.41  

1.1.2.3 Olivine LiFePO4 

The crystal structure of LiFePO4 is shown in Figure 1.5a in which P occupies tetrahedral 

sites, Fe occupies octahedral sites and Li forms one-dimensional chains along the [010] 

direction. LiFePO4 delithiates to FePO4 as Fe2+ is oxidized to Fe3+ and a miscibility gap exists 

between FePO4 and LiFePO4, as schematically shown in Figure 1.5b. During the lithiation 

process, FePO4 is reversed back to LiFePO4 upon lithiation. Electrochemically, LiFePO4 has 

a theoretical capacity of 170 mA h g-1 and a flat discharge voltage of 3.4 V vs. Li+/Li. 
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Figure 1.5 (a) Crystal structure of LiFePO4. (b) Schematic representation of the processes 

during charge/discharge of LiFePO4.42 

Furthermore, the electronic conduction of pure LiFePO4 is low (10−9 S cm−1) and it shows 

limited ionic conductivity due to the one-dimensional lithium diffusion. The poor electronic 

and ionic conductivity result in poor rate capability.43 However, it is reported that the 

conductivity can be improved by heat treatment.44 Moreover, the impurity phase Fe2P that is 

formed during preparation and/or use as one conductive phase, can improve the 

electrochemical performance.45, 46 Coating of a conductive layer on LiFePO4 has proved to 

be a promising way to improve the electronic conductivity. The conductive ingredients 

include carbon,47 and conductive polymers.48-50 To alleviate the low ionic conductivity, 

constructing nanostructured LiFePO4 to shorten the diffusion distances and increase the 

electrode/electrolyte interaction has been intensively investigated. For example, LiFePO4 

with an average size of 140 nm has been prepared, which delivered a specific capacity of  
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147 mA h g-1 at 5 C rate and a good cycle stability with no significant capacity loss after 

more than 400 cycles at 0.5 C rate.51 

1.1.2.4 Spinel LiMn2O4 

It has been reported that several Mn-oxide crystal types can store Li ions to reasonable levels. 

These materials can therefore be applied on the cathode side. Reversibility of Li insertion 

into the manganese oxide host and extraction from manganese oxide electrodes is required 

in order to ensure multiple charge and discharge cycles. As a very promising substitute to 

LiCoO2 as a cathode material of choice in rechargeable batteries, spinel lithium manganese 

oxide (LiMn2O4) with an open framework that allows insertion of lithium ions from any angle 

has attracted great technological and research interest because of its low cost, limited 

environmental impact, and high safety.52-54 

The crystal structure of spinel LiMn2O4 is shown in Figure 1.6. In the LiMn2O4 spinel 

structure (space-group: Fd3m), a cubic close-packed (ccp) array of oxygen ions occupy the 

32e position, Mn-ions are located in the octahedral sites (16d sites), and Li in the tetrahedral 

sites (8a site). The Mn-ions have an octahedral coordination to the oxygen atoms, and the 

MnO6 octahedra share edges in a three-dimensional host for the Li guest ions (Figure 1.6). 

The 8a tetrahedral site is situated furthest away from the 16d site of all the interstitial 

tetrahedral sites (8a, 8b and 48f) and octahedral site (16c). Each of the 8a-tetrahedron faces 

is shared with an adjacent, vacant 16c site. This combination of structural features in the 

stoichiometric spinel compound constitutes a very stable structure. 
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Figure 1.6 Crystal structure of spinel LiMn2O4. 

The discharge proceeds in predominantly two steps, one around 4 V and the other around 3 

V. Usually only the 4 V plateau is used, so that the cell is constructed in the discharged state 

and must be charged before use just as for LiCoO2. 

During the charge process, the removal of Li from LiMn2O4 occurs through a two-step 

reaction around 4V; two potential plateaus can be discerned in the charge curve, separated 

by 100-150 mV. Rigorous studies have also shown that the material goes through at least one 

two-phase region during charge/discharge:55 

one-phase reaction: LiMn2O4 – (1-x) Li+ → LixMn2O4 (0.4< x <1.0)             (1-1) 

two-phase reaction: LiMn2O4 – (1-x) Li+ → LixMn2O4 (0.1< x <0.4)             (1-2) 

Although LiMn2O4 has been demonstrated as the most promising cathode for LIBs, there is 

still a critical problem prohibiting its wider applications, that is, its unstable rechargeability. 

This capacity fading was attributed to several possible factors: 
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1) Mn dissolution. Thackeray et al. reported that the capacity fading during cycling was 

ascribed to Mn dissolution into the electrolyte for the first time.56 Supervening on this work, 

Tarascon and co-workers detected the presence of Mn in the surface of the negative electrode 

by Rutherford backscattering spectroscopy (RBS), in which the deposited Mn on the negative 

electrode was caused by the reduction of dissolved Mn originating from the spinel.57 The 

dissolution of Mn results in the gradual conversion of active electrode materials to a lower 

voltage defect spinel phase, which results in the capacity loss. 

Mn dissolution into the electrolyte has always been linked to the disproportional reaction: 

2Mn3+ → Mn4+ + Mn2+. However, this simple mechanism of Mn dissolution, that is, the 

disproportional dissolution of Mn3+ into the electrolyte, seems to be in conflict with 

observations since the capacity fading depends on the charge-limited voltage and it is 

predominant at the end of the charge process. In this high-voltage region, the Mn3+ content 

in the spinel matrix is minimal.58 

Another plausible Mn dissolution mechanism is related to the electrolyte solution 

decomposition in high voltage ranges. It was believed that the LiClO4-propylene carbonate 

(PC)/dimethoxyethane (DMC) electrolyte system could be oxidized on the carbon surface 

(conductive material) and the as-generated species promoted the manganese dissolution.59 

2) Structural instability in the high-voltage region. The high-voltage charging of spinel 

LiMn2O4 not only may induce oxidation of the electrolyte, but may also lead to the formation 

of an unstable two-phase structure. The two-phase structure is unstable for lithium 

insertion/extraction and is transformed to a more stable, one phase structure, such as the 

structure of “lithium-rich” or “oxygen-rich” spinels. The capacity loss upon cycling for the 
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stoichiometric spinel is due to the removal of lithium from deep charge depths after many 

cycles. 

3) Jahn-Teller distortion at the end of discharge. The onset of Jahn-Teller distortion in the 4 

V range has also been suggested to take place at the surface of the spinel particle due to 

lithium-ion accumulation at the surface. It was speculated that under dynamic, 

nonequilibrium conditions during discharging, some crystallites “at the surface” are more 

lithiated than others in the bulk, thereby driving the composition of the electrode surface into 

a Mn3+-rich region. This might induce a Jahn-Teller effect and transform the surface of the 

LiMn2O4 particles from a cubic to a tetragonal phase. As the lattice parameter of the 

tetragonal phase differs greatly from that of the cubic phase, there is a misfit between the 

phases, and some of the tetragonal phases might dissociate from the bulk electrode.60-63 

Many efforts have been devoted to improve the cycle life of spinel LiMn2O4, with the aim to 

substitute for LiCoO2 in commercial use. Many strategies have been taken into account and 

the partial replacement of Mn with other cations has been proved to be an effective one. 

Mono-cation doped LiMn2O4 cathodes have been widely investigated using dopants 

including Al,64-69 Co,70-73 Cr,74-84, Fe,85 etc. The Al-doping enhanced Li+ storage performance 

is attributed to the factor that the substitution of Mn3+ for Al3+ increased Mn-O bonding 

strength in the spinel framework and suppressed the two-phase behavior of the unsubstituted 

spinel during the intercalation/deintercalation which is the origin of the failure mechanism in 

the 4 V region.64 

The development of LIBs is known to suffer from kinetic problems associated with the solid-

state diffusion of Li+ in intercalation electrode materials. As mentioned previously, spinel 
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LiMn2O4 has a 3D open frame for lithium insertion and extraction. In order to maximize the 

kinetic properties to obtain satisfactory charge/discharge capacity, morphology engineering 

has been successfully applied with the aim to design nanostructured electrode materials that 

facilitate Li+ diffusion. 

3D assembled structured LiAl0.02Mn1.98O4 with randomly aligned nanorods on a microsphere 

were designed not only to increase the Li+ sites on the nanoscaled large surface area to 

improve the kinetic properties, but also to increase the volumetric energy density and prevent 

the separator from tearing, which may cause electrical short circuits and safety problems.69 

The nanothorn sphere structured LiAl0.02Mn1.98O4 produces high discharge capacity of 129.8 

mA h g-1, excellent rate capability (94.6 mA h g-1 at 20 C, 72 % of 0.2 C rate discharge 

capacity) and stable cyclic retention for 50 cycles. 

One-dimensional (1D) nanostructures are also particularly attractive because they not only 

have a large surface-to-volume ratios that allows efficient active mass-electrolyte contact, 

but also provides 1D electron transport pathways. Among all of the nanostructures, a single 

crystalline nanowire is an attractive morphology because the nonwoven fabric morphology 

constructed by the single crystalline nanowire suppresses the aggregation and grain growth 

at high temperature. Thus, the potential barriers among the nanosize grains can be ignored to 

decrease the electronic resistance among the nanosize grains. Zhou et al. prepared high-

quality single crystalline cubic spinel LiMn2O4 nanowires based on a novel reaction method 

using Na0.44MnO2 nanowires as a self-template. These single crystalline spinel LiMn2O4 

nanowires show high thermal stability because the nanowire structure is maintained after 

heating to 800 °C for 12 h and have excellent performance at high charge-discharge rates, 

such as 20 A g-1, with both a relative flat charge-discharge plateau and excellent cycle 
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stability.86 Cui et al. reported that ultrathin LiMn2O4 nanowires with a cubic spinel structure, 

which were synthesized by using a solvothermal reaction to produce α-MnO2 nanowires 

followed by solid-state lithiation, deliver 100 and 78 mA h g-1 at very high rates (60C and 

150C, respectively) in a larger potential window with very good capacity retention and 

outstanding structural stability. Such performances are due to both the favorable morphology 

and the high crystallinity of nanowires.87 1D LiMn2O4 nanorods have also been investigated 

as advanced cathode materials for LIBs. Cui et al. reported the hydrothermal synthesis of 

single-crystalline β-MnO2 nanorods and their chemical conversion into freestanding single-

crystalline LiMn2O4 nanorods using a simple solid-state reaction. Galvanostatic battery 

testing showed that LiMn2O4 nanorods have a high charge storage capacity at high power 

rates compared with commercially available powders. More than 85% of the initial charge 

storage capacity was maintained for over 100 cycles. The structural transformation studies 

showed that the Li-ions are intercalated into the cubic phase of the LiMn2O4 with a small 

change of lattice parameter, followed by the coexistence of two nearly identical cubic phases 

in the potential range of 3.5 to 4.3 V.88  

Porous LiMn2O4 nanorods cathode material was prepared by using porous Mn2O3 nanorods 

as the self-supported template, which was obtained from the thermal decomposition of 

manganese oxalate precursor.53 Without surface modification, the as-synthesized porous 

nanorods exhibited superior high-rate capability and cyclability compared to the counterpart 

nonporous nanorods and nanoparticles. An initial discharge capacity of 105 mA h g-1 could 

be delivered at 10 C rate, and a capacity retention of about 90% was obtained after 500 cycles 

at this high rate. Using polystyrene as a solid template, Wu et al. successfully fabricated 

porous LiMn2O4 consisting of nanograins.89 VOx-coated LiMn2O4 spinel nanorod clusters as 
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a lithium battery cathode material are prepared by mixing VO(CH3H7)3 dissolved in ethanol 

and LiMn2O4 powder consisting of nanorod clusters and firing this mixture at 700 °C. A 

significantly decreased amount of Mn dissolution (60 ppm) is observed, in contrast to that of 

an uncoated counterpart (5000 ppm).90 

Ordered mesoporous materials have a relatively large surface area, which decreases the 

current density per unit surface area; thin walls can reduce the length of the diffusion path.  

Moreover, well-ordered mesoporous materials can facilitate ionic motion more easily 

compared with conventional mesoporous materials in which the pores are randomly 

connected. Generally, a hard templating route with post-template treatment is applied to 

generate highly ordered mesoporous Li-Mn-O spinel. Xia et al. developed a soft-chemical 

process to fabricate ordered mesoporous LiMn2O4 as a cathode material for LIBs, in which 

mesoporous LiMn2O4 was obtained by chemical lithiation of LiI with mesoporous MnO2 at 

a low temperature of 350 °C.91 The as-prepared mesoporous LiMn2O4 maintains 94% of its 

initial capacity after 500 cycles at 0.1 C rate and keeps 80% of its reversible capacity, even 

at 5 C rate. Bruce’s group reported the preparation of ordered mesoporous Li1.12Mn1.88O4 as 

a positive electrode for rechargeable lithium batteries using mesoporous silica (KIT-6) as a 

hard template.52 By combining a mesoporous structure with the composition Li1.12Mn1.88O4, 

superior rate capability at ambient temperature compared with the corresponding bulk 

material have been demonstrated. 

1.1.3 Anode materials for LIBs 

To support the large-scale applications of LIBs, the development of anode materials with 

high electrochemical performances has received extensive attention in the past decades. 
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Basically, there are three types of anode reactions for LIBs: intercalation, conversion, and 

alloying. In the following section, a brief review of the development of anode materials for 

LIBs will be discussed. 

1.1.2.1 Anode materials based on intercalation reaction 

 

Figure 1.7 Schematic representation showing insertion/extraction of Li+ during 

discharge/charge.93  

The most important anode intercalation materials are carbon and Li4Ti5O12 (LTO). Carbon 

anode materials for LIBs have been widely investigated and commercialized since the launch 

of the first commercial LIBs. The theoretical capacity of graphite is 372 mA h g-1 based on 

that one lithium ion reacts with six C-atoms in a completely reversible intercalation/de-

intercalation process (Li+ + C6  + e- → LiC6).94 The potential at which lithium 

insertion/extraction is at around 0.05 V vs. Li+/Li. Apart from graphite, carbon nanostructures 

have been extensively investigated, including one-dimensional (1D) carbon nanotubes 

(CNTs)95, 96 and carbon nanofibers (CNFs),97 two-dimensional (2D) graphene,98, 99 and 

porous carbonaceous materials.  
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Spinel lithium titanate (Li4Ti5O12, LTO) has attracted great interest as an anode material for 

LIBs. The lithiation of LTO results in a capacity of 150-160 mA h g-1 at 1.5 V vs. Li+/Li.100 

Although LTO is inferior to carbon in both its low capacity and high voltage, it is regarded 

as one promising alternative to graphite anodes due to: i) long and stable cycle life because 

of zero-strain lithiation/delithiation during the charge/discharge process; ii) the suppression 

of electrolyte reduction on the surface of the electrode because of the high insertion potential 

of 1.55 V; and iii) fast charge/discharge rate and excellent low temperature performance due 

to a high Li+ diffusion coefficient ranging between 10-15 and 10-16 cm2 s-1.101, 102 Tremendous 

efforts have been devoted to alleviate the low electronic conductivity of LTO, including the 

partial substitution of Li+ or Ti4+ by multi-valent metal ions (V5+, Mn4+, Fe3+, Ni2+, Cr3+, and 

Mg2+)103-106 and surface coating by metallic grains or carbon.107-109 

1.1.2.2 Anode materials based on conversion reaction 

 

Figure 1.8 Schematic illustration of the conversion reaction of a transition metal oxide in 

LIBs.110 

In 2000, Tarascon and co-workers discovered that transition metal oxides nanoparticles 

(TMOs NPs) such as CoO, CuO and Fe2O3, undergo reversible reduction, named as 

“conversion reaction”, in the presence of Li+.111 The general equation of conversion reactions 

can be described as follows: 

MxOy + 2yLi+ + 2ye- ↔ xM0 + yLi2O (M = transition metals)             (1-3) 
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Conversion reaction-based TMOs are attractive candidates for LIB anodes because of their 

high theoretical capacities in the range of 600-1000 mA h g-1, which is 2-3 times higher than 

that of graphite (372 mA h g-1). After an intensive research for more than one decade, the 

family of conversion reaction-based TMOs has been dramatically expanded, which includes 

oxides of iron,112 manganese,113, 114 cobalt,115-118 copper,119, 120 nickel,121 molybdenum,122, 123 

zinc,124 ruthenium,125-127 chromium,128, 129 and tungsten,130-132 and mixed metal oxides.110 

Figure 1.8 shows a schematic illustration of the conversion reaction of TMOs as anode 

materials for LIBs. There is a structural change and amorphization of transition metal oxides 

that involves large volume expansion. At the end of lithiation, nanoscale transition metal 

clusters are embedded in the lithium oxide (Li2O) matrix. During delithiation, these transition 

metal clusters are oxidized to form amorphous transition metal oxides.110 It should be noted 

that the conversion reaction involves a complete change in structure and chemical 

composition of the reactants. The development of nanostructured TMOs anode materials with 

different morphologies has been intensively investigated to effectively alleviate the strain 

derived from the volume change. Moreover, nanostructured TMOs anode materials can 

provide improved electrode-electrolyte contact areas and shorten diffusion lengths for Li+ in 

the active materials, leading to a high rate capability.42, 114, 133-135 

Besides TMOs, it was demonstrated that transition metal sulfides,136-139 phosphides140-142, 

and fluorides143, 144 can also undergo similar reversible, high-capacity conversion reactions. 

1.1.2.3 Anode materials based on alloying reaction 

Lithium has abundant physiochemical properties, and can alloy with a variety of metals such 

as Si, Sn, Sb, Al, Mg, Bi, In, Zn, Pb, Ag, Pt, Au, Cd, As, Ga and Ge.145, 146, 92 Alloy anodes 
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are known for their high specific capacity and safety characteristics. Generally, they exhibit 

theoretical specific gravimetric capacities 2-10 times higher than that of graphite while their 

volumetric capacities are still 2-5 times higher than those of graphite and LTO (considering 

full volume expansion of lithiated products). While avoiding the energy loss of batteries, the 

moderate increased operation potential of alloy anodes compared to graphite anodes can 

suppress lithium deposition, thereby increasing safety of batteries.  

However, alloy anodes are still facing challenges for practical applications. The first issue is 

related to the large irreversible capacity in the first cycle. The large irreversible capacity 

requires a larger mass of corresponding cathode material in full cells, thereby increasing the 

total weight and cost. The large irreversible capacity can be ascribed to92: 

1) Loss of active material; 

2) Formation of solid–electrolyte interface (SEI) films on the surface of electrodes; 

3) Trapping of lithium in the host alloy; 

4) Surface reaction with oxide layers; 

5) Aggregation of alloy particles. 

Another limitation that hinders the implementation of alloy anodes for practical applications 

is the huge volumetric change, which results in pulverization of the active alloy particles and 

poor cycle stability of batteries. 

To reduce the first-cycle capacity loss and improve the lifetime of alloy anodes, several 

strategies have been proved to be effective, including: 

1) Dispersing alloy anodes in matrices such as carbonaceous materials,147, 148 

intermetallics149-151; 
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2) Preparation of nanostructured alloy anodes, such as 0D nanoparticles;152, 153 

3) Controlling the operating voltage by restricting either the upper or lower cutoff voltage, 

which reduces the amount of volume change, the tendency for particle aggregation and the 

extent of structural change;154, 155 

4) Optimization of binder and electrolyte.156 

1.2 Sodium-ion Batteries 

Recent years have witnessed a significant growth of electric vehicles and energy storage 

systems. On one hand, the distribution of lithium resources is uneven, being limited to North 

and South America, China, Australia, Portugal, and Zimbabwe.157 On the other hand, it is 

predicted that the size of the global rechargeable battery market will increase from $10 billion 

in 2010 to over $30 billion in 2020.158 However, the limited Li resources in the earth’s crust 

could be a bottleneck for LIBs to support the expanded market. These factors will increase 

the cost of LIBs. Consequently, the development of alternative battery technologies with 

lower costs is highly desired. Sodium (Na) sits below Li in the periodic table. The similarities 

and differences between Li and Na are summarized in Table 1.1. Na is highly abundant (4th 

most abundant element in the Earth crust) and low in cost, which makes sodium-ion batteries 

(SIBs) attractive as alternatives to LIBs. Moreover, unlike in LIBs, Al does not form a binary 

alloy with sodium at a low voltage, which enables the use of aluminum as a current collector 

for anodes of SIBs, leading to further reduced cost. 
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Table 1.1 Characteristics of sodium and lithium159, 160 

Category Sodium Lithium 

Cation radius, Å 1.06 0.76 

Atomic weight 23 g mol-1 6.9 g mol-1 

E° (vs. SHE) -2.7 V -3.04 V 

Melting point 97.7 °C 180.5 °C 

Cost, carbonates $150 per ton $5000 per ton 

Cost, current collectors at 
the anode 

At $2000–2500 
per ton 

Cu $7000–8500 
per ton 

Capacity (mA h g-1), metal 1165 3829 

A–O coordination 
preference 

Octahedral and 
prismatic 

Octahedral and 
tetrahedral 

 

The fundamentals of SIBs are identical to LIBs, in which Na+ ions shuttle between cathode 

and anode as charge carriers. Important criteria of batteries, such as specific capacity and 

operation voltage, are mainly determined by the electrochemical properties of the electrode 

material. However, the larger ionic radius of Na+ (1.02 Å) than that of Li+ (0.76 Å) makes it 

difficult to search for proper electrode materials for SIBs. Successful reversible intercalation 

hosts must possess channels and interstitial sites large enough to accept the larger Na+ cations.  
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1.2.1 Cathode materials for SIBs 

A summary of operation voltages as well as specific capacities of some cathode materials for 

SIBs is shown in Figure 1.9. The identified cathode materials can be categorized into three 

types: layered sodium transition-metal oxides, sodium polyanions (phosphates, 

fluorophosphates, pyrophosphates, fluorosulfates, and sulfates) and Prussian blue cathodes. 

 

Figure 1.9 Operation voltages versus specific capacities of various cathode materials for 

SIBs.158 

1.2.1.1 Layered sodium transition-metal oxides 

The most common layered structures are composed of a sheet of edge-sharing MeO6 

octahedra (Me = 3d transition metals). The MeO2 layers are stacked along the c-axis direction 

and Na+ are accommodated in between the MeO2 motifs. As shown in Figure 1.10, there are 
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two types of sodium-based layered materials, i.e., O3-type or P2-type, where O and P 

represent octahedral or trigonal prismatic coordinations of the sodium ions and 3 or 2 

represents the number of distinguishable sodium layers. 

In general, sodium extraction from O3- and P2-type phases induces phase transitions. For 

example, when Na+ are extracted from the O3-type phase, vacancies form and Na ions 

become energetically stable at prismatic sites, which are formed by gliding of MeO2 slabs.161, 

162 As a results, oxygen packing changes from “AB CA BC” to “AB BC CA”, and this phase 

is classified as a P3-type phase as shown in Figure 1.10.163 When Na+ are extracted from the 

P2-type phase, the layered oxides are transformed from P2-type phases to O2-type phases. 

For example, as one of the first materials investigated, α-NaMnO2 with an O3-type structure 

has voltage profiles exhibiting pronounced stepwise processes, suggesting structural 

transitions. It can deliver a capacity of 200 mA h g-1 with good capacity retention.164 

 

Figure 1.10 Classification of Na-Me-O layered materials with sheets of edge-sharing MeO6 

octahedra and phase transition processes induced by sodium extraction.163 
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P2-Na2/3Mn1/2Fe1/2O2, is among the most promising cathode materials for SIBs in terms of 

both sustainability and electrochemical performance.165 P2-Na2/3Mn1/2Fe1/2O2 delivers 

190 mA h g-1 of reversible capacity in sodium cells with the electrochemically active 

Fe3+/Fe4+ redox couple. However, only 75% of its initial capacity can be retained after 30 

cycles. Cation doped layered materials such as P2-Na0.8[Li0.12Ni0.22Mn0.66]O2,166 P2-

Na0.67Mn1-yMgyO2 (y=0, 0.05, 0.1, 0.2),167 and NaFe1-yNiyO2 (0.5< y <0.7),168 have been 

proved to improve capacity retention.  

Although layered cathode materials have been intensively investigated, some of them have 

been demonstrated to be sensitive to atmosphere. For example, intercalation of water has 

been observed in P2-Na2/3[CoxNi1/3-xMn2/3] (x = 1/6, 1/3) and mixed P2/P3 structured 

NaxNi0.22Co0.11Mn0.66O2.169, 170 Their atmosphere sensitivity leads to concerns over storage 

and handling, which could bottleneck large-scale applications.  

1.2.1.2 Sodium polyanions 

Parallel to layered oxide materials, a plethora of polyanionic sodium compounds have been 

studied as cathode materials for SIBs. Advantages of sodium polyanions for SIBs include:171 

1) diverse open-framework structures; 

2) the presence of low-energy Na+ migration pathways; 

3) possibilities of tuning the operating voltage by modifying the local environments; 

4) favorable structural energetics for a flat voltage response;  

5) thermal and oxidative stability at high charging voltage due to their robust covalent 

frameworks. 
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Polyanionic framework compounds include phosphates, fluorophosphates, fluorosulfates, 

and sulfates. Advances in sodium polyanion compounds will be briefly introduced. 

A typical sodium phosphate is NaFePO4. However, it is inclined to exist in a maricite 

structure without free pathways for the diffusion of Na-ions.172, 173 An olivine-type NaFePO4 

with electrochemical activity can be prepared by low-temperature Li/Na exchange from 

olivine-LiFePO4.174 Unfortunately, the olivine-type NaFePO4 has sluggish electrochemical 

kinetics. The more-promising sodium phosphates are NASICON compounds, which feature 

large tunnels for the fast conduction of Na+. NASICON is an acronym for sodium (Na) super 

ionic conductor. The NASICON structure is formulated as Na3M2(XO4)3, where X = Si4+, 

P5+, S6+, Mo6+, As5+. Na3V2(PO4)3, which is well known for its high sodium ion conductivity, 

has been extensively studied.175, 176 Na3V2(PO4)3 has a high voltage peak at around 3.37 V 

vs. Na+/Na and corresponds to the V4+/V3+ redox couple. A maximum capacity of 116 mA h 

g-1 was reached at the 0.1 C rate. At the 10 C rate, 92.2% of the capacity was retained and as 

the rate increased to 20 C and 40 C, the retention was 80% and 54%, respectively.175 

Sodium fluorophosphates have been explored as new cathode materials with high operating 

voltage for SIBs. The high operating voltage of sodium fluorophosphates is due to the 

presence of highly electronegative fluorine atoms in the covalent polyanionic framework, 

which can increase the voltage of the active redox couple. For example, Na3V2(PO4)2F3,177 

Na2FePO4F,178 and Na1.5VPO4.8F0.7
179 have been reported. Na3V2(PO4)2F3 was shown to have 

a high average voltage of 3.9 V and it is theoretically predicted to follow a single-phase 

behavior with negligible volume changes (2%).177 Nazar and co-workers reported a 

Na2FePO4F cathodes with a layer-like two-dimensional framework of Fe2O7F2 bioctahedra 

connected by PO4 tetrahedra, which host two Na+ ions in the interlayer space. Both the charge 
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and discharge profiles exhibit two two-phase plateaus, centered at 2.90 V and 3.05 V versus 

Na+/Na, and 80% of the 120 mA h g-1 theoretical capacity can be maintained after 10 

cycles.178 However, the electrochemical kinetics of Na2FePO4F are not as favorable as in 

Na1.5VPO4.8F0.7. Na1.5VPO4.8F0.7 exhibited a capacity retention of 95% and 84% after 100 

and 500 cycles, respectively, at a rate of 1 C. The promising electrochemical performance 

can be attributed to the small volume change, fast Na-ion diffusion and lack of ordered 

compositions within the redox window. 

NaFeSO4F, a sodium fluorosulfate, has a tunnel type structure. The ionic conductivity is 7.14 

× 10-7 S3 cm-1. It has a Fe2+/Fe3+ signature plateau centered at around 3.6 V. However, only 

~0.07 Na can be extracted from this structure electrochemically and hence only ~6% of its 

theoretical capacity can be achieved.180 On the contrary, its sulfate cousins, such as 

Na2Fe(SO4)2·2H2O and Na2Fe2(SO4)3, are more electrochemically active. It was found that 

kröhnkite-type Na2Fe(SO4)2·2H2O displays a Fe2+/Fe3+ redox couple at about 3.25 V with 

good structural reversibility.181 Interestingly, Na2Fe2(SO4)3 has the highest ever reported 

Fe3+/Fe2+ redox potential at 3.8 V versus Na+/Na along with fast kinetics. In a half cell, it 

displayed a sloping voltage profile and 85% of the theoretical capacity (102mA h g-1) can be 

obtained.182  

1.2.1.3 Prussian blue cathodes 

SIBs prefer cathode materials with open host frameworks containing a suitable transition-

metal ion to host Na+ with large size. Prussian blue analogues (PBAs) has a cubic structure 

consisting of Fe2+ and Fe3+ sitting on alternate corners of corner-shared iron octahedra 

bridged by cyano (C≡N)- ligands (Figure 1.11).183 The open-framework contains channels 

(3.2 Å) and interstitial sites (4.6 Å), allowing rapid solid-state diffusion of Na+.171 
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Figure 1.11 Framework of Prussian blue analogues.183 

Among PBAs, hexacyanoferrates are the most widely investigated because of the low cost 

and facile synthesis. The pioneering work by Goodenough and co-workers showed that 

insertion of Na into KFe2(CN)6 in a carbonate electrolyte exhibited a reversible capacity near 

100 mA h g-1 with no capacity fade in 30 cycles. KFe2(CN)6 cathode showed peaks at 

2.97/2.92 V corresponding to oxidation–reduction of the high-spin Fe3+-Fe2+ couple bonding 

to N and peaks at 3.69/3.58 V corresponding to the low-spin Fe3+-Fe2+ couple bonding to C. 

However, the KFe2(CN)6 electrode showed a low coulombic efficiency in the initial cycling, 

which could be ascribed to crystal water in this PBA compound.183 

1.2.2 Anode materials for SIBs 

In contrast to the extensively investigated cathodes, reported anode materials that are able to 

react with sodium are limited. The reported anode materials can be categorized into carbon 

materials, intercalation-based materials, conversion reaction compounds and alloy anodes. 

Figure 1.12 summarizes the specific capacities as well as the operation voltages of various 

anode materials. This section will discuss the development of anode materials for SIBs. 
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Figure 1.12 Operation voltages vs. specific capacities of various anode materials for 

SIBs.158 

1.2.2.1 Carbon materials 

It was experimentally shown in earlier publications that graphite delivered limited reversible 

capacities of only around 12 mA h g-1, which suggests that the formation of a stage 1 graphite 

intercalation compound is unfavorable.184, 185 Computational investigations showed that the 

formation of either NaC6 or NaC8 has a negative intercalation potential, which means it is 

thermodynamically unfavorable. The development of compatible electrolyte affords Na 

intercalation in graphite galleries.186-188 It is reported that in a diglyme-based electrolyte, the 

co-intercalation phenomenon results in a stage-I ternary intercalation compound with an 

estimated stoichiometry of Na(diglyme)2C20. This leads to high energy efficiency, small 
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irreversible loss during the first cycle, and a superior cycle life with capacities close to 100 

mA h g-1 for 1000 cycles and coulombic efficiencies >99.87 %.186 

In contrast, the storage of Na in non-graphitic carbon materials (i.e. hard carbon, soft carbon 

and amorphous carbon) has been reported as thermodynamically feasible. The extent of Na 

intercalation depends critically on: i) the microstructure of carbon materials (NaC70, NaC30, 

and NaC15 were formed for graphite, petroleum coke, and Shawinigan black, respectively); 

and ii) the particle size of the carbon used.189 Among them, hard carbon has been widely 

studied as a promising anode. The storage mechanism of Na+ in hard carbons is proposed as 

a “card-house” model: i) Na-ion intercalation between graphene sheets, corresponding to the 

sloping-voltage region and (ii) Na-ions filling in the pores between nano-graphitic domains, 

corresponding to the plateau region.190 The number of defect sites in hard carbon is strongly 

related to the Na storage capacity in the slope-voltage region.191 However, there is no 

consensus about the Na storage mechanism in the low-voltage plateau region. The debate 

focuses on whether Na metal nanoclusters are formed in this region.192, 193, 194 To further 

improve the Na storage capacity of carbon materials, modifications by doping of heteroatoms, 

such as nitrogen195 and sulfur,196 have been investigated.  

1.2.2.2 Intercalation-based materials 

Ti-based oxides have been the most widely investigated anode materials for Na intercalation 

because of their low cost and environmental benignity. The pioneering work conducted by 

Xiong et al. reported amorphous TiO2 nanotubes as anodes in the voltage range between 0.9 

and 2.5 V.197 This work intrigued the investigations of Ti-based oxides with different 

polymorphs and nanostructures as host intercalation materials for Na-ion storage. The 

intercalation of Na+ is normally accompanied by Ti3+/Ti4+ redox reactions.198 Detailed 



30 
 

investigations have shown that Na insertion in TiO2 follows: i) pseudo-capacitive reactions 

during the initial discharge process; ii) structural rearrangement, and finally iii) a 

disproportionation reaction and formation of Ti0 and O2 during further discharge. Then, iv) 

reversible Na de/insertion occurs in Nax(TiO2) (0.28 ≤ x ≤ 0.69).199 

Li4Ti5O12 can also accommodate Na-ions and delivers a reversible capacity of about 150 mA 

h g-1.200 Since the Na-ion diffusion coefficient of Li4Ti5O12 is 5 orders of magnitude smaller 

than Li-ion diffusion, the development of nanosized Li4Ti5O12 is promising to improve the 

sodium-ion storage performance.201 Sodium titanium oxides have also been investigated as 

anode materials for SIBs, including Na2Ti3O7,202 Na2Ti2O5,203 layered NaTiO2,204 

Na2Ti6O13,205 and Na2Ti7O15.206 

Table 1.2 Some of the MAX phases reported207 

211 (M2AX) 
312 

(M3AX2) 

413 

(M4AX3) 

Ti2AlC Ti2CdC Ti2GaC Ti2InC Ti2TlC Sc2InC Ti3AlC2 Ti4AlN3 

V2AlC V2GaC Cr2GaC Ti2AlN Ti2GaN Ti2InN V3AlC2 V4AlC3 

V2GaN Cr2GaN Ti2GeC Ti2SnC Ti2PbC V2GeC Ti3SiC2 Ti4GaC3 

Cr2AlC Cr2GeC V2PC V2AsC Ti2SC Zr2InC Ti3GeC2 Ti4SiC3 

Zr2TlC Nb2AlC Nb2GaC Nb2InC Mo2GaC Zr2InN Ti3SnC2 Ti4GeC3 

Zr2TlN Zr2SnC Zr2PbC Nb2SnC Nb2PC Nb2AsC Ta3AlC2 Nb4AlC3 

Zr2SC Nb2SC Hf2InC Hf2TlC Ta2AlC Ta2GaC  Ta4AlC3 

Hf2SnC Hf2PbC Hf2SnN Hf2SC     
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Two-dimensional (2D) metal carbides, carbonitrides and nitrides, denoted as MXenes, were 

first reported in 2011.208 MXenes feature a 2D structure similar to graphene. They are 

formulated as Mn+1XnTx (M-transition metal, X-carbon or nitrogen, T-surface terminations 

such as OH, O, and F) with n values varying from 1 to 3 for the existing MXenes. MXenes 

are prepared from their MAX phases (A is mainly a group IIIA or IVA element), which are 

layered hexagonal with A slaps sandwiched between M and X layers. The known MAX 

phases are listed in Table 1.2. In MAX, the M–A bonds are weaker than the M–X bonds, 

which makes the selective etching of A layers possible. Some MXenes have been 

successfully prepared from the corresponding MAX phases, such as Ti2C, Nb2C, V2C, Mo2C, 

Ti3C2, Ti3CN, Mo2TiC2, Mo2Ti2C3, and Ti4N3.209-212 The first report about preparation of 

Ti3C2 MXene used hydrofluoric acid aqueous solution as the etchant at room temperature.208 

Because M atoms on MXene surfaces are unstable in air and should be satisfied by suitable 

ligands, MXenes surfaces are terminated by surface functionalization Tx (T = OH, F, O, H, 

etc.). Further investigations have shown that by the combination of common, inexpensive 

hydrochloric acid (HCl) and fluoride salts, such as LiF, it is possible to dissolve aluminum 

from Ti3AlC2 and extract two-dimensional carbide layers Ti3C2.213 It was shown that a variety 

of cations can be intercalated into the interlayer between MXene.214 The HCl+LiF method 

thus achieves etching and intercalation in a single step. Followed by simple sonication in 

water, colloidal solutions of Ti3C2Tx single- or few-layer can be obtained. In addition, a 

variety of organic molecules, such as urea, hydrazine, dimethyl sulfoxide, and tertiary amines 

can also intercalate in between MXene layers.215, 216 Specifically, when dimethyl sulfoxide 

or tertiary amines are intercalated, multilayered MXenes can be delaminated into single- or 

few-layer flakes by sonication in water. 
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It is theoretically investigated that up to one monolayer (1 ML) of Na can be absorbed at the 

fcc hollow site on each side of MXene, corresponding to the chemical stoichiometry of 

M2CO2Na2. This was evidenced by scanning transmission electron microscopy (STEM) by 

Wang et al. and two layers of Na ions occupying the interlayers were found.217 The 

intercalated Na-ions prefer to stay on top of the C atoms in the Ti3C2TX layer and are about 

0.23 nm apart from each other, in accordance with computational predictions.218 On the other 

hand, theoretical investigations demonstrate low diffusion barriers for Na+ on MXene. For 

Ti3C2Tx, a possible spatial hopping pathway with high structural symmetry between two 

nearest neighboring Na adsorption sites is that the Na-ions first move to the top of the nearest 

neighboring Ti(s) atoms, and then to the top of the C atoms (top C → top Ti(s) → top C). 

The diffusion barriers for these two paths are about 0.1087 and 0.4257 eV, respectively, 

suggesting that it is easier to diffuse from the top C to the top Ti(s) than from the reverse 

direction. Moreover, the calculated activation barriers for Na ion migration on oxygen 

terminated Ti2CO2, V2CO2, Cr2CO2, Mn2CO2, and Mo2CO2 were 0.18, 0.15, 0.09, 0.15, and 

0.14 eV, respectively.219 Considering the high electronic conductivity as well as fast ionic 

diffusion, MXenes are promising for sodium-ion storage, especially for high-rate 

applications. When applied as an anode material for sodium-ion storage, multilayered Ti2CTx 

MXene delivered a reversible capacity of 175 mA h g-1 at a current density of 20 mA g-1. The 

multilayered Ti2CTx electrode showed good rate capability. Even at a current density of 5000 

mA g-1, a capacity of 63 mA h g-1 can be achieved. Multilayered Ti3C2Tx has also been tested 

as a negative electrode for Na-ion storage and exhibited a capacity around 100 mA h g-1.217, 

218 The Na-ion insertion potentials of MXenes can be tuned by changing the transition metal 

and surface functional groups.219, 220 Another MXene, V2CTx, was successfully used for 
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positive electrodes, paired with hard carbon to assemble full cells delivering a maximum cell 

voltage of 3.5 V and a cell capacity of 50 mA h g-1.221 

1.2.2.3 Conversion reaction compounds 

Compared to LIBs, few metal oxides/sulfides can be used as anode materials for SIBs by 

conversion reactions. Among this type of anode materials, the reported metal oxides include 

iron oxides, cobalt oxides, and copper oxides. Hariharan et al. demonstrated that Na+ 

electrochemically reacted with Fe3O4 to form Fe metal and Na2O, providing a high specific 

capacity of around 400 mA h g-1.222 This value is much lower than the theoretical capacity 

(926 mA h g-1), which can be ascribed to: i) sluggish kinetics of the Na-ion transfer in 

conversion reactions because of the larger ion size; and ii) different nature of the SEI layer 

formed in Na cells.223-229 Jiang et al. fabricated a series of transition metal oxides including 

Fe2O3, Mn3O4, Co3O4, and NiO, and characterized their electrochemical properties as anodes 

for SIBs. The sodium uptake/extraction was confirmed by way of reversible conversion 

reactions.230 The first experimental results by Klein et al. on different copper compounds 

showed that the conversion of copper-based compounds, such as CuO and CuS, with sodium 

proceeds over intermediate phases, as evidenced by XRD and electrochemical 

measurements.231 The Na-ion storage properties of CuO were directly observed by in situ 

TEM. The sodiation process of CuO was shown to consist of three steps. Cu2O and Na2O 

were predominantly formed during the first step, then, on further reaction, the intermediate 

NaCuO phase nucleated. The final sodiation products were Na6Cu2O6, Na2O, and Cu.232 

Metal sulfides, especially layered transition metal sulfides, attracted tremendous attentions 

as anode materials for SIBs because the unique layered structure is favorable for initial ion 
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intercalation/de-intercalation, and the following conversion chemistry enables high 

theoretical capacity. Molybdenum disulfide (MoS2) has a lamellar structure with each layer 

stacking via Van der Waals interactions. In a single-layered MoS2, there are numerous S-

Mo-S units where molybdenum atoms are sandwiched in the center by sulfur atoms with 

strong covalent bonding. The Na-ion intercalation leads to a series of two-phase structural 

transitions from 2H-MoS2 to 1T-MoS2, which is confirmed at the atomic scale by aberration-

corrected scanning transmission electron microscopy.233 The intercalation process is partially 

staged. Depending on the depth of intercalation, the structure of MoS2 can be partially 

recovered (to 1T-MoS2) if less than 1.5 Na-ions per formula of MoS2 are intercalated. 

However, its structure cannot be restored once it is decomposed to NaxS and metallic Mo. 

Dispersing MoS2 in a carbon matrix with different dimensions showed enhanced 

electrochemical performance for sodium-ion storage.234-240 However, the large irreversible 

capacity in the first cycle and the lack of understanding of interactions between MoS2 and 

carbon are still the bottleneck for further applications of MoS2 as anode material for SIBs.  

SnS2-based anode materials have been reported as one of the highest capacity anode materials 

because of the combination of conversion reaction and alloying reaction.241 SnS2 can be 

integrated with reduced graphene by either in situ growth242 or post methods.243 Meng and 

co-workers investigated the sodiation/desodiation processes of SnS2/reduced graphene oxide 

composites.244 It is determined that Na2S2 forms instead of Na2S at the fully discharged state. 

The as-formed Na2S2 works as a matrix to relieve the strain from the extensive volume 

expansion of the Na-Sn alloy reaction. Highly amorphous SnS2 forms after one full cycle. A 

simple solid-state reaction method was applied to prepare carbon-coated SnS2 (SnS2/C) 

anode materials for SIBs by annealing metallic Sn, sulfur powder, and polyacrylonitrile in a 
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sealed vacuum glass tube. It should be noted that this method is less time-consuming and can 

be scaled up for mass production. In addition, efforts have been devoted to develop 

freestanding SnS2 based electrode material. Wang and co-workers reported SnS2@graphene 

nanosheet arrays grown on carbon cloth, which demonstrated promising electrochemical 

performance for SIBs.245 

1.2.2.4 Alloy anodes 

Alloy anodes accommodate Na-ions by forming sodium-based alloys, giving a high 

theoretical specific capacity, as summarized in Table 1.3. The reported alloy anodes are 

mainly Group IVA and VA elements. Alloy anodes have low operation voltage versus 

sodium, which is desirable to develop high voltage devices. Among them, tin is inexpensive 

(around 20 USD/kg), relatively safe to work with as a powder (not extremely pyrophoric), 

nontoxic, and highly abundant. Tin is a promising anode material exhibiting high charge 

storage capacity both by weight and by volume. In addition, Sn forms a variety of compounds, 

such as SnO, SnO2, SnS, SnS2, and Sn4P3, which offer great opportunities to tune the 

electrochemical performances by chemical manipulation. These Sn-based compounds offers 

high specific capacities for sodium-ion storage by conversion reactions followed by Sn-Na 

alloying.246  

Table 1.3 Summary of properties of typical metal or metalloid materials for Na-ion 

batteries.246 

 
Reduction 

product 

Theoretical 

capacity (mA h g-1) 

Volumetric expansion 

(NaxX/X) (%) 

Average voltage 

(vs. Na+/Na) (V) 
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Sn Na3.75Sn 847 520 0.2 

Sb Na3Sb 660 393 0.6 

P Na3P 2596 408 (red) 0.4 

   500 (black)  

Si NaSi 954 243 0.5 

Ge NaGe 369 305 0.3 

The main challenge of Sn-based anode materials is their large volume change (up to 300%) 

during sodium insertion and extraction, which leads to pulverization of the active alloy 

particles and poor cycle stability. In order to overcome this problem, efforts have been 

devoted to compositionally manipulate and construct Sn-based nanostructures. In this context, 

carbon materials show potential applications, which can not only provide electronic 

conductive networks but also preserve the agglomeration of Sn nanoparticles. A Sn thin film 

was deposited on a soft and mesoporous wood fiber substrate, which showed a stable cycling 

performance of 400 cycles with an initial capacity of 339 mA h g-1.247 Tin-coated viral 

nanoforests have also been developed as binder-free composite electrodes. When applied as 

anode materials for SIBs, an initial capacity of 722 mA h (g Sn)−1 along with 405 mA h (g 

Sn)−1 retained after 150 deep cycles was achieved.248 In addition, a mesoporous carbon (C) 

matrix has been applied to accommodate Sn nanoparticles.249  

Sn-based compounds have also been integrated into carbon materials and 2D 

graphene/reduced graphene oxide are among the most popular ones. This is because the 

preparation is simple yet effective to improve the cycling performance of Sn-based anodes. 

For example, ultrafine SnO2 nanoparticles (around 5 nm) were loaded on a reduced graphene 
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oxide framework with a weight ratio of 76.4% by a hydrothermal method. The electrode 

delivers a reversible Na-storage capacity of 330 mA h g−1 with an outstanding capacity 

retention of 81.3% over 150 cycles.250 Zhang and co-workers developed a facile and up-

scalable wet-mechanochemical process to prepare SnO2/graphene nanocomposites from 

SnCl2 and graphene oxide (GO), which are ball-milled in aqueous media for sodium-ion 

storage.251 An ice-templated preparation and sodium storage of ultrasmall SnO2 nanoparticles 

(3–4 nm) embedded in three-dimensional (3D) graphene (SnO2@3DG) has also been 

reported. The as-prepared SnO2@3DG delivered a discharge capacity of 210 mA h g−1 at a 

high rate of 800 mA g−1.252  

The insertion type anode materials for SIBs typically offers efficient pathways for sodium-

ion insertion/extraction while have relatively low capacities. While the conversion type as 

well as alloy type anode materials can afford high specific capacities for sodium-ion storage 

but normally suffer from poor cycling performance due to the volume change during cycling. 

In this doctoral thesis, the focus was low cost Sn-based anode materials which experience 

alloying and/or conversion reactions and layered MoS2 materials which show promising 

performances for sodium-ion storage in terms of capacity and rate capability. The emerging 

MXenes were also the attracting candidate due to the high ionic and electronic conductivity, 

which is desired for high-rate applications of SIBs. 
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Chapter 2 Experimental 

2.1 Overview 

 

Figure 2.1 Framework of the experiments. 

Figure 2.1 summarizes the methodologies and techniques used in this research work, which 

include: 

1) Design and preparation of electrode materials by methods, such as solid state reactions, 

hydrothermal methods, and chemical vapor deposition (CVD), all chemicals used are listed 

in Table 2.1;  
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2) Characterizations of physical properties of the as-produced materials by different 

techniques, such as X-ray diffraction (XRD), thermogravimetric analysis (TGA), Raman 

spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), and high-resolution TEM (HRTEM);  

3) Electrochemical measurements of the as-produced materials for lithium/sodium-ion 

batteries. To elucidate the mechanisms of electrode materials for sodium/lithium-ion storage, 

ex situ XRD, in situ Raman spectroscopy, and ex situ SEM were also applied to investigate 

some electrodes after/during electrochemical tests. 

Table 2.1 Chemicals used in the research project 

Chemicals Formula Purity Supplier 

Carbon black C 100 % Sigma-Aldrich 

Poly(vinylidene 

difluoride) (PVdF) 
(CH2CF2)n - Sigma-Aldrich 

Carboxymethyl cellulose 

sodium salt 
C8H15NaO8  Sigma-Aldrich 

Ethanol CH3CH2OH 95 % Chem Supply 

Ethylene carbonate (CH2)2CO3 99 % Sigma-Aldrich 

Graphite (natural flakes) C 75 % Sigma-Aldrich 

Hydrochloric Acid HCl 37 % Sigma-Aldrich 

Hydrogen peroxide 

solution 
H2O2 50 % Sigma-Aldrich 

Manganese nitrate 

tetrahydrate 
Mn(NO3)2·4H2O 97 % Sigma-Aldrich 

N-methyl pyrrolidinone 

(NMP, anhydrous) 
C5H9NO 99.5 % Sigma-Aldrich 

Nitric acid HNO3 68 % Sigma-Aldrich 

Potassium permanganate KMnO4 99 % Sigma-Aldrich 
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Lithium foil Li 99.999 % 
Hohsen Corporation 

Japan 

Propylene carbonate (PC, 

anhydrous) 
C4H6O3 99.7 % Sigma-Aldrich 

Polypropylene separator (C3H6)n 100 % Celgard 

Sodium nitrate NaNO3 99 % Sigma-Aldrich 

Urea H2NCONH2 98 % Sigma-Aldrich 

Tin (IV) chloride SnCl4·5H2O 98 % Sigma-Aldrich 

    

2.2 Materials preparation 

2.2.1 Solid-state reaction  

Solid-state reaction is the direct reaction of a mixture of solid starting materials, which is 

widely used for the preparation of a whole range of solid products. From the thermodynamic 

and kinetic considerations, it requires heat treatment at 500 to 1500 °C to allow the reactions 

to occur at an appreciable rate. The nucleation of products is difficult because of (a) the 

considerable differences in structure between reactants and products and (b) the large amount 

of structural reorganization that is involved in forming the products. The subsequent growth 

of the product layer may be even difficult because counter diffusion of precursors must occur 

right through the existing product layer to the new reaction interfaces. In this context, a key 

step is to mix the precise amounts reactants sufficiently to maximize area of contact between 

reacting solids. A typical procedure is outlined as follows: 

Reagents. The reactants must be dried thoroughly and weighed according to the expected 

nature of the product. Fine grained materials should be used if possible in order to maximize 

surface area and hence reaction rates. 
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Mixing. After acquisition of precise quantities of the solid starting materials, the reactants are 

mixed. For manual mixing of small quantities, usually an agate mortar and pestle are 

employed. Sufficient amount of some volatile organic liquid, such as acetone or ethanol, is 

added to the mixture to aid homogenization.  

Heat treatment. After mixing, the reactants are put in suitable containers chemically inert to 

the reactants under the heating conditions used and then heated. The heating program to be 

used depends strongly on the form and reactivity of the reactants. According to the demands 

of the final products, an appropriate protection gas (argon, helium, nitrogen, hydrogen, etc.) 

will be selected to avoid oxidization. 

In this thesis, the solid-state reaction route was employed to prepare LiMn2O4 cathode 

materials for LIBs. 

2.2.2 Hydrothermal method 

The hydrothermal technique is becoming one of the most important tools for advanced 

materials processing, particularly owing to its advantages in the processing of nanostructured 

materials. The hydrothermal technique not only helps in processing monodisperse and highly 

homogeneous nanoparticles, but also acts as one of the most attractive techniques for 

processing nano-hybrid and nanocomposite materials. The term ‘hydrothermal’ is purely of 

geological origin. It was first used by the British geologist, Sir Roderick Murchison (1792-

1871) to describe the action of water at elevated temperature and pressure, in bringing about 

changes in the earth’s crust leading to the formation of various rocks and minerals. This 

technique is particularly suitable for the growth of large good-quality crystals while 

maintaining good control over their composition. The autoclaves used in this study are made 
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of stainless steel and the inside contains a polytetrafluoroethylene (PTFE) lining with 30 ml 

capacity, which is shown in Figure 2.2. In this doctoral study, the hydrothermal methods 

were employed to synthesize SnO2/graphene aerogels, MoS2@carbon paper, SnS2/graphene 

composites, MoS2/graphene heterostructures, and SnO2/nitrogen-doped graphene 

composites. 

2.3 Materials characterization 

2.3.1 X-ray Diffraction (XRD) 

The phase and crystallographic structure of as-prepared materials were characterized by X-

ray diffraction in this doctoral study. The interaction of the incident X-rays with the sample 

produces constructive interference (and diffracted rays) when conditions satisfy Bragg's Law: 

nλ=2d sin θ 

where d is the interplanar spacing, θ is the Bragg angle, n is the order of reflection and λ is 

the wavelength of the X-rays irradiation. By comparing the obtained XRD pattern to the 

known standard diffraction lines in the Joint Committee on Powder Diffraction Standards 

(JCPDS) database, the crystal phase can be identified. 

2.3.2 Raman Spectroscopy 

Raman spectroscopy is a molecular spectroscopy based on inelastic scattering of 

monochromatic light. It is a powerful tool for quantitative applications. In this thesis, it was 

used to detect defect information of carbon materials and identify the structure of compounds. 

The specific vibrational information obtained in Raman spectroscopy arises from molecular 

bonds and symmetry. As a result, in situ Raman spectroscopy provides a powerful tool to 
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probe electrode and electrolyte during cycling in sodium/lithium-ion cells. The in situ Raman 

cell design is shown in Figure 2.2. A 2 mm hole was drilled through the back of a 2032 coin 

cell and a glass window was attached over the hole by epoxy adhesive. In this doctoral study, 

we used in situ Raman to investigate the sodiation/de-sodiation processes of MoS2@carbon 

paper electrodes for sodium-ion batteries (Chapter 6). 

 

Figure 2.2 Modified coin cell design for in situ Raman spectroscopy. 

2.3.3 X-ray photoelectron spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic 

technique that measures the elemental composition at the surface (top 0 to 10 nm of the 

material being analyzed). XPS spectra are obtained by irradiating a material with a beam of 

X-rays while simultaneously measuring the kinetic energy and number of electrons. By 

analyzing the binding energies, the chemical state information, i.e., the local bonding 

environment of a species can be produced. XPS is also useful for quantitative analysis of 

surfaces, which gives relative quantification of different elements. In this doctoral study, XPS 
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was used to investigate the chemical states as well as the atomic percent of nitrogen species 

in nitrogen-doped graphene. 

2.3.4 N2 sorption/desorption measurement 

To measure surface area, pore size and pore volume of the desired materials, N2 

sorption/desorption measurements were conducted by using a Micromeritics 3Flex analyzer 

at 77 K. The Brunauer-Emmett-Teller (BET) method was used to calculate surface areas of 

the as-produced samples in this work using the experimental points at a relative pressure of 

P/P0 = 0.05-0.25. The pore size distribution was calculated by the Barret-Joyner-Halenda 

(BJH) method. 

2.3.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a popular method of thermal analysis in which changes 

in physical and chemical properties of materials are monitored as a function of increasing 

temperature. For different applications, TGA can be conducted in air or inert atmosphere (e.g. 

N2). For example, the carbonization temperature of biomass can be determined by TGA in 

N2 atmosphere. To measure the weight ratio of carbon materials in carbon-based composites, 

normal air atmosphere is commonly used. The temperature can increase up to 1000 °C with 

a speed of 5-10 °C min-1. 

2.3.6 Scanning Electron Microscopy (SEM) 

Field emission scanning electron microscopes (FESEM) provide a powerful tool to 

investigate the morphology of nanomaterials. In this study, high resolution FESEM (Zeiss 

Supra 55VP) was used, which was operated with an acceleration voltage of 20 kV. Sample 
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preparation for SEM includes either spreading sample powder directly onto a carbon tape or 

dropping a sample in isopropanol solution onto silicon substrates followed by drying in air. 

The Supra 55VP is also equipped with Oxford energy dispersive spectroscopy (EDS), which 

enables component and element percentages analysis. 

2.3.7 Transmission Electron Microscopy (TEM) 

To examine fine details of the as-produced electrode materials, TEM, which is capable of 

imaging at a significantly higher resolution, was used. By using high resolution TEM 

(HRTEM), lattice images are possible. Moreover, the phase features for crystalline samples 

can be captured by selected area electron diffraction (SAED). For a single crystal, the SAED 

pattern is characterized of a pattern of dots, while for a polycrystalline or amorphous solid 

material, it shows a series of rings.  

2.4 Electrode preparation and battery assembly 

2.4.1 Electrode preparation 

For powder electrode materials, the electrodes were prepared by mixing the as-prepared 

material (70 wt. %), carbon black (20 wt. %) and poly (vinylidene fluoride) binder (PVDF, 

10 wt. %) in N-methyl-2-pyrrolidone (NMP) to form a slurry. The resultant slurry was spread 

onto either Al foil (for cathode materials) or Cu foil (for anode materials) using a doctor blade 

and dried in a vacuum oven for 12 h, followed by pressing at 200 kg cm-2. To ensure the 

reliability of the electrochemical results, the active material loading was about 1.1 mg cm-2.  
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For the freestanding electrode materials, such as Sn@CNT-carbon paper and MoS2@carbon 

paper, the as-prepared products were used directly without the aforementioned electrode 

preparation procedure. 

2.4.2 Cell assembly 

Electrochemical measurements were carried out using two-electrode coin cells. For LIBs, 

lithium foil was used as counter and reference electrode, and a Celgard 2400 as the separator. 

While for SIBs, sodium foil was used as counter and reference electrode, and glass fiber as 

the separator. The CR2032-type coin cells were assembled in an argon-filled glove box 

(UniLab, Mbraun, Germany), in which both the moisture and oxygen contents are controlled 

to be less than 0.1 ppm. The electrolyte used for LIBs was 1 M LiPF6 in a 1:1 (volume ratio) 

mixture of ethylene carbonate and diethyl carbonate purchased from Zhangjiagang Guotai-

Huarong New Chemical Materials Co., Ltd.. Home-made electrolyte (1 M NaClO4 dissolved 

in a mixture of ethylene carbonate (EC) and propylene carbonate (PC) with a volume ratio 

of 1:1, in which 5 vol.% fluoroethylene carbonate (FEC) was added as electrolyte additive) 

was used for SIBs. 

2.5 Electrochemical measurements 

In this doctoral study, the electrochemical properties were tested by the following techniques, 

including galvanostatic charge-discharge, cyclic voltammetry, and electrochemical 

impedance spectroscopy. The details of these electrochemical measurements are discussed 

as follows. 



47 
 

2.5.1 Galvanostatic charge-discharge 

Galvanostatic charge-discharge is conducted at a constant charge/discharge current within a 

certain voltage range. The specific charge/discharge capacities (Q) of electrode materials can 

be calculated by the following formula: 

Q = I * t             (2-1) 

where I is the current density and  t is the charge/discharge time. Rate performances of the 

as-produced electrode materials can be obtained by stepwise galvanostatic charge-discharge 

measurements at different current densities. Moreover, by repeating galvanostatic charge-

discharge tests, the cycling performances can be obtained, which is another important 

parameter of electrode materials. 

2.5.2 Cyclic voltammetry 

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical measurement 

conducted at a constant ramping of voltage (scan rate, V s-1). It applies a potential between a 

reference electrode and a working electrode and monitors the current between a working 

electrode and a counter electrode. When there are reduction or oxidation reactions on the 

working electrode at a certain potential, current peaks will appear. As a result, CV provides 

information about the redox potential and the electrochemical reaction rates of the electrode 

materials. In this doctoral study, the instrument used for CV is an electrochemical 

workstation produced by CH instruments. 
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2.5.3 Electrochemical Impedance Spectroscopy 

 

Figure 2.3 Schematic impedance spectrum in a Nyquist plot for lithium/sodium-ion cells. 

Electrochemical impedance spectroscopy (EIS) is a widely used experimental method to gain 

a deeper insight into electro-chemical systems.253 Impedance spectra of lithium/sodium-ion 

cells show a characteristic behavior in a Nyquist plot. The sub-component sections and the 

associated assumed kinetic response processes are explained in more detail: 

Section 1. At very high frequencies, the spectrum shows inductive behaviour caused by 

inductive reactance of metallic elements in the cell and wires; 

Section 2. Ohmic resistance RΩ of the cell at the intersection with the real axis, sum of the 

resistances of current collectors, active material, electrolyte, and separator; 

Section 3. First semi-circle associated typically with the solid electrolyte interface (SEI) and 

is formed during cycling on the surface of the anode; 

Section 4. Second semi-circle representing the double layer capacity and charge transfer 

resistance at the electrodes; 

Section 5. Diffusion processes in the active material of the electrodes at very low frequencies. 
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In this doctoral study, Nyquist plots of different electrodes were prepared to investigate the 

kinetics of different electrode materials, which can be correlated with the electrochemical 

performances, such as specific capacity and rate capability. 
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Chapter 3 Synthesis of Single Crystalline Spinel LiMn2O4 Nanorods for Li-ion 

Batteries with High Rate Capability and Long Cycle Life 

3.1 Introduction 

Rechargeable lithium-ion batteries (LIBs) have been successfully commercialized with a 

wide range of applications in our modern society.133, 254-258 As a promising alternative to 

LiCoO2 cathode materials in LIBs, spinel lithium manganese oxide (LiMn2O4) with an open 

three-dimensional framework structure allows for the facile insertion and extraction of 

lithium ions. It has attracted great technological and research interest because of the 

abundance of Mn (12th most abundant element in earth’s crust), environmental friendliness 

and high safety.56, 133, 134, 259, 260 However, the unstable rechargeability is a key problem, which 

prohibits its application.58, 261, 262  

Considerable efforts have been devoted to mitigating the inferior cyclability of LiMn2O4, 

including doping and coating.263 It has been widely acknowledged that high crystallinity can 

improve the stability of the crystallographic structure and charge-discharge cycling ability of 

LiMn2O4 by hindering Mn dissolution from the spinel structure into the electrolyte.264, 265 

Unfortunately, large single crystalline LiMn2O4 has been reported as having a Li+ diffusion 

coefficient of 10-11 S cm-2, an order of magnitude lower than that of polycrystalline LiMn2O4, 

which results in sluggish ionic kinetics.266-268 This problem can be solved by preparing 

LiMn2O4 nanoarchitectures to decrease lithium ion diffusion length.269 Among all the 

nanostructures, one-dimensional (1D) nanoarchitecture is particularly attractive owing to 

high length to diameter ratio and anisotropies. It has been reported that Li+ and e- may be 

inserted into 1D nanoarchitectures synchronously, rendering them ionically and 
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electronically conductive simultaneously.53, 270 Moreover, 1D nanomaterials have a large 

surface-to-volume ratio, which provide efficient active mass-electrolyte contact areas, giving 

rise to a high rate capability.88 The small diameter enables better accommodation of the large 

volume changes without the initiation of fracture that commonly occur in bulk or micron-

sized materials. These advantages endow promising performances to 1D electrode materials 

for LIBs.271 However, the cubic crystals cannot grow in a one-dimensional direction, 

especially in the high-temperature sintering process, which is normally necessary for high-

performance cathode materials.86 Zhou et al. prepared high-quality single crystalline cubic 

spinel LiMn2O4 nanowires based on a novel reaction method using Na0.44MnO2 nanowires 

as a self-template.86 Cui et al. reported the synthesis of ultrathin single crystalline LiMn2O4 

nanowires with cubic spinel structure, which were synthesized by using a solvothermal 

reaction to produce α-MnO2 nanowires followed by solid-state lithiation.87 Cui et al. reported 

the hydrothermal synthesis of single-crystalline β-MnO2 nanorods and their chemical 

conversion into free-standing single-crystalline LiMn2O4 nanorods using a simple solid-state 

reaction.88 More than 85% of the initial charge storage capacity was maintained for over 100 

cycles. Zhao and co-workers prepared single-crystalline nanotubes of spinel LiMn2O4 via a 

template-engaged reaction using β-MnO2 nanotubes as a self-sacrificing template. About 70% 

of the initial capacity can be retained after 1500 cycles at a 5C rate.265 As summarized in 

Table 3.1, it is still a big challenge to achieve above 85% retention of the initial charge 

storage capacity over 1000 cycles. 
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Table 3.1 Summary of LiMn2O4 nanorods as cathode materials for lithium-ion batteries 

Mn-precursor Cycling performance Rate capability Reference 

β-MnO2 

nanorods 

85% capacity retention 

after 100 cycles at 1C 
100 mA h g-1 at 1C 88 

Manganese 

acetate 

60% capacity retention 

after 10 cycles at 1C 
- 272 

α-MnO2 

nanorods 

90% capacity retention 

after 100 cycles at 1C 

85% of the reversible 

capacity at 0.1C rate can 

be discharged at 5C rate 

264 

porous 

Mn2O3 nanorods 

90% capacity retention 

after 500 cycles at 2 C 
80 mA h g−1 at 30 C 53 

MnOOH 

nanorods 

89% capacity retention 

after 50 cycles at 1C 
100 mA h g−1 at 5 C 273 

MnO2 nanorods 

98.9% capacity 

retention after 30 cycles 

at 1.0 mA cm-2 

- 274 

β-MnO2 

nanorods 

73% capacity retention 

after 500 cycles at 3C 
78 mA h g− 1 at 5 C 275 

Herein, we report the synthesis of single crystalline LiMn2O4 nanorods as the cathode 

materials for ultrahigh stable LIBs. Porous Mn3O4 nanorods were used to synthesize single 

crystalline LiMn2O4 nanorods. We developed a vacuum-assisted impregnation (VAI) method 

in order to mix Mn3O4 with LiOH homogeneously on a molecular level, which can facilitate 

the transfer of dissolved LiOH into the nanopores. Followed by solid-state reaction, single 
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crystalline LiMn2O4 with well-defined rod-like morphology were obtained. When applied as 

cathode materials for LIBs, the as-prepared LiMn2O4 nanorods showed an initial reversible 

capacity of 114 mA h g-1 at 0.5C, excellent cyclability (95.6% capacity retention at a rate of 

3C after 1000 cycles) and good high rate capability. Post-mortem nanostructural analyses 

confirmed the preservation of the 1D morphology after long-term cycling. 1D spinel 

LiMn2O4 nanorods could be a promising cathode material for LIBs with long cycle life. 

3.2 Experimental 

3.2.1 Synthesis of MnO2 nanorods  

1 mmol MnSO4·H2O was dissolved into 20 mL distilled water to form a transparent solution, 

to which 1 mmol (NH4)2S2O8 was added consequentially. After mechanical stirring at room 

temperature for 1 h, the mixture was loaded into an autoclave with a capacity of 25 mL and 

then subjected to hydrothermal treatment at 140 oC for 12 h. Products were collected after 

the autoclave cooled to room temperature. For purification, the obtained products were 

washed with copious distilled water and then dried at 60 oC overnight.276 

3.2.2 Synthesis of porous Mn3O4 nanorods  

In a typical synthesis process, MnO2 nanorods were heated to 280 oC under a flowing gas 

mixture of H2 in Ar (H2: 5%, Ar: 95%) at a flow rate of 100 sccm in a horizontal tube furnace. 

The ramp was set as 3 oC min-1. After holding at 280 oC for 3 h, the furnace cooled to room 

temperature naturally. The specimen was changed from black MnO2 to yellow Mn3O4 after 

H2 treatment. 

3.2.3 Synthesis of LiMn2O4 nanorods 
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LiMn2O4 nanorods were prepared by a facile impregnation-calcination method. LiOH was 

mixed with Mn3O4 by a vacuum-assisted impregnation process. Specifically, LiOH·H2O was 

dissolved in ethanol, and then the as-synthesized Mn3O4 nanorods were mixed with the above 

LiOH solution. The solvent was slowly removed by evaporation in a vacuum oven at room 

temperature. The dried LiOH/Mn3O4 mixture was then subjected to high temperature 

calcination in a muffle furnace. After cooling to room temperature naturally, LiMn2O4 

nanorods were obtained. 

3.2.4 Characterization 

The crystal structure and phases of as-prepared materials were characterized by X-ray 

diffraction (XRD, Siemens D5000) using Cu Kα radiation with a scanning step of 0.02° sec-

1. Morphologies were analyzed by field emission scanning electron microscopy (FESEM, 

Zeiss Supra 55VP). The details of morphology were further characterized by transmission 

electron microscopy (TEM) and high-resolution TEM (HRTEM, JEOL JEM-2011). The N2 

adsorption/desorption isotherms of materials were measured by a Micromeritics 3Flex 

Surface Characterisation Analyser at 77 K. The Brunauer–Emmett–Teller (BET) method was 

used to calculate to specific surface area. The pore size distribution was calculated by the 

Barrett–Joyner–Halenda (BJH) method. The total pore volume was calculated from the 

amount adsorbed at a maximum relative pressure. 

3.2.5 Cell assembly and electrochemical testing 

The electrodes were prepared by dispersing the as-prepared material (70 wt. %), carbon black 

(20 wt. %) and poly (vinylidene fluoride) binder (PVDF, 10 wt. %) in N-methyl-2-

pyrrolidone (NMP) to form a slurry. The resultant slurry was spread onto Al foil using a 
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doctor blade and dried in a vacuum oven for 12 h, followed by pressing at 200 kg cm-2. The 

active material loading was about 1.1 mg cm-2. Electrochemical measurements were carried 

out using two-electrode coin cells with lithium foil as counter and reference electrode, and 

celgard 2400 as the separator. The CR2032-type coin cells were assembled in an argon-filled 

glove box (UniLab, Mbraun, Germany). The electrolyte (Zhangjiagang Guotai-Huarong New 

Chemical Materials Co., Ltd.) was 1 M LiPF6 in a 1:1 (volume ratio) mixture of ethylene 

carbonate and diethyl carbonate. The charge-discharge measurements were performed at 

different current densities in the voltage range from 3.0 to 4.3 V vs. Li+/Li using a computer-

controlled Neware Battery Testing system. 

3.3 Results and Discussion 

 

Figure 3.1 A schematic illustration of the procedure for preparing the porous Mn3O4 

nanorods and spinel LiMn2O4 nanorods. 
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It has been reported that LiMn2O4 nanorods can be prepared by lithiation of concrete β-MnO2 

nanorods.88 However, the lithiation processes from MnO2 surface to bulk may lead to the 

uneven distribution of Li+ in the final LiMn2O4 products, resulting in the formation of some 

Li+-poor spinel LiMn2O4. A lower Li/Mn ratio is accompanied by a higher degree of oxygen 

deficiency, which is responsible for a faster fading of the capacity during cycling.277 To 

achieve the homogeneous reaction between Mn-precursor and Li-precursor, we elaborately 

designed the synthesis of LiMn2O4 nanorods by using porous Mn3O4 nanorods and LiOH as 

Mn- and Li-precursor, respectively. Figure 3.1 schematically illustrates the synthesis process. 

In the first step, porous Mn3O4 nanorods were prepared by H2 reduction of MnO2, which is 

reported for the first time. The porous Mn3O4 nanorods are very promising precursors for 

preparing LiMn2O4 nanorods due to the porous structure which can provide voids to 

accommodate other molecules, for example, LiOH. As a result, the reaction of Mn3O4 with 

LiOH on molecular level can be realized. In the second step, LiOH was impregnated at room 

temperature into the nanopores of the Mn3O4 precursor by a vacuum-assisted impregnation 

method. Under vacuum condition, the residue of gases in the nanopores was forced outwards 

to balance pressure difference. Subsequently, the capillary force efficiently promoted the 

infiltration of the lithium precursor solution (LiOH dissolved in ethanol) into the pores of 

Mn3O4. After the evaporation of ethanol, homogeneous LiOH/Mn3O4 mixture was obtained. 

In the final step, the LiOH/Mn3O4 mixture was calcined in air at high temperature. Since the 

melting point of LiOH is 462 oC, the liquefied LiOH will diffuse into the nanopores of Mn3O4 

at elevated temperature, which further enhanced the homogeneous mixing of LiOH with 

Mn3O4. After calcination in air, the furnace cooled to room temperature naturally, and 

LiMn2O4 nanorods were obtained. 
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Figure 3.2 XRD pattern of MnO2. 

 

Figure 3.3 Low-magnification and high-magnification SEM images of MnO2 (a and b), 

Mn3O4 (c and d), illustrating the nanostructure of the as-synthesized products. TEM images 

of Mn3O4 (e and f). 
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Figure 3.4 XRD pattern of Mn3O4. 

X-ray diffraction, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and N2 adsorption-desorption were employed to investigate the physical properties of 

the products in each step. As evidenced by Figure 3.2, MnO2 were successfully prepared by 

the hydrothermal method. It can be seen in Figure 3.3a and b that the MnO2 nanorods with 

a smooth surface have grown to a few micrometers in length and about 100 nm in diameter. 

Porous Mn3O4 was successfully obtained by H2 reduction, as evidenced by the XRD pattern 

shown in Figure 3.4. Figure 3.3c and d present the SEM image of as-prepared porous Mn3O4 

nanorods. After the reduction of MnO2 to Mn3O4 in H2 atmosphere, the 1D nanorod 

morphology was maintained, without any collapse of 1D nanostructure. Meanwhile, the 

smooth surface became rough and pores formed on the nanorods due to the partial elimination 

of oxygen (from 66.7 at.% to 57.1 at.%) and recrystallization. The TEM images shown in 

Figure 3.3e and f further demonstrate the porous nature of the Mn3O4 nanorods, in which 

nanopores can be clearly observed. The HRTEM image of a single nanorod (Figure 3.3f) 
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indicates that the nanorod is well crystallined, and the lattice spacing of 0.32 nm is indexed 

to the (112) crystal plane of Mn3O4.  

 

Figure 3.5 N2 adsorption-desorption analysis results for the as-synthesized porous Mn3O4 

nanorods, the inset gives the pore size distribution of the Mn3O4 sample. 

 

Figure 3.6 N2 adsorption-desorption analysis results of LiOH/Mn3O4 mixture prepared by 

vacuum-assisted impregnation method. 
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We used nitrogen adsorption-desorption measurement to determine the specific surface area 

and porous nature of the synthesized Mn3O4 nanorods, as presented in Figure 3.5. The 

isotherm profile of Mn3O4 can be categorized as type IV with a capillary condensation step 

and hysteresis loops, which are characteristic of typical porous materials. The Brunauer-

Emmett-Teller (BET) specific surface area of Mn3O4 was measured to be 45 m2 g-1. The high 

surface area of Mn3O4 can be ascribed to the formation of the porous structure, as evidenced 

by the corresponding Barrett-Joyner-Halenda (BJH) pore size distributions calculated from 

the adsorption branch of the isotherms in the inset in Figure 3.5. The pore size distributions 

reveal that the Mn3O4 sample has pore sizes in the range of 2–10 nm with an average pore 

size of 7.2 nm. The total pore volume is 0.09 cm3 g-1. After the impregnation of a 

stoichiometric amount of LiOH (Li:Mn = 1:2), the specific surface area was reduced to 32 

m2 g-1 (see Figure 3.6), which suggests that LiOH was successfully impregnated. The 

Mn3O4/LiOH mixture was then transformed into spinel LiMn2O4 by a solid-state reaction 

method at different temperatures, 650 oC, 700 oC, and 750 oC, which are denoted as LMO-

650, LMO-700, and LMO-750, respectively. 

The XRD patterns shown in Figure 3.7 confirm that the products prepared by the solid-state 

reaction method crystallized with the cubic LiMn2O4 phase with Fd3m space group (JCPDS 

35–0782) after the heat treatment at 650–750 oC. No diffraction peak from impurity phases 

was detected. The intensity and width of the XRD peaks became stronger and sharper, with 

increasing calcination temperature, corresponding to better crystallinity and a larger 

crystallite size. 
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Figure 3.7 XRD patterns of the product obtained at different calcination temperatures, all 

patterns agree well with the standard pattern of spinel LiMn2O4 (JCPDS 35-0782). 

 

Figure 3.8 (a) Medium- and (b) high-magnification FESEM images of LiMn2O4 nanorods. 

The morphologies of the as-prepared LiMn2O4 materials were investigated by field-emission 

scanning electron microscopy (FESEM). As observed from the SEM images in Figure 3.8a, 

although LiMn2O4 was subjected to calcination at high temperature, the rod-like morphology 

was retained on conversion from Mn3O4 to LiMn2O4. The diameters of these LiMn2O4 

nanorods are ca. 200 nm and their lengths are from 500 nm to 1 μm, which are determined 
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using high-magnification FESEM (Figure 3.8b). The lengths of LiMn2O4 nanorods are 

slightly shorter than those of Mn3O4 nanorods, which may be due to lattice shrinking during 

the oxidation of Mn2+ to Mn3+/Mn4+. 

 

Figure 3.9 (a) Low-magnification, (b) medium-magnification and (c) lattice-resolved high 

resolution TEM images of LiMn2O4 nanorods, (d) SAED pattern of a single crystalline 

LiMn2O4 nanorod. 

This rod-like feature was also observed by TEM in Figure 3.9a and b. The measured 

neighbouring interplanar distances of 0.29 nm shown in Figure 3.9c are consistent with those 

of the LiMn2O4 (220) plane. The select area electron diffraction (SAED) pattern (Figure 

3.9d) indicates that the nanorods are single crystalline. 
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Figure 3.10 Electrochemical characterization of LiMn2O4 nanorods. (a) Cyclic voltammetry 

curve between 3.0 and 4.5 V vs. Li/Li+ at a scanning rate of 0.1 mV s-1. (b) Galvanostatic 

charge/discharge curve and potentiostatic differential capacity vs. voltage (dQ/dV). 

We applied cyclic voltammetry (CV) and galvanostatic charge/discharge cycling to examine 

the electrochemical properties of the LiMn2O4 nanorods treated at different temperatures. 

Figure 3.10a shows typical CV curve of a nanorod LiMn2O4 electrode sintered at 750 oC 

(LMO-750) at a scan rate of 0.1 mV s-1 within a potential window of 3.0–4.5 V, which depicts 

the well-known electrochemical behaviors of the LiMn2O4 cathode. Two anodic peaks at 

4.19 V and 4.07 V (vs. Li+/Li) indicate the extraction of Li+ from half of the tetrahedral sites 
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with Li-Li interaction, and then from the other half of the tetrahedral in which lithium ions 

do not have any nearest neighbor Li-Li interactions. It is found that the two peaks are not so 

clearly separated, indicating the simultaneous occurrence of the two-step process for the 

removal of Li+.55 Two cathodic peaks appear at 3.95 V and 4.08 V, respectively, 

corresponding to the two insertion processes.278 Typical charge/discharge profiles are shown 

in Figure 3.10b within a voltage window of 3.0–4.3 V at a rate of 0.2C (1C = 148 mA g-1). 

The charge–discharge curves present two obvious discharge plateaus associated with the 

two-stage mechanism of the electrochemical lithium intercalation and extraction at 3.9–4.1 

V (low plateau) and 4.1–4.2 V (high plateau), which is in good agreement with the CV data. 

 

Figure 3.11 Potentiostatic differential capacity vs. voltage (dQ/dV) of LiMn2O4 obtained at 

different calcination temperature at 0.2 C. 
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Table 3.2 Electrochemical data derived from potentiostatic differential capacity curves of 

LiMn2O4 samples prepared at different temperatures. 

Temperature 

(oC) 

Cathodic peak position 

(V) 

Anodic peak position 

(V) 

Δ V 

(mV) 

650 4.021 4.144 3.997 4.124 24/20 

700 4.018 4.139 4.000 4.125 18/14 

750 4.015 4.136 4.000 4.125 15/11 

The charge-discharge data have been converted into differential chronopotentiometric curves 

(DCC) in order to clearly distinguish the voltage plateaus difference in the charge and 

discharge curves (Figure 3.11), and the oxidation/reduction peak positions of LiMn2O4 

prepared at different calcination temperatures are summarized in Table 3.2. The 

chronopotentiometric curves of all samples show two cathodic peaks located at around 4.02 

and 4.14 V and two anodic peaks located at about 4.00 and 4.13 V, respectively. By 

comparing the DCCs of LiMn2O4 nanorods obtained at different sintering temperatures, we 

found that the oxidation and reduction peaks became sharper and more separated with the 

increase of the calcination temperature, corresponding to a flatter charge-discharge curve at 

each plateau. This indicates the improved homogeneity of Li-ion environment due to the 

improved crystallinity. The increased crystallinity can also facilitate the Li+ diffusion by 

lowering the energy barrier for Li+ insertion, which is evidenced by the fact that the cathodic 

peaks shift continuously to lower potentials with the increase of the calcination temperature 

(as shown in Table 3.2). It should be noted that the potential drop between the charge and 

the discharge process (ΔV) also decreases with the calcination temperature. As can be seen 
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in Figure 3.10b, the potential drop is only 11 mV (high plateau) at the rate of 0.2C for LMO-

750, indicating the fast kinetics of the material owing to the 1D morphology characteristics 

of the product.88 

 

Figure 3.12. Cycling performance of LMO-650 at 1C and 2C. (1C = 148 mA g-1) 

 

Figure 3.13. Cycling performance of LMO-700 at 1C and 2C. 
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Figure 3.14 Cycling performance of LMO-750 at 1C and 2C. 

The electrochemical performance of LiMn2O4 nanorods was evaluated by galvanostatic 

charge/discharge cycling. As shown in Figure 3.12, the capacity of LMO-650 increased 

initially and reached a value of 113 mA h g-1 at 1C. The initial increase of the capacity may 

be associated with initial inadequate wetting of the electrodes, which results in the 

insufficient utilization of the active material.279 However, the cycling performance of LMO-

650 was not satisfactory. After 100 cycles at 1C rate, it maintained 89.4% of the initial 

capacity, corresponding to a capacity loss of 0.106% per cycle. By increasing the calcination 

temperature, the electrochemical performance can be improved. LMO-700 delivered a 

capacity higher than that of LMO-650 (LMO-650 achieved 129 mA h g-1 at 1C. However, 

the cycling performance of LiMn2O4 prepared at this temperature was still not improved, 

compared with LMO-650. After 100 cycles at 2C, LMO-700 only delivered a capacity of 106 

mA h g-1. The capacity loss was calculated to be 0.18% per cycle (Figure 3.13). When the 

calcination temperature was further increased to 750 oC, the as-prepared LiMn2O4 achieved 

better cycling performance. As shown in Figure 3.14, after cycling at 2C for 100 cycles, 
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LMO-750 maintained a capacity of 97 mA h g-1. The capacity loss was 0.07% per cycle. The 

improved cycling performance could be ascribed to the increased crystallinity, which is able 

to hinder Mn dissolution from the spinel structure into the electrolyte.264, 265 

In order to compensate the loss of lithium during heat treatment, such as lithium sublimation, 

more LiOH than the stoichiometric amount is preferred during the synthesis process.280 

Furthermore, Xia and Yoshio demonstrated that the capacity loss for stoichiometric spinel 

LiMn2O4 at room temperature was due to the cubic (a = 8.145 Å) to cubic (a = 8.07 Å) phase 

transition on the 4.2 V plateau. This phase transition, and the capacity fading, can be 

suppressed by preparing a lithium-rich sample.277 To this end, we deliberately increased the 

molar ratio of LiOH and Mn3O4 (denoted as Li:Mn ratio including 1.05:2, 1.1:2, 1.15:2 and 

1.2:2) by increasing the feeding stock of LiOH. The calcination temperature was fixed at 750 

oC. As depicted in Figure 3.15, for LiMn2O4 prepared at a Li:Mn ratio of 1.05:2, the capacity 

was 126 mA h g-1 at a rate of 1C, which is 85.1% of the theoretical capacity (148 mA h g-1). 

After 500 cycles, the capacity maintained 95 mA h g-1 with a capacity loss of 24.6% (0.049% 

per cycle). The Li:Mn molar ratio was further increased to 1.10:2. Obviously, as can be found 

in Figure 3.16, the obtained sample exhibited an improved cycling performance compared 

with LiMn2O4 obtained at a ratio of 1.05:2. At 1C, the initial capacity is 115 mA h g-1. After 

500 cycles, the capacity still maintained 107 mA h g-1, and the capacity loss was 6.9% (0.014% 

per cycle). At 2C, the obtained LiMn2O4 showed a good cyclability within 500 cycles, the 

capacity loss per cycle was 0.0094%. At a higher rate, 3C for example, the capacity loss was 

higher (0.024% per cycle within 500 cycles). When the ratio was increased to 1.15:2, the 

high rate cyclability was improved, as shown in Figure 3.17. The capacity was 116 mA h g-

1 and 106 mA h g-1 at a rate of 2C and 3C, respectively. Within 500 cycles, the capacity loss 
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was 0.016% per cycle at a rate of 3C, approximating the value at a rate of 2C (0.011% per 

cycle). When the Li:Mn ratio was increased to 1.2:2, it resulted in slightly lower initial 

capacity, which is in coincident with previous reports.277 The actual Li:Mn molar ratio in the 

final product was determined to be 1.18:2 by an inductively coupled plasma mass 

spectrometer (ICP-MS). 

 

Figure 3.15 Cycling performance of LiMn2O4 obtained from a precursor ratio (Li:Mn) of 

1.05:2 at a rate of 1C. 
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Figure 3.16 Cycling performance of LiMn2O4 obtained from a precursor ratio (Li:Mn) of 

1.10:2 at different rates. 

 

Figure 3.17 Cycling performance of LiMn2O4 obtained from a precursor ratio (Li:Mn) of 

1.15:2 at different rates. 
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Figure 3.18 (a) Cycling performance of LiMn2O4 nanorods obtained from a precursor ratio 

(Li:Mn) of 1.2:2 at the 3C rate. (b) The Coulombic efficiency as a function of cycle number. 

(c) Discharge capacity retention as a function of cycle number at 3C rate. (d) Capacity 

retention comparison with other LiMn2O4 nanoarchitectures reported recently. 

Figure 3.18a shows the discharge capacity as a function of cycle number at the 3C rate. It 

delivered an initial discharge capacity of 101 mA h g-1 with a coulombic efficiency of 86.3%. 

Surprisingly, excellent long-term stability on cycling has been obtained. After 1000 cycles, 

the cell retained 95.6% of its initial capacity at the 3C rate, as shown in Figure 3.18c. Figure 

3.18d summarizes the cycling performance different LiMn2O4 nanoarchitectures as LIBs 

cathode reported so far. To the best of our knowledge, we achieved the best high rate long-

term cycling performance for spinel LiMn2O4 cathode material. This result could pave the 

way for developing LiMn2O4–based LIBs with long cycle life. The cell also maintained high 
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coulombic efficiency, with an average value of 99.3% over 1000 cycles (as shown in Figure 

3.18b). At this precursor ratio, LiMn2O4 sample lost the morphology characteristics of 1D 

nanorods when the calcination temperature was increased to 800 oC, resulting in a lower 

specific capacity (Figure 3.19). 

 

Figure 3.19. SEM images of LiMn2O4 obtained at a calcination temperature of 800 oC (a and 

b) at a Li:Mn ratio of 1.20:2 and the corresponding cycling performance at 3C at room 

temperature. 

Figure 3.20a shows the charge-discharge profiles of LiMn2O4 nanorods at different C rates 

and the rate capability. The as-prepared LiMn2O4 nanorods exhibited good rate capability. 

The reversible capacity slightly decreases as the current density increases. The capacity was 

114 mA h g-1, 114 mA h g-1, 111 mA h g-1, 108 mA h g-1, 103 mA h g-1, 101 mA h g-1 and 
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91 mA h g-1 at a rate of 0.5C, 1C, 3C, 5C, 8C, 10C and 20C, respectively, suggesting excellent 

rate capability of the as-obtained single crystalline nanorods. The excellent rate performance 

of the LiMn2O4 nanorods results from the merits of 1D LiMn2O4, which allows fast Li+/e- 

transportation. From Figure 3.20b, it should be noticed that when the current density 

reversed back to 0.5C after the high rate cycling measurement, the LiMn2O4 nanorods can 

preserve the original capacity. This confirms that the LiMn2O4 nanorods are able to tolerate 

high rate cycling, which is desirable for high power applications. 

 

Figure 3.20 (a) Charge-discharge profiles of LiMn2O4 nanorods at different C rates between 

3.0 and 4.3 V in coin-type half cells (1C = 148 mA g-1). (b) Rate capability of LiMn2O4 

electrode at varied C rates. 
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Figure 3.21 SEM image of LiMn2O4 electrode after 1000 cycles. 

The superior electrochemical performance of LiMn2O4 nanorods could be ascribed to the 

ultrahigh structural stability of the single crystalline and unique 1D nanoarchitecture with 

high length/radius aspect ratio, which allows for efficient electrode-electrolyte contact, and 

provides 1D electron transport pathways.88 In order to examine the integrity of the rod-like 

morphology of LiMn2O4 after long-term cycling, we carried out post-mortem SEM analysis 

on the cycled electrodes. Figure 3.21 shows the FESEM image of the LiMn2O4 electrode 

after 1000 cycles. The 1D rod-like architecture has been well preserved even after long-term 

charge/discharge cycling, suggesting that LiMn2O4 nanorods can tolerate the stress from 

volume expansion during repeated lithiation/de-lithiation processes, which endow long-term 

cycling stability to the as-synthesized LiMn2O4 nanorods. 

3.4 Conclusions 

Single-crystalline spinel LiMn2O4 nanorods have been successfully synthesized by a novel 

template-engaged reaction method using porous Mn3O4 nanorods as self-sacrificial 
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templates. By optimizing the synthesis parameters, including the sintering temperature and 

the precursor ratio, we found that LiMn2O4 nanorods prepared from LiOH and Mn3O4 with 

a molar ratio of 1.2:2 (Li:Mn) at 750 oC showed excellent electrochemical performance as 

cathode materials for LIBs. This includes a capacity of 114 mA h g-1 at 0.5C, excellent 

cyclability (95.6% capacity retention after 1000 cycles at a rate of 3C), and a good rate 

capability. The post-mortem FESEM analysis demonstrates that the single-crystalline 

LiMn2O4 nanorods exhibited ultrahigh structural stability. Even after 1000 cycles at 3C, the 

rod-like morphology has been well preserved. The superior electrochemical performance 

could be attributed to the anisotropies of the 1D morphology and the structural stability of 

the single-crystallinity. This work shows that single crystalline spinel LiMn2O4 nanorods 

could be promising cathode materials for LIBs with long cycle life. 
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Chapter 4 A Comparative Investigation on the Effects of Nitrogen-doping into 

Graphene on Enhancing the Electrochemical Performance of SnO2/graphene for 

Sodium-ion Batteries 

4.1 Introduction 

The global distribution of lithium and the future capital investment in lithium usage would 

make lithium-ion batteries (LIBs) costly for the large-scale applications. The rich sodium 

source makes sodium-ion batteries (SIBs) a sustainable and economically attractive 

electrochemical energy conversion and storage technique in the long term, which can be used 

as a near-term substitution for LIBs.178, 200, 247, 248, 281-283 To support the practical applications 

of SIBs, one critical issue is to develop electrode materials with the capability for fast and 

stable sodium ion storage.163, 284 

Carbon materials have been applied as scaffolds to support Na-ion host materials, such as 

phosphorous,257, 258, 285 Sn-based compounds,248, 286 and Sb-based materials,287, 288 in order to 

increase the electronic conductivity and buffer the volume change of electrode materials 

during charge/discharge processes. Graphene has been widely used as effective building 

blocks for these purposes, owing to its high electronic conductivity, two-dimensional 

structure with high surface area, and flexibility.241, 289-297 In order to meet the demand of high 

energy storage, numerous efforts have been devoted to enhancing the electrochemical 

performance of the graphene-based composite materials based on rational material 

manipulations. Chemical substitution of graphene by heteroatoms, such as B, N, and S, could 

bring new physicochemical functionalities.298-301 It is rife that the doping of graphene matrix 

by nitrogen heteroatoms can improve the electrochemical performance for Na+ storage.195, 
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302, 303 For example, Kang and co-workers have reported the enhanced electrochemical 

performance for SIBs in TiO2/nitrogen-doped graphene nanocomposites with open pore 

channel compared to TiO2/graphene counterparts.302 Qin et al. found nitrogen-dopants in 

graphene can restrict further structural growth and result in smaller size of TiO2, which 

contributes to the improved capacity and rate capability of TiO2/nitrogen-doped graphene 

compared to TiO2/graphene for SIBs.303 However, to manifest the inherent nitrogen-doping 

effects for enhancing the sodium-ion storage performance, a logical comparison between 

nitrogen-doped graphene based nanocomposites and the nitrogen-free ones should be in a 

reasonable framework excluding: (1) the difference of the loading ratio of supported 

materials in the compared composites, (2) the possible morphology effects, such as the 

crystallinity and particle size of supported materials, the surface area of the composites 

determining the electrode/electrolyte contact. In this aspect, a rational and systematic 

comparison between nitrogen-doped graphene based nanocomposites and the nitrogen-free 

ones for Na+ storage has still been unavailable. On the other hand, the previous reports 

available in this area often attribute the enhanced electro-activity of the nitrogen-doped 

graphene (NG) based nanocomposites to the increased electro-active sites within graphene 

networks and the improvement of electron transfer efficiency of the overall electrode due to 

nitrogen-doping.302, 304 Nevertheless, the contribution ratio of each effect to the overall 

capacity enhancement is still ambiguous. 

Herein, we choose SnO2 as a typical example to investigate the intrinsic nitrogen-doping 

effects for improving the sodium-ion storage in the graphene-based nanocomposites. An in 

situ hydrothermal route was used to prepare SnO2/nitrogen-doped graphene (SnO2/NG) 

nanohybrids as anode materials for SIBs. For comparison, SnO2/graphene (SnO2/G) 
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nanohybrids with the same SnO2 weight ratio were prepared by a similar procedure without 

nitrogen-doping agents. The results indicate that the particular characteristics in these two 

series of composites including the crystallinity, the particle size, and the morphology of SnO2 

are identical. Based on such a desirable system, a comparison between SnO2/NG and SnO2/G 

featuring analogous morphology as anode materials for SIBs has been conducted. The as-

prepared SnO2/NG electrode exhibits a higher sodium-ion storage capacity than the SnO2/G 

counterpart. In particular, by controlled experiments using bare NG and graphene as anode 

materials for SIBs, we find that the improved electron transfer efficiency due to nitrogen-

doping has an important contribution to the observed enhanced electrochemical performance; 

whereas the increased electro-active sites within graphene networks benefiting from 

nitrogen-doping has limited contribution to the overall electrochemical performance 

enhancement. This work could provide more specific information for understanding the 

effects of nitrogen-doping into graphene for improving the electrochemical performance of 

graphene based composites. 

4.2 Experimental 

4.2.1 Materials 

Graphene oxide (GO) nanosheets were synthesized from natural graphite powders by a 

modified Hummer’s method.305 SnO2/G and SnO2/NG composites were produced by a 

hydrothermal method. Typically, SnCl4·5H2O (40 mg, Sigma-Aldrich, ≥ 98%) was mixed 

with GO aqueous suspension (40 mL, 1 mg mL-1) by ultrasonication using a Branson Digital 

Sonifier (S450D, 40% amplitude). After ultrasonication for 1 h, the mixture was divided into 

two parts (20 mL each). To prepare SnO2/NG nanohybrids, urea (5 g) was added to one part 
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and stirred for 30 min. Both solutions were then heated to 180 °C in a Teflon-lined autoclave 

(25 mL in capacity) and maintained at that temperature for 24 h. The precipitates were cooled 

to room temperature naturally, and then collected and washed with distilled water and ethanol 

several times. After drying at 60 °C in a vacuum oven overnight, the final products were 

obtained. 

4.2.2 Structural and physical characterization 

The crystal structure and phases of as-prepared materials were characterized by X-ray 

diffraction (XRD, Siemens D5000) using a Cu Kα radiation at a scanning step of 0.02° sec-

1. The morphology was analyzed by field emission scanning electron microscope (FESEM, 

Zeiss Supra 55VP). The crystal structure details were further characterized by transmission 

electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM, 

JEOL JEM-2011). Simultaneous thermal-gravimetric analysis and differential thermal 

analysis (TGA/DTA) were performed with a 2960 SDT system to analyze the weight ratio 

of SnO2 at a heating rate of 10 °C min-1 in air from room temperature to 800 ºC. The XPS 

spectra were carried out on an ESCALAB 250Xi XPS System with a mono-chromated Al 

Ka X-ray source (13 kV 150 W 500 μm with pass energy of 100 eV for survey scans, or 20 

eV for region scans). All of the binding energies were calibrated by C 1s as the reference 

energy (C 1s = 284.6 eV). Raman spectra were collected using a Renishaw inVia Raman 

spectrometer system (Gloucestershire, UK) equipped with a Leica DMLB microscope 

(Wetzlar, Germany) and a Renishaw He–Ne laser source that produced 17 mW at λ = 633 

nm. The N2-sorption measurement was carried out at 77 K with a Micromeritics 3Flex 

Surface Characterization Analyser. 
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4.2.3 Cell assembly and electrochemical testing 

The electrodes were prepared by dispersing the as-prepared material (80 wt %) and poly 

(Vinylidene fluoride) binder (PVDF, 20 wt %) in N-methyl-2-pyrrolidone (NMP) to form a 

slurry. The resultant slurry was pasted onto copper foil using a doctor blade and dried in a 

vacuum oven for 12 h, followed by pressing at 200 kg cm-2. The loading weight of the electro-

active material is around 1.1 mg cm-2. Electrochemical measurements were carried out using 

two electrode coin cells with Na metal as counter and reference electrodes and the glass 

microfiber (Whatman) as the separator. The CR2032-type coin cells were assembled in an 

argon-filled glove box (UniLab, Mbraun, Germany). The electrolyte solution was 1 M 

NaClO4 dissolved in a mixture of ethylene carbonate (EC) and propylene carbonate (PC) 

with a volume ratio of 1:1 with a 5 vol.% addition of fluoroethylene carbonate (FEC). All the 

capacities were calculated based on the mass of the composites. Cyclic voltammetry (CV) 

was conducted on a CHI 660C instrument between 0.01 and 3 V vs. Na/Na+ at room 

temperature. For the electrochemical impedance spectroscopy (EIS) measurement, the 

excitation amplitude applied to the cells was 5 mV. The charge-discharge measurements were 

performed at ambient temperature at different current densities in the voltage range from 0.01 

to 3 V vs. Na/Na+. 

4.3 Results and Discussion 

In the present study, a facile hydrothermal method has been developed to prepare SnO2/NG 

nanohybrids using urea as the nitrogen precursor (Figure 4.1). SnCl4 was mixed with GO 

aqueous suspension first. Because of the electrostatic interaction between Sn4+ anions and 

negatively charged GO, Sn4+/GO hybrids can be readily obtained in this step. The Sn4+/GO 
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hybrids, together with urea, were then subjected to hydrothermal treatment. During 

hydrothermal treatment, NH3 can be released slowly from urea, which can be used as 

nitrogen-doping agent in the confined space.306 The low-temperature incorporation of 

nitrogen heteroatoms into graphene networks was achieved by the reason that the 

hydrothermal condition, i.e., 180 oC and autogenous pressure, promoted the reaction between 

basic NH3 and oxygen functionalities (such as carboxylic acid and hydroxyl species) and 

finally enabled the in situ doping of nitrogen.306 The oxygen-containing groups on GO, such 

as carboxyl, hydroxyl and epoxy groups, act as the nucleation and growth sites, and 

homogeneously dispersed SnO2 nanocrystals formed consequently. The nitrogen dopants can 

also interact with the Sn4+, providing additional active sites for SnO2 formation, which results 

in a strong coupling between metal species and N-doped graphene.307, 308 Our synthesis 

protocol avoids high-temperature nitridation of graphene. For comparison, we prepared 

SnO2/G using the same procedure without the addition of urea as a benchmark to investigate 

the nitrogen-doping effects of SnO2/NG nanocomposites as anode materials for SIBs. 

 

Figure 4.1 Schematic illustration for the preparation of SnO2/NG nanohybrids. 
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Figure 4.2 TGA curves of the SnO2/G and SnO2/NG. 

TGA curves in Figure 4.2 suggest that SnO2/G has the same SnO2 weight ratio as SnO2/NG 

(47.0%).

 

Figure 4.3 (a) XRD patterns of SnO2/NG and SnO2/G composites. (b) Raman spectra of 

SnO2/NG and SnO2/G composites in the range of 800-2000 cm-1. 
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The crystal structure of SnO2/NG and SnO2/G nanocomposites has been characterized by X-

ray diffraction (XRD), as shown in Figure 4.3a. The XRD patterns show diffraction peaks 

at 26.6o, 33.7o, 37.9o, 51.8o and 65.3o, which can be well indexed to the pure tetragonal rutile 

phase of SnO2 crystals with the space group of P42/mnm (JCPDS card No. 41-1445). 

Because of the balance between the depletion of oxygen-containing groups and the 

introduction of nitrogen heteroatoms,306 there should be no big difference of the total sites 

for the growth of SnO2 nuclei between NG and graphene, which is reflected by the XRD 

results. As calculated by Scherrer equation, the crystallite size of SnO2 in SnO2/NG (1.6 nm) 

is similar to that in SnO2/G (1.4 nm). The microstructure of NG has been investigated by 

Raman spectroscopy, as presented by Figure 4.3b. Two characteristic peaks at 1323 and 

1589 cm-1 can be observed in the range of 800-2000 cm-1, corresponding to the D band and 

G band of NG, respectively. Compared to the SnO2/G counterpart, the as-synthesized 

SnO2/NG nanohybrids exhibit an upshift of the D band and G band (from 1321 cm-1 to 1323 

cm-1 for D band and from 1587 cm-1 to 1589 cm-1 for G band). This may originate from 

structural distortion of graphene caused by the different bond distances of C-C and C-N.300 

Moreover, SnO2/NG shows a higher ID/IG (intensity ratio between D band and G band) value 

(1.33) than that of SnO2/G composites (1.18), which suggests a more disordered structure for 

NG than graphene owing to the introduction of N heteroatoms in graphene networks. Both 

the shift of band positions and the larger ID/IG value indicate that nitrogen heteroatoms have 

been successfully inserted into graphene by the hydrothermal method. 
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Figure 4.4 Medium-magnification TEM image, high-resolution TEM image, SnO2 particle 

size distribution of SnO2/NG nanohybrids (a, c, and e) and SnO2/G composites (b, d, and f). 

TEM has been used to investigate the microstructures of the as-obtained SnO2/NG and 

SnO2/G, as depicted in Figure 4.4. The crumpling of NG layers, as observed in Figure 4.4a, 

is attributed to defect structures formed during the oxidation-reduction procedure for the 

synthesis of NG, which is in agreement with the Raman result. On the other hand, it can be 

clearly seen that ultrafine SnO2 nanocrystals have been successfully loaded onto the surface 
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of NG after hydrothermal treatment. A high-resolution TEM image of SnO2/NG nanohybrids 

is shown in Figure 4.4c, from which it can be observed that the crystal plane distance is 0.33 

and 0.26 nm, corresponding to the (110) and (101) face of tetragonal SnO2, respectively. The 

particle size distribution of SnO2 in the as-prepared SnO2/NG nanohybrids is shown in 

Figure 4.4e. And the average particle size of SnO2 is calculated to be 4.7 nm. The 

morphology of SnO2/G composites (Figure 4.4b, d, and f) is similar to that of SnO2/NG, 

and the average particle size of SnO2 in SnO2/G composites is 4.0 nm.  

 

Figure 4.5 N2 sorption isotherms of the SnO2/G (a) and SnO2/NG composites (b). Pore size 

distribution of the SnO2/G (c) and SnO2/NG composites (d). 
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Figure 4.6 XPS analysis of SnO2/NG and SnO2/G composites: (a) the survey spectrum, (b) 

high-resolution spectrum of C 1s, (c) N 1s spectrum, (d) XPS Sn 3d spectra, and (e) O 1s 

spectra. (f) Schematic illustration of different nitrogen species in NG. 

Figure 4.5 shows the nitrogen sorption isotherms of SnO2/NG and SnO2/G composites at 77 

K. Both the adsorption-desorption curves can be classified as typical type-IV isotherm with 

an H1-type loop hysteresis.309 It is calculated that the BET surface area of SnO2/G and 

SnO2/NG material is very close, being 215 and 206 m2 g-1, respectively. It is calculated that 

the average pore diameter of SnO2/NG nanocomposites is 3.0 nm, approximating to that of 

SnO2/G nanocomposites (3.3 nm). 
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The X-ray photoelectron spectroscopy (XPS) experiments provide further evidences of the 

chemical configuration of nitrogen species and the interaction between SnO2 nanocrystals 

and the NG matrix. From the survey XPS scan in Figure 4.6a, it can be indentified that the 

as-obtained SnO2/NG composites are composed of C, N, O and Sn elements. No other signals 

can be found, which implies the purity of the as-synthesized samples. The high resolution C 

1s spectrum is shown in Figure 4.6b, which can be fitted into five peaks at 284.6 eV 

(graphitic carbon), 285.4 eV (N–Csp2), 286.7 eV (N–Csp3), 288.7 eV (C=O) and 291.0 eV 

(shake-up satellite peak due to π–π* transitions in aromatic systems).310 The overwhelming 

percentage of graphitic carbon suggests the graphitized nature of the NG in SnO2/NG 

composites. The nitrogen bonding configuration can be obtained from the high resolution N 

1s spectrum, as shown in Figure 4.6c. The result from the curve fitting indicates the presence 

of four different types of nitrogen species bonded to carbon in the composite: pyridinic N 

(398.3 eV), pyrrolic N (399.8 eV), graphitic N (400.9 eV) and oxidic N of pyridinic-N (402.9 

eV).311-315 Notably, the pyridinic and pyrrolic N species are dominant in the composite, 

indicating that nitrogen heteroatoms are mainly resident at the edges and/or the nanoholes of 

the two-dimensional graphene (Figure 4.6f). It is calculated that the total amount of nitrogen 

doped in NG is ca. 6.2 at.%. As shown in Figure 4.6d, the binding energy of Sn 3d3/2 and Sn 

3d5/2 in SnO2/G composite is 495.8 eV and 487.5 eV, respectively. In comparison, the location 

of the Sn XPS peaks in the SnO2/NG composite shifts toward larger binding energy. Figure 

4.6e shows the O 1s XPS spectrum of the SnO2/NG composites, which can be deconvoluted 

into two peaks. The peak at 531.2 eV is assigned to C=O groups or shoulder peak of O 1s in 

SnO2, and the peak at 533.0 eV is ascribed to C-OH and/or C-O-C groups (hydroxyl and/or 

epoxy).316-318 The O/C ratio in NG is 0.073, which is much lower than that in graphene (0.126) 

due to the replacement of N. The same O 1s binding energy of SnO2/NG composites as that 
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of SnO2/G suggests that the different binding energy of Sn 3d in the as-prepared SnO2/NG 

compared to that in SnO2/G does not originate from size effects or charge correction issues. 

The XPS results indicate that SnO2 nanocrystals are effectively coupled with the NG scaffold 

due to the nitrogen-doping, which facilitates the electron transfer at the interface between 

SnO2 and NG during repeated sodiation/de-sodiation processes as discussed in the following 

part. 

 

Figure 4.7 CV profiles of the SnO2/NG composites at a scan rate of 0.1 mV s−1 between 0.01 

and 3.0 V. 
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Figure 4.8 CV profiles of NG at a scan rate of 0.1 mV s−1 between 0.01 and 3.0 V. 

The electrochemical reactions between SnO2/NG and Na+ have been investigated by cyclic 

voltammetry (CV), as shown in Figure 4.7. It has been revealed by TEM studies that upon 

sodium-ion insertion into SnO2, a displacement reaction occurs to form the amorphous NaxSn 

nanoparticles dispersed in Na2O matrix,319 and SnO2 nanocrystals can be reversed back to the 

original phase at the charge state262. In the first discharge process, the peaks in the region 

from 3.0 V to 1.0 V could be ascribed to the Na+ insertion into SnO2 crystals to form the 

NaSnO2 intermediate phase.262 A pair of cathodic and anodic peaks located at 0.9 V and 1.6 

V can be clearly observed. Since these two peaks can also be observed for the bare NG 

electrode (Figure 4.8), they can be ascribed to the interaction between Na+ and impure atoms 

in the graphene network, such as O in residual oxygen-containing functional groups and N 

heteroatoms.320 Because propylene carbonate (PC) decomposes at 0.7 V vs. Li/Li+ and 
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Eo(Na/Na+) is 0.33 V higher than Eo(Li/Li+),321 it is plausible to assign the cathodic peak at 

0.35 V to PC decomposition in the present Na+ half-cell where the Na piece was used as 

reference electrode, forming a solid-electrolyte interphase (SEI) at the SnO2/NG electrode.322 

Besides, the peaks from 0.7 V to 0.01 V are associated with the alloying reaction to form 

NaxSn alloys embedded in the Na2O matrix during the cathodic process in the first cycle. In 

addition, a pronounced sodium insertion peak can be observed at near 0.01 V in each cycle, 

which is analogous to lithium insertion in carbonaceous materials.323 

 

Figure 4.9 Chare-discharge curves of bare SnO2 at a current density of 20 mA g-1. 
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Figure 4.10 (a) Galvanostatic charge-discharge profiles of the SnO2/NG and SnO2/G 

composites. (b) Cycling performance of SnO2/NG and SnO2/G composites at a current 

density of 20 mA g-1 from the second cycle. 

The advantages of the as-prepared SnO2/NG over SnO2/G as anode materials for SIBs have 

been investigated by galvanostatic discharge/charge measurements in the voltage range of 

0.01-3.0 V. As can be seen in Figure 4.9, bare SnO2 only delivers an initial reversible 

capacity of 153 mA h g-1. The capacity dramatically drops to 38 mA h g-1 after 100 cycles at 

a current density of 20 mA g-1. Both SnO2/G and SnO2/NG show higher reversible capacities 

than bare SnO2. Particularly, in the 1st cycle, the SnO2/G electrode delivers a discharge and 

charge capacity of 652 mA h g-1 and 225 mA h g-1, respectively (Figure 4.10a). SnO2/NG 

nanohybrids show much higher capacities as anode materials for SIBs. As shown in Figure 
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4.10a, the initial reversible capacity of the SnO2/NG electrode is 339 mA h g-1, which is 114 

mA h g-1 higher than that of SnO2/G. The initial Coulombic efficiency of SnO2/NG electrode 

is 43.6%. The 56.4% capacity loss of the SnO2/NG electrode may be ascribed to the 

irreversible formation of the SEI layer on the electrode. According to previous investigations, 

the SEI is composed of inorganic and organic layers around the particles.324, 325 The organic 

layers can form and dissolve reversibly, which contributes to the reversible capacity. On the 

contrary, the formation of an inorganic layer is an irreversible process. Interestingly, it is 

noted that SnO2/NG nanocomposites have a higher initial Coulombic efficiency than that of 

SnO2/G (34.5%), which indicates that nitrogen incorporation is beneficial for the reversibility 

of the SnO2/NG electrode. The cycling performances of SnO2/NG and SnO2/G are shown in 

Figure 4.10b. SnO2/NG exhibits a universally superior electrochemical performance, 

compared to SnO2/G, within 100 cycles at a current density of 20 mA g-1. SnO2/NG 

electrodes delivered capacities of 305 and 283 mA h g-1 in the 50th and 100th cycle, which are 

higher than those of SnO2/G electrode (207 and 188 mA h g-1), as shown in Figure 4.11. 
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Figure 4.11 Galvanostatic charge-discharge profiles of the SnO2/NG and SnO2/G 

composites of the 50th cycle (a) and 100th cycle (b) at 20 mA g-1. 
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Figure 4.12 (a) Cycling performance of SnO2/NG composites at current densities of 40 and 

80 mA g-1 from the second cycle. (b) Rate performance of SnO2/NG at different current 

densities. 

Figure 4.12a shows the cycling performance of the SnO2/NG nanohybrids at different 

current densities. The SnO2/NG electrodes exhibit satisfying high rate performances. After 

100 cycles, the SnO2/NG anode still delivers high discharge capacities when cycled at 

different current densities: 238 mA h g-1 at 40 mA g-1, 246 mA h g-1 at 80 mA g-1, respectively. 

We also tested the multiple-step cycling characteristics of SnO2/NG at 20, 40, 80, 160, 320, 

640 mA g-1 and 320, 160, 80, 40, 20 mA g-1. As depicted in Figure 4.12b, the SnO2/NG 

nanocomposite electrode shows an excellent high rate performance. At a current density of 
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640 mA g-1, SnO2/NG can still deliver a capacity of 170 mA h g-1, which is preferable for 

high power density devices. When the current density reversed to the lower value (20 mA g-

1), the electrode recovered substantial capacities without obvious capacity decay. 

 

Figure 4.13 (a) Cycling performance of graphene and NG at a current of 20 mA g-1. (b) The 

Nyquist plots of the SnO2/G and SnO2/NG electrode, the inset shows the modeled equivalent 

circuit. (c) Contribution of different nitrogen-doping effects to the overall electrochemical 

performance enhancement of SnO2/NG nanohybrids for SIBs compared to SnO2/G, where 

Effect 1 is the increased electro-active sites within graphene matrix due to the nitrogen-

doping and Effect 2 is the improved electron transfer efficiency within the SnO2/NG 

electrode benefiting from nitrogen-dopants. 

We experimentally observe that SnO2/NG exhibits enhanced electrochemical performance 

for sodium-ion storage compared to the SnO2/G counterpart. The TGA results, TEM analysis, 

and BET results clearly demonstrate that the electrochemical performance enhancement does 

not originate from either the loading ratio difference of SnO2 or the morphology effect. 
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Consequently, it is reasonable to conclude that the nitrogen dopants in the graphene structure 

contribute to the improved capacity of SnO2/NG compared to the SnO2/G counterpart for Na+ 

storage. Firstly, it is theoretically and experimentally well known that N substitution can 

enhance Li-ion storage in pristine graphene by inducing surface defects and introducing 

heteroatomic N into the graphene structure, which can provide additional sites for Li+ 

adsorption.298, 326-329 Similarly, NG matrix in SnO2/NG nanocomposites could be more active 

for Na+ storage than the graphene matrices in SnO2/G nanohybrids. As evidenced by Figure 

4.13a, bare NG exhibits an enhanced capacity compared to graphene. In the first cycle, NG 

delivers a reversible capacity of 163 mA h g-1, this value is 29 mA h g-1 higher than that of 

graphene. On the other hand, nitrogen-doping can enhance the electron transport properties 

of the SnO2/NG electrode, as demonstrated by the Nyquist plots in Figure 4.13b. Both 

Nyquist plots are composed of a depressed semicircle in the moderate frequency region and 

a straight line in the low frequency region. Normally, the depressed semicircle is attributed 

to the charge transfer process. Apparently, the semicircle of SnO2/NG is smaller than that of 

the SnO2/G material, indicating that SnO2/NG composites possess higher electron transfer 

efficiency. On the other hand, the low-frequency slope angle is 49o for SnO2/NG negative 

electrode, whereas SnO2/G has a slope angle of 38o. The much steeper straight line in the low 

frequency region suggests better Na-ion kinetics in SnO2/NG electrodes than in SnO2/G 

electrodes.318 The improved Na-ion kinetics could be due to the higher electronegativity of 

NG than that of graphene.330 The ac impedance spectra can be modeled by the modified 

Randles equivalent circuit presented in the inset in Figure 4.13b. Re is the electrolyte 

resistance, CPE represents constant phase element, Rf is the resistance of the passivation film 

formed on the surface of the electrode, Rct is the charge-transfer resistance, and Zw is the 

Warburg impedance related to the diffusion of Na+ into the bulk of the electrodes. The kinetic 
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parameters of SnO2/G and SnO2/NG electrodes are shown in Table 4.1. The values of Re and 

the combined surface film and charge transfer resistance Rf + Rct for the SnO2/NG electrode 

are 4.6 and 254.8 Ω, which are lower than those for SnO2/G electrodes (6.6 and 301.4 Ω). 

This indicates that nitrogen-doping of graphene is beneficial for high conductivity to promote 

electron and charge transfer with low electrolyte resistance. 

Table 4.1 Kinetic parameters of SnO2/G and SnO2/NG electrodes 

Electrode Re (Ω) Rf + Rct (Ω) 

SnO2/G 6.6 301.4 

SnO2/NG 4.6 254.8 

 

As illustrated by Figure 4.14, the improved electron transfer efficiency within the SnO2/NG 

electrode can be ascribed to the following nitrogen-doping effects: 1) graphitic N can provide 

a strong n-doping effect, which contributes to the conductivity enhancement.283, 299, 304, 331 2) 

As revealed by the XPS analysis, SnO2 nanocrystals are effectively bonded to NG scaffold. 

As a result, the electron transfer efficiency at the interface between SnO2 and matrix is 

improved because a good adhesion and electrical contact between SnO2 and NG is achieved. 

Both the increased electro-active sites within graphene matrix and the improved electron 

transfer efficiency due to nitrogen-doping make SnO2/NG favorable for electrochemical Na+ 

storage compared to SnO2/G. However, taking account of the NG weight ratio in the as-

prepared SnO2/NG nanohybrids, the increased electro-active sites within graphene matrix 

due to nitrogen-doping only have a contribution of 14 mA h g-1 (29 mA h g-1 * WNG = 14 mA 

h g-1, where WNG is the weight ratio of NG in the composite), which accounts for 12.3 % of 
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the overall capacity enhancement of the SnO2/NG electrode compared to the SnO2/G 

counterpart (114 mA h g-1), as depicted in Figure 4.13c. Consequently, the important role of 

nitrogen-doping should lie in improving the electron transfer efficiency within the SnO2/NG 

electrode during sodiation/de-sodiation processes. 

 

Figure 4.14 SnO2/NG nanohybrids as anode materials for SIBs. 

 

Figure 4.15 SEM images of SnO2/NG electrode after 100 cycles. 

We carried out post-mortem SEM analysis on a SnO2/NG electrode to check the integrity of 

the electrode. Figure 4.15 shows the SEM images of the SnO2/NG composite electrode after 

100 cycles. Neither pulverization nor peeling off of SnO2 can be observed due to the small 
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size of SnO2 nanoparticles and the mechanical resilience of NG nanosheets, which can 

effectively buffer the big volume expansion during repeated charge/discharge processes. As 

a result, SnO2/NG composites show good cycling stability as anode materials for SIBs. 

4.4 Conclusions 

In summary, SnO2/NG nanohybrids have been successfully prepared by a facile 

hydrothermal method using urea as nitrogen-doping agents. The as-synthesized SnO2/NG 

material contains ultrafine SnO2 nanocrystals with an average particle size of 4.7 nm. When 

applied as anode material for sodium-ion batteries, the as-prepared SnO2/NG nanohybrids 

exhibit an enhanced electrochemical performance for SIBs compared to the SnO2/G 

counterpart. A comparison between SnO2/NG nanohybrids and the SnO2/G counterpart has 

been conducted in a reasonable framework to manifest the inherent nitrogen-doping effects 

for the enhancement of sodium-ion storage performance. It is found that although nitrogen-

doping can improve the Na+ storage capacity within the graphene networks by increasing 

electro-active sites, its contribution to the overall electrochemical performance enhancement 

of the SnO2/NG compared to the SnO2/G counterpart is limited. The the improvement of the 

electron transfer efficiency within the electrode due to nitrogen-doping plays the major role 

for the enhancement of the electro-activity of SnO2/NG. This work highlights that nitrogen-

dopants in graphene networks can effectively mediate the electron transfer between SnO2 

and NG, thereby offering fundamental concepts to rationally design graphene-based 

electrode materials with higher performance for SIBs. 
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Chapter 5 MoS2/Graphene Composite Anodes with Enhanced Performance for 

Sodium Ion Batteries: the Role of the Two-dimensional Heterointerface 

5.1 Introduction 

Two-dimensional (2D) layered metal sulfides (LMSs) with analogous structures to graphite, 

such as MoS2,237, 332, 333 WS2,334 SnS,290, 335 and SnS2,241, 289 have been reported as potential 

electrode materials for SIBs. The open framework of these type of materials allows Na+ to 

insert reversibly with acceptable mobilities. However, the further application of 2D LMSs is 

impeded by their inherent limitations. Firstly, these semiconductor metal sulfides have 

inherently low electronic conductivity, which affects their electrochemical performances for 

Na+ storage. Secondly, owing to the high surface energy and interlayer van der Waals 

attractions,336, 337 these thermally unstable 2D nanomaterials have a tendency to re-stack to 

minimize the surface energy. Furthermore, the significant volume change and mechanical 

stress concomitant with sodium ion insertion and extraction can induce the failure of the 

electrode and the loss of contact between active materials and the current collector, resulting 

in poor cycling stability. 

Graphene has established itself as a promising candidate to circumvent these challenges. For 

example, WS2/graphene,334 SnS/graphene,290 and SnS2/graphene241, 289 nanocomposites have 

already been successfully applied as anode materials for SIBs, showing a synergistic effect 

for sodium-ion storage, including improved capacity, rate capability, and cycling stability. In 

these reports, it is generally recognized that the enhanced electrochemical performances are 

attributed to the good electronic conductivity and mechanical resilience of graphene as 2D 

conformal building blocks for these layered sulfides. However, a fundamental understanding 

of the exact interaction mechanism between LMSs and graphene for improving the 
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electrochemical Na+ storage performance is still unavailable. The heterointerface between 

LMSs and graphene has proven to be able to contribute to novel properties and new 

functionalities that cannot be achieved by individual constituting materials.338-346 Therefore, 

investigations of the role of the heterointerface played in the sodium-ion storage in 

LMSs/graphene composites could enhance the in-depth understanding of the synergistic 

effects between LMSs and graphene. In comparison to other interfacial contact manners in 

the LMSs/graphene composites, such as point contact in particles/graphene 

nanocomposites137 and line contact in nanotubes/graphene nanocomposites347, 2D face 

contact constructed by assembling 2D LMS nanosheets on the surface of graphene 

nanosheets has received considerable attention recently.348-350 Since this sheet-on-sheet 

structure can provide larger interfacial areas, it is more beneficial for studying the role of 

heterointerfaces for sodium-ion storage in LMSs/graphene composites. 

In this chapter, by taking MoS2 as a typical example, we established the correlations between 

the 2D heterointerface and the sodium-ion storage performance of LMSs/graphene 

composites. MoS2/reduced graphene oxide (RGO) nanocomposites were prepared by a facile 

hydrothermal method using phosphomolybdic acid, L-cysteine and GO as precursors, by 

which the sheet-on-sheet MoS2/RGO nanocomposites can be formed and the agglomeration 

of MoS2 and RGO was suppressed simultaneously. Besides, the MoS2/RGO nanocomposites 

with different MoS2/RGO heterointerfacial areas were obtained by changing the ratio of 

MoS2 to RGO and applied as anode materials electrode materials to investigate the role of 

the 2D MoS2/graphene heterointerface for Na+ storage. It is found that the synergistic effect 

contributing to the enhanced reversible capacity of MoS2/RGO nanocomposites is closely 

related to the heterointerfacial area. First-principles calculations were performed to 



102 
 

investigate Na atoms adsorption and diffusion on MoS2 and the MoS2/graphene 

heterointerface, respectively. The corresponding band structure of MoS2 and the 

MoS2/graphene heterointerface and electron transfer between Na atoms and MoS2 or the 

MoS2/graphene heterointerface were also considered. The computational results demonstrate 

that Na prefers to be adsorbed on MoS2 in the MoS2/graphene heterostructure 

(Na/MoS2/graphene) rather than intercalate into the MoS2/graphene heterointerface 

(MoS2/Na/graphene). Moreover, the 2D MoS2/graphene heterointerface can significantly 

increase the conductivity of MoS2, and capture more Na atoms, while maintaining high 

diffusion mobility of Na atoms on the MoS2 surface and high electron transfer efficiency 

from Na to MoS2. This work could not only enrich the functionalities of the MoS2/graphene 

heterostructure, but also clarify the synergistic effect between MoS2 and graphene for the 

enhancement of electrochemical Na-ion storage in MoS2/RGO composites. The outcomes 

can facilitate the rational design of other 2D TMSs/graphene nanoassemblies as high 

performance electrode materials for Na-ion batteries. 

5.2 Experimental Section 

5.2.1 Sample preparation 

Graphene oxide (GO) nanosheets were synthesized from natural graphite powders by a 

modified Hummers’ method.305 The MoS2/RGO nanocomposite was then produced by a 

hydrothermal method. In a typical synthesis process, PMA was mixed with 20 mL GO 

aqueous suspension (1 mg mL-1) by ultrasonication using a Brandson Digital Sonifer (S450D, 

40% amplitude). After ultrasonication for 0.5 h, L-cysteine was added and mechanically 

stirred for another 0.5 h. For the preparation of MG-1, MG-2, and MG-3, the concentrations 
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of PMA were 0.81 mg mL-1, 1.15 mg mL-1, and 1.62 mg mL-1, respectively, where the 

concentration of L-cysteine was fixed to 50 mg mL-1. Then, the mixed precursor solution was 

heated to 200 °C in a Teflon-lined autoclave (25 mL in capacity) and maintained at 200 °C 

for 24 h. The precipitates were collected, and washed with distilled water and ethanol several 

times. The products were collected after drying at 60 °C in a vacuum oven overnight and 

then annealed at 800 °C for 2h in Argon atmosphere. 

5.2.2 Structural and physical characterization 

The crystal structure and phases of the as-prepared materials were characterized by X-ray 

diffraction (XRD, Siemens D5000) using Cu Kα radiation with a scanning step of 0.02° sec-

1. The morphology was analyzed by field emission scanning electron microscopy (FESEM, 

Zeiss Supra 55VP). The details of the morphology were further characterized by transmission 

electron microscopy (TEM) and high-resolution TEM (HRTEM, JEOL JEM-2011). The 

elemental analysis was conducted on Zeiss EVO MA 15 SEM equipped with an energy-

dispersive X-ray spectrometer (EDX). The MoS2 loading mass was measured using a 

TGA/differential thermal analysis (DTA) analyzer (TA Instruments, SDT 2960 module, New 

Castle, DE, USA) at a heating rate of 10 °C min-1 in air from room temperature to 600 ºC. 

Raman spectra were collected with a Renishaw inVia Raman spectrometer system 

(Gloucestershire, UK) equipped with a Leica DMLB microscope (Wetzlar, Germany) and a 

Renishaw He-Ne laser source producing 17 mW at 633 nm. 

5.2.3 Cell assembly and electrochemical testing 

The electrodes were prepared by dispersing the as-prepared material (70 wt %), carbon black 

(20 wt %), and poly (vinylidene fluoride) binder (PVDF, 10 wt %) in N-methyl-2-pyrrolidone 
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(NMP) to form a slurry. The resultant slurry was pasted onto copper foil using a doctor blade 

and dried in a vacuum oven for 12 h, followed by pressing at 200 kg cm-2. The mass of each 

electrode was around 1.0 mg cm-2. Electrochemical measurements were carried out using 

two-electrode coin cells with Na metal as counter and reference electrode and glass 

microfiber (Whatman) as the separator. The CR2032-type coin cells were assembled in an 

argon-filled glove box (UniLab, Mbraun, Germany). The electrolyte solution was 1 M 

NaClO4 dissolved in a mixture of ethylene carbonate (EC) and propylene carbonate (PC) 

with a volume ratio of 1:1. The charge-discharge measurements were performed at different 

current densities in the voltage range from 0.01 to 3 V vs. Na+/Na using a computer-

controlled Neware Battery Testing system. For the MoS2/graphene electrode, the obtained 

specific capacities are based on the total mass of MoS2/graphene nanocomposite. Cyclic 

voltammetry (CV) was conducted by using a CHI 660C electrochemical workstation between 

0.01 and 3 V vs. Na+/Na with a scan rate of 0.1 mV s-1. For the electrochemical impedance 

spectroscopy (EIS), the excitation amplitude applied to the cells was 5 mV. 

5.2.4 DFT calculations 

The spin unrestricted DFT calculations were carried out by using a Dmol3 package.351 

Exchange correlation functions are taken as generalized gradient approximation (GGA) with 

Perdew Burke Ernzerhof (PBE).352 DFT semicorepseudopotentials (DSPPs) core treatment 

was implemented for relativistic effects, which replaced core electrons by a single effective 

potential. Double numerical plus polarization (DNP) was employed as the basis set. The 

convergence tolerance of energy of 10 5 Hartree was taken (1Hartree = 27.21 eV), and the 

maximal allowed force and displacement were 0.002 Hartree/Å and 0.005 Å, respectively. 
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In the simulation, three-dimensional periodic boundary conditions were taken. The 

simulation cell consisted of a 4 × 4 MoS2 supercell. The k point was set to 5 × 5 × 1, and all 

atoms were allowed to relax according to previous reports. After structure relaxations, the 

density of states (DOS) and band structure were calculated with a finer k point grid of 15 × 

15 × 1. The DFT+D method within the Grimme scheme was used in all calculations to 

consider the van der Waals forces,353 and 18 Å vacuum over the MoS2 layer or 

MoS2/graphene was taken to minimize the interlayer interactions. For the diffusion of Na 

atoms on monolayer MoS2, double layer MoS2 and MoS2/graphene, LST/QST and NEB tools 

in the DMOL3 code were employed. 

The adsorption energy (Ead) of the Na atom on MoS2 can be defined as follows: 

Ead = EMoS2+Na– (EMoS2 + ENa)                     (5-1) 

where EMoS2+Na, EMoS2 and ENa are the total energies of monolayer MoS2 with one Na atom 

adsorbed, monolayer MoS2 and one Na atom in the same slab, respectively. 

The interaction energy Eint between MoS2 and graphene layers can be determined by the 

equation:  

Eint = EMoS2+graphene – (EMoS2 + Egraphene)        (5-2) 

where EMoS2+graphene, EMoS2 and Egraphene are the total energies of MoS2/graphene bilayer 

structure, monolayer MoS2and monolayer graphene in the same slab, respectively. 

The adsorption energy Ead of the Na atom on MoS2/graphene bilayer structure can be 

calculated by the equation: 
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Ead = EMoS2/graphene+Na – (EMoS2/graphene + ENa)      (5-3) 

where EMoS2/graphene+Na is the total energies of the MoS2/graphene structure with one Na atom 

adsorbed. 

5.3 Results and Discussions 

MoS2/RGO nanocomposites have been synthesized as anode materials for Na-ion batteries 

by incorporating RGO with pre-synthesized MoS2.234, 292 However, in order to realize the 

functionalities of the 2D MoS2/graphene heterointerface, it is required to prepare high-quality 

electrical contact between MoS2 and RGO. Sheet-on-sheet structured MoS2/RGO composites 

with controllable heterointerfaces were synthesized by a hydrothermal method, followed by 

a calcination process (as shown in Figure 5.1). GO is highly dispersible in water due to the 

existence of hydrophilic groups (hydroxyl, carboxyl and epoxy groups), which makes it a 

favorable precursor for the aqueous synthesis of RGO-based nanoarchitectures. 

Phosphomolybdic acid (H3PMo12O40•xH2O, PMA) is used as molybdenum precursor. In the 

first step, GO aqueous suspension was mixed with PMA and L-cysteine by mechanical 

stirring at room temperature. The PMA molecule is abundant in oxygen-containing 

functional groups and double bonds (see the molecular structure model of PMA in Figure 

5.2), which can be attracted to graphene oxide through the noncovalent hydrogen bonds and 

the π-π interaction between the double bond in PMA and the conjugated RGO basal planes 

(Figure 5.1b). The PMA/L-cysteine/GO mixture was then transferred to an autoclave and 

subjected to hydrothermal treatment at 200 °C for 24 h. The oxygenated functional groups 

on the GO surface can act as nucleation sites for MoS2, leading to the formation of MoS2 
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Figure 5.1 Schematic illustration for the preparation of MoS2/RGO heterostructures. As 

shown in (d), there are two possible stacking configurations: MC (Mo on top of C atoms) and 

SC (S on top of C atoms) configurations. The yellow, green and grey atoms represent S, Mo 

and C atoms, respectively. 

 

Figure 5.2 Molecular structure of phosphomolybdic acid (PMA). 
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Figure 5.3 XRD patterns of MG-3 composites before and after post-treatment. 

crystal nucleus on the RGO surface.354 Under hydrothermal conditions, PMA is transformed 

in situ to the MoS2 nucleus in the presence of L-cysteine. Simultaneously, GO is reduced to 

RGO by H2S released from L-cysteine. L-cysteine could form a polymeric network structure 

under the solution-phase reaction, which facilitated the formation of a two-dimensional 

structure for the MoS2.355 The following crystal growth leads to the formation of 2D MoS2

nanosheets covering the RGO basal plane, creating MoS2/graphene heterointerfaces (Figures 

5.1c). MoS2/RGO composites were then subjected to high temperature calcination at 800 oC 

under Ar atmosphere, which further enhances the interfacial interaction between MoS2 and 

RGO by increasing the crystallinity of MoS2 (Figure 5.3) and reducing the residual oxygen 

moieties (Table 5.1). By increasing the stock of PMA, the weight ratio of MoS2 and RGO 

can be tuned. In this way, three MoS2/RGO composites with different MoS2 to RGO ratios 

were prepared (denoted as MG-x, x = 1, 2, 3). As shown in Figure 5.1d, there are two possible 

MoS2/graphene heterostructures: MC (Mo on the top of C atoms) and SC (S on the top of C 

atoms) structures. The total energy of the MC structure is only 11.8 meV C-1, which is lower 

than that of SC, suggesting that both of the two structures are possible. The distances between 
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MoS2 and graphene layers in MC and SC bilayers are 3.35 and 3.36 Å, respectively. The 

theoretical interaction energy between MoS2 and graphene layers (Eint) is calculated to be -

0.02 and -0.01 eV C-1 for MC and SC bilayers, respectively, indicating the weak van der 

Waals interaction between MoS2 and graphene. 

Table 5.1 Elemental composition obtained by EDX analysis of the MG-3 composites 

before and after post-treatment. 

Sample Element 
Weight 

percentage (%) 

Atomic 

percentage (%) 

Before calcination 

C 37.39 66.87 

O 6.10 8.19 

Mo 28.98 6.49 

S 27.54 18.45 

After calcination 

C 42.71 73.99 

O 4.25 5.53 

Mo 32.27 7.00 

S 20.77 13.48 
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Figure 5.4 TGA curves of MoS2, MG-1, MG-2, and MG-3. 

 

Figure 5.5 XRD patterns of RGO, MG-1, MG-2, MG-3, and MoS2. 

By thermogravimetric analysis (TGA), the MoS2 weight ratios in MG-x composites were 

determined to be 44.2% (MG-1), 49% (MG-2), and 68.7% (MG-3), respectively (as shown 

in Figure 5.4). Figure 5.5 shows the X-ray diffraction (XRD) patterns of bare RGO, MoS2 
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and the as-prepared MG-x samples. For bare RGO, a broad peak at 25.4o is discernable, 

which is the characteristic peak due to the random re-stacking of graphene layers during 

hydrothermal synthesis. However, for MoS2/RGO composites, the intensity of the RGO 

diffraction peak decreased and disappeared with the increase of the MoS2 ratio, suggesting 

that the percentage of MoS2 in the MG-x samples is crucial for preventing the aggregation of 

RGO layers. It is clearly indicated that 2H-MoS2 phases have formed in all of these samples 

as evidenced by peaks at 14.4o, 32.8o, 39.5o, 49.8o, 58.3o and 60.1o. The diffraction peaks 

correspond to the (002), (100), (103), (105), (110) and (008) planes of 2H-MoS2 (JCPDS 

card number 37-1492). 2H-MoS2 is structural analog of graphene, the basal (002) crystal 

planes of which are held together by van der Waals forces along c-axis. It should be noted 

that the intensity ratio of (002) and (100) peak of MoS2 nanosheets (I(002)/I(100)) varies 

according to MoS2 ratio, which decreases in the order MG-1 (2.67) > MG-2 (2.16) > MG-3 

(1.30). Therefore, the (002) plane growth of MoS2 crystals is restrained due to the 

incorporation of RGO in MG-x nanocomposites. The disappearance of the RGO (002) peak 

and the decrease of the MoS2 (002) peak indicate the evolution of the MoS2/RGO 

heterointerface with the increase of the MoS2 ratio.  
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Figure 5.6 (a) Raman spectra of MoS2, RGO and MG-3, showing a set of MoS2 Raman peaks 

together with D band and G band of RGO. (b) Schematic illustration of   and A1g 

vibration models. 

Raman spectroscopy measurement was employed for further analysis of the as-obtained 

products, as shown in Figure 5.6. Bare RGO exhibits two typical peaks at 1326 cm-1 and 

1594 cm-1, which are known as the D band and G band, respectively. With regard to MG-3 

nanocomposites, a set of Raman peaks in the range of 300-1000 cm-1 can be observed along 

with the RGO peaks, which originate from different Raman shift modes of the MoS2 

component. Specifically, the MG-3 displays Raman features at 379 cm-1 and 406 cm-1, which 

can be attributed to  and A1g vibration of MoS2 nanosheets. The Raman peak is 

associated with planar vibration and A1g is ascribed to the vibration of sulfides in the out-of-

plane direction as illustrated in Figure 5.6b. 

1
g2E

1
g2E 1

g2E
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Table 5.2 Elemental composition obtained by EDX analysis of the MG-x composites 

Sample Element 
Weight 

percentage (%) 

Atomic 

percentage (%) 

MG-1 

C 58.75 79.41 

O 12.02 12.19 

Mo 18.98 3.21 

S 10.25 5.19 

MG-2 

C 54.47 79.89 

O 7.24 7.98 

Mo 24.32 4.46 

S 13.97 7.67 

MG-3 

C 42.71 73.99 

O 4.25 5.53 

Mo 32.27 7.00 

S 20.77 13.48 

By using energy-dispersive X-ray (EDX) spectroscopy, the O/C atomic ratio in MG-1, MG-

2, and MG-3 is 0.15, 0.10, and 0.07, respectively (Table 5.2). 
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Figure 5.7 SEM images of MG-1 (a and b), MG-2 (c and d), and MG-3 (e and f), showing 

the microstructural features of the nanocomposites, the inserts show the corresponding 

schematic illustrations of the composites. 

The microstructure of MG-x heterostructures were analyzed by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). Figure 5.7 shows the SEM 

images of MG-x, providing a general view of the morphology over a large scale. Bare MoS2 

obtained from the same experimental procedure without RGO tends to aggregate due to the 
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high surface energy and interlayer van der Waals attraction,336, 356 leading to the formation 

of three-dimensional flower-like agglomerations assembled by MoS2 nanosheets (Figure 

5.8). With the presence of RGO in the mixture, the MG-x composites show a curved thin 

flaky morphology as shown in Figure 5.7, which is composed of MoS2 nanosheets grown 

parallel to RGO. The morphology is different from the previously reported MoS2/RGO 

nanoarchitectures prepared from either Na2MoO4 or (NH4)2MoS4 as Mo-source, where MoS2 

nanoparticles formed.137, 354, 357 No MoS2 agglomerations were formed in the MG-x 

composites, which suggests that RGO can stabilize MoS2 nanosheets. The formation of 

separated MoS2 nanosheets is favorable for the accessibility of reaction sites for Na+. 

Moreover, as shown in Figure 5.7b, c, and f, MoS2 ingredient has an intimate contact with 

RGO and no isolated MoS2 was observed in all the three MG-x nanocomposites. With the 

increase of the ratio of MoS2, the coverage of MoS2 nanosheets on the RGO matrix increases 

correspondingly, which is in agreement with the XRD results.  

 

Figure 5.8 SEM image of bare MoS2. 
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Figure 5.9 SEM image and the corresponding EDX map of carbon, oxygen, molybdenum 

and of sulfur MG-1 (a), MG-2 (b), and MG-3 (c). 

The elemental mapping images shown in Figure 5.9 clearly illustrate that MoS2 nanosheets 

are homogeneously mixed with RGO, no free MoS2 can be found outside of RGO. 
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Figure 5.10 TEM images of MG-x composites. (a, b) MG-1, (c, d) MG-2, and (e, f) MG-3. 

The high-resolution TEM (HRTEM) images of the curled edge shown in Figure 5.10b, d, 

and f reveal lattice fringes with an interplanar spacing of 0.62 nm, which can be indexed as 

the (002) lattice planes of 2H-MoS2. The van der Waals interfacial interaction between RGO 

and MoS2 is strong enough to firmly bind MoS2 with RGO. Even after long-term ultrasonic 

dispersion for TEM characterization, MoS2 nanosheets are anchored onto the RGO substrate 
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and no free MoS2 can be observed (as shown in Figure 5.10a, c, and e), indicating the 

relatively strong interfacial interaction between MoS2 and RGO. 

 

Figure 5.11 CV curves of MG-3. 

Figure 5.11 depicts the cyclic voltammetry (CV) curves of MG-3 in the voltage range of 

0.01-3.0 V. The cathodic peaks at 0.89 V and 0.71 V are ascribed to the two-step insertion 

of Na+ into MoS2.233, 332 The broad peak located at 0.35 V could be associated with electrolyte 

decomposition to form solid electrolyte interphase (SEI) layer and the reversible conversion 

reaction: MoS2 + 4Na+ + 4e- ↔ Mo + 2Na2S.234 According to previous investigations, the 

SEI is composed of inorganic and organic layers around the particles.324, 325 The organic 

layers can form and dissolve reversibly, which contributes to the reversible capacity. On the  
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Figure 5.12 Galvanostatic charge-discharge profiles of MG-1 (a), MG-2 (b), and MG-3 (c). 

(d) Initial reversible capacities of RGO, MG-x, and MoS2 at a current density of 20 mA g-1, 

and the nominal capacities based on experimental values. The blue bars indicate the increased 

capacities due to the intimate MoS2/RGO heterointerface. (e) Cycling performance of MG-

3, MoS2, and graphene at a current density of 20 mA g-1. 
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contrary, the formation of an inorganic layer is an irreversible process. In addition, a sharp 

peak at about 0.01 V is found, which can be assigned to the Na-ion insertion into RGO 

interlayers.358, 359 From the second cycle, the CV curves overlap perfectly, indicating the high 

reversibility of the MG-3 electrode. Based on the reversible capacity of bare MoS2 (590 mA 

h g-1) and RGO (195 mA h g-1), in combination with their weight ratios in MG-x composites, 

the nominal capacities of MG-x samples can be calculated as shown in Figure 5.12d. The 

galvanostatic charge-discharge curves of MG-1, MG-2, and MG-3 electrodes at a current 

density of 20 mA g-1 are shown in Figure 5.12a-c. In the first discharge process, all of the 

MG-x samples show two plateaus in the range of 1.1-0.5 V, which are in good agreement 

with the CV curves, corresponding to the Na+ intercalation processes in MoS2 layers. It is 

noted that the MG-x electrodes deliver charge capacities lower than the corresponding 

discharge capacities, which could be ascribed to the irreversible formation of SEI layer. 

Interestingly, all MG-x samples exhibit reversible capacities exceeding the nominal values 

(Figure 5.12d). In particular, MG-3 having the maximum heterointerfacial areas can deliver 

a reversible capacity of 702 mAh g-1, which is much higher than the nominal value of the 

total sum (590 × 0.687 + 195 × 0.313 = 466 mAh g-1). This clearly indicates a synergistic 

effect for the enhancement of Na+ storage capacity, which is beyond the simple principle of 

superposition between RGO and MoS2. With increasing interfacial contact between RGO 

and MoS2 (e.g. increasing the MoS2 ratio), the enhanced capacity originating from the 

synergistic effect increases correspondingly. The increased capacities for MG-1, MG-2, and 

MG-3 electrodes are 84, 160, and 236 mA h g-1, respectively. This result strongly suggests 

the correlation between the 2D heterointerface and the sodium-ion storage in MoS2/RGO 

composites. This means that the composite with more heterointerfacial areas has higher Na+ 

storage capacity. The favorable interfacial interaction also leads to a significantly improved 
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cycling performance of the MG-3 compared with bare MoS2. As can be seen from Figure 

5.12e, bare MoS2 electrode suffers seriously from a quick decay of capacity. After 100 cycles, 

MoS2 electrodes only delivered a capacity of 93 mA h g-1. This could be due to the significant 

volume change and mechanical stress during sodium ion insertion/extraction processes, 

which can induce the failure of the electrode and the loss of contact between active materials 

and the current collector, resulting in poor cycling stability. For MG-x electrodes, MG-1 with 

the highest RGO ratio has the best cycling stability, which can maintain 61.3% of the capacity 

obtained in the second cycle after 100 cycles at a current density of 20 mA g-1. The capacity 

retention of MG-2 nanocomposites with the moderate RGO ratio and MG-3 nanocomposites 

with the lowest RGO ratio are 61.2% and 49.0%, respectively. This could be ascribed to 

mechanical resilience of RGO that can effectively buffers the volume change of MoS2 during 

repeated sodiation/de-sodiation processes.290 

To gain an in-depth understanding of the role of the MoS2/graphene heterointerfaces on the 

performance of electrochemical Na+ storage, density functional theory (DFT) calculations 

using the Dmol3 package351 have been performed to calculate the adsorption and diffusion 

behaviors of Na on MoS2 and MoS2/graphene heterointerface. The adsorption behaviour of 

Na on both monolayer MoS2 and MoS2/graphene heterostructures are considered, with the 

results summarized in Table 5.3. There are three possible positions for Na adsorption on 

monolayer MoS2, as numbered in Figure 5.13a. However, the structure with the Na atom 

adsorbed at the hollow site of a MoS2 ring (Figure 5.13b) has the lowest energy, and it is set 

to be 0. The adsorption energy of the Na in Figure 5.13b is -1.49 eV, which is modest for 

Na storage and diffusion. Based on Mulliken atomic charge analysis, it is found that the Na 

atom transfers 0.709 e to MoS2, which is promising because more than 2/3 of the valence  
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Table 5.3 The total energy of MoS2 and the MoS2/graphene heterostructure with a Na atom 

adsorbed at representative positions, the corresponding adsorption energy of the Na atom and 

the charge transferred from Na atom to MoS2 or MoS2/graphene bilayer system are also 

provided 

 
Na 

Position 
Total energy 
(meV C-1) 

Ead (eV) Q (e) 

MoS2 
monolayer 

1 0 -1.49 0.709 

 2 14.8 -0.75 0.703 

 3* 0 -1.49 0.709 

MoS2/graphene (a) 0.54 -2.56 0.706 

MC (b) 0 -2.59 0.700 

 (c) 0.016 -2.59 0.699 

 (d) 8.29 -2.18 0.866 

 (e) 6.66 -2.26 0.896 

 (f) 3.54 -2.41 0.676 

MoS2/graphene (a) 12.72 -2.54 0.698 

SC (b) 12.17 -2.57 0.692 

 (c) 12.20 -2.57 0.692 

 (d) 24.77 -1.94 0.809 

 (e) 21.91 -2.08 0.831 

 (f) 17.55 -2.30 0.698 

* The Na atom would diffuse to position 1 automatically. 1-3 denote the possible adsorption 

position of Na atom as shown in Figure 6(a). (a)-(f) denote the corresponding adsorption 

positions as shown in Fig. 5.13(a)-(f). 
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Figure 5.13 (a) Atomic structure of monolayer MoS2 supercell in the simulation, the numbers 

denote the possible adsorption position of Na atom. (b) The favorite structure of monolayer 

MoS2 with a Na atom adsorbed. Configuration of MC bilayer (c) and SC bilayer (d). The 

energy minimum diffusion pathway of a Na atom on the monolayer MoS2 (e), in MC bilayer 

(f), and in SC bilayer (g). The inserts in (e, f, and g) show the atomic structure of initial state 

(IS), transition state (TS) and final state (FS). 

electrons can be transferred. The diffusion path of the Na atom on MoS2 from the energy 

minimum adsorption site 1 to the second energy minimum adsorption site 2 is calculated 

through linear synchronous transition/quadratic synchronous transit (LST/QST) and nudged 

elastic band (NEB) methods. The result is shown in Figure 5.13e. The atomic structure of 

the initial state (IS), transition state (TS) and final state (FS) are also provided in this figure. 

At TS, the Na atom moves from the hollow site of the hexagon towards the top site of a Mo 

atom, and locates at the bridge site of two S atoms. The diffusion barrier is only ~86 meV, 

indicating the excellent mobility of Na atom on MoS2. 
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Figure 5.14 Six representative configurations for a Na atom adsorbed on MoS2/graphene 

bilayer structure. (a) Na adsorbed on the hollow site of a hexagonal ring over a MoS2 layer, 

(b) Na adsorbed on the top of a Mo atom over MoS2 layer, (c) Na adsorbed on the top of a S 

atom over MoS2 layer, (d) Na adsorbed on the top of a C atom over graphene, (e) Na adsorbed 

on the top of the hollow site of a C ring over graphene, (f) Na adsorbed between graphene 

and MoS2 layers. 

For both MC and SC structured MoS2/graphene heterointerfaces, there are six representative 

positions for Na adsorption (Figure 5.14). The energy of a Na atom adsorbed at the top of a 

Mo atom (Figure 5.14b) is the lowest and set to be 0. Previous investigations show that Li 

atoms prefer to accommodate themselves between MoS2 and graphene layers.360 However, 

it is found that both MC and SC structures with the Na atom adsorbed on the MoS2 surface 

have the lowest energies, which indicates that the Na atom prefers to be adsorbed on the 
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MoS2 in the MoS2/graphene heterointerface. Moreover, the presence of graphene changes the 

adsorption behavior of the Na atom on MoS2. As discussed, the Na atom adsorbed at the 

hollow site of a MoS2 hexagon ring on the pristine MoS2 monolayer has the lowest energy. 

On the contrary, our calculation results show that the energy differences for the three different 

adsorption sites on the MoS2/graphene heterostructure are very small (< 0.5 meV C-1), which 

suggests that all the three representative adsorption sites on the surface of MoS2 in the 

MoS2/graphene heterointerface are possible. 

The interfacial interaction between MoS2 and graphene can enhance the adsorption of the Na 

atom while maintaining the efficient diffusion of Na. As shown in Table 5.3, the adsorption 

energy (Ead) of the Na atom is -2.59 and -2.57 eV for MC and SC structures, respectively, 

which are much higher than the adsorption energy -1.49 eV of a Na atom on a monolayer of 

MoS2. In addition, ~0.7 e of the Na atom adsorbed into the MoS2 surface in both MC and SC 

structures is transferred to the MoS2 layer, which is very similar to the amount 0.709 e 

transferred in the case of monolayer MoS2. The diffusion of Na on MoS2 in the 

MoS2/graphene heterostructure was also investigated. Because the structures of the Na atom 

adsorbed at three sites on the MoS2 layer have very close energies, the diffusions among the 

three structures in both MC and SC structures should all be considered, as shown in Figure 

5.13f and g. After LST/QST and NEB calculations, it is found that the diffusion barriers 

among the three adsorption configurations are similar to each other for both MC and SC 

structures. However, the diffusion from the hollow position of a MoS2 ring to the top site of 

a S atom in a MC structure has the lowest diffusion barrier of 0.082 eV, while it is 0.085 eV 

for the diffusion from the hollow position of a MoS2 ring to the top site of a S atom in a SC 

structure, which are also almost the same as that in a monolayer MoS2 (0.086 eV). Therefore, 
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the diffusion can occur effectively at room temperature when the barrier is lower than 0.75 

eV. Consequently, the diffusion of Na atoms on the MoS2 surface is fast on both the MoS2 

surface and the MoS2/graphene heterointerface. Based on above results, it is concluded that 

the presence of a graphene layer does not change the amount of electrons transferred from 

Na atoms to MoS2 or the diffusion barrier, but increases the adsorption energy of Na atoms 

on the MoS2 surface, which indicates more Na atoms can be trapped in the MoS2/graphene 

heterointerface. 

The band structures of MoS2 before and after Na atom adsorption are shown in Figure 5.15a 

and b. Pristine monolayer MoS2 has a ~1.8 eV direct band gap at the K-point, which is 

consistent with the reported values of 1.62 eV361 and 1.8 eV362. After Na atom adsorption, 

the Fermi level shifts up ~1.5 eV compared with bare MoS2, indicating the strong n-type 

doping of MoS2, which is contributed by a large amount of electron transfer from the Na 

atom to the MoS2 layer. However, the Na-MoS2 system still has a wide band gap of 1.74 eV, 

which hinders the transport of electrons during charge-discharge. MoS2/graphene 

heterointerface can improve electronic conductivity compared with bare MoS2. The band 

structure of the bilayer MoS2/graphene system in both MC and SC structures, with and 

without Na atom adsorption, is calculated and shown in Figure 5.15c-f. To clearly show the 

effect of graphene on the conductivity of the MoS2/graphene heterointerface, the band 

structure of pristine graphene is also provided in Figure 5.15c and e, from which it is clearly 

shown that the bilayer system has a near zero band gap and similar conductive behavior to 

pristine graphene 
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Figure 5.15 The band structures of monolayer MoS2 (a), MoS2/graphene bilayer with MC 

structure (c), and MoS2/graphene bilayer with SC structure (e). (b), (d), and (f) show the 

corresponding band structure after the adsorption of Na. The blue dashed lines are the band 

structure of pristine graphene and the red dashed line denotes the Fermi level. 

at the Dirac K-point. On the other hand, the presence of the MoS2 layer also changes the band 

structure of graphene, where the bands in the valence band away from the Dirac K-point shift 
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further away from the Dirac K-point in both MC and SC structures. However, the distances 

of such bands from the Dirac K-point in MC and SC structures are different owing to the 

different stacking configurations. After Na adsorption at its preferred position, the Fermi 

level shifts upward and n-type doping is present, which is similar to the case of monolayer 

MoS2. In MC and SC, the Fermi level shifts ~0.36 and ~0.30 eV in MC and SC structures, 

respectively, while it shifts ~1.5 eV in monolayer MoS2. This difference is induced by the 

presence of the graphene layer, which receives part of the transferred electrons of Na atoms 

from the MoS2 layer. The computational calculations clarify the unique role of the 

MoS2/graphene heterointerface for enhancing the Na storage performance, including the 

increase of the conductivity of the MoS2/graphene bilayer system, the capture of more Na, 

and the maintenance of high diffusion mobility of Na atoms on the MoS2 surface, and high 

electron transfer efficiency from Na to MoS2. Due to the presence of the MoS2/graphene 

heterointerface, more Na atoms can be adsorbed with large amounts of electrons transferred 

to the MoS2 layer and a high diffusion mobility on the MoS2 surface, while the graphene is 

the highly conductive conductor to transport the transferred electrons. This would result in 

high Na storage capacity and excellent rate capability. 
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Figure 5.16 Atomic structure of a Na atom adsorbed on MoS2/RGO (MC configuration) with 

epoxy (a) and hydroxyl (b) groups in RGO, respectively. The corresponding energy 

minimum diffusion pathways of a Na atom on MoS2/RGO with epoxy and hydroxyl groups 

in RGO are shown in (c) and (d) respectively.

Since there are residual oxygen-containing moieties (such as hydroxyl and epoxy groups) in 

RGO chemically derived from the reduction of graphene oxide in our MG-x samples, the 

effect of such residual oxygen-containing groups on the Na adsorption and diffusion on the 

MoS2/graphene heterointerface is also considered. Due to the very similar energy and 

properties for both MC and SC configurations, the MC configuration is taken as the example 

to investigate the effects of hydroxyl and epoxy groups in graphene. After considering all the 

possible position of the hydroxyl and epoxy groups, it is found that the epoxy or hydroxyl 
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group prefers to locate below the graphene layer as shown in Figure 5.16a and b. The 

interaction between the graphene and MoS2 is still a weak van der Waals interaction with an 

interaction action energy of ~0.03 eV C-1 for both cases, which is a little bit stronger than 

that in MoS2/graphene system without oxygen-containing groups. For the adsorption of Na 

atoms, similar to the case in Figure 5.14, after consider all the possible adsorption positions, 

it is found that the Na atom prefers to adsorb on top of a Mo atom for both cases, while the 

adsorption energies are -2.64 and -2.75 eV in MoS2/graphene system with epoxy and 

hydroxyl group, respectively. The adsorption is a little bit stronger than that in 

MoS2/graphene system without oxygen function groups. With the presence of the oxygen-

containing groups, the Na atom transfers ~0.71 e to MoS2, a little more than that in 

MoS2/graphene system without oxygen. The corresponding diffusion behavior was also 

investigated and the energy minimum diffusion pathway is shown in Figure 5.16c and d. 

The diffusion barriers are 0.107 and 0.16 eV in the MoS2/graphene system with epoxy and 

hydroxyl groups, respectively, which indicates that the high mobility of the Na atom in the 

MoS2/graphene heterostructure is maintained in the presence of epoxy and hydroxyl groups. 

Consequently, even with residual oxygen-containing moieties in graphene, the 

MoS2/graphene heterostucture is still superior for Na storage compared to the bare MoS2 by 

storing more Na ions, while maintaining a high diffusion mobility of Na atoms on the MoS2 

surface and a high electron transfer efficiency from Na to MoS2. 
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Figure 5.17 The band structure of MoS2/RGO (MC configuration) with epoxy (a) and 

hydroxyl (c) groups in RGO. After the Na atom adsorption, the corresponding band structures 

are shown in (b) and (d), respectively. 

To understand the conductivity changes in the presence of oxygen-containing groups, the 

band structures of the MoS2/graphene with epoxy and hydroxyl groups are shown in Figure 

5.17. It is shown that the band gap of MoS2 reduces from ~1.8 to 0.5 eV after combining with 

graphene with epoxy group, and no band gap is found in MoS2/graphene with hydroxyl 

group. After the Na adsorption, the Fermi level shifts up ~0.5 and ~0.25 eV in MoS2/graphene 

system with epoxy and hydroxyl groups, respectively. The corresponding band gap of 

MoS2/graphene with epoxy group disappears, while it is ~0.05 eV for MoS2/graphene with 

hydroxyl group. Therefore, the conductivity of MoS2 is improved after coupling with 

graphene containing oxygen functional groups, i.e. the oxygen-containing groups in 
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graphene would not change the promising electrochemical properties for sodium ion 

batteries. 

 

Figure 5.18 (a) Nyquist plots of MG-3 and MoS2 as anode materials in the charged state (3.0 

V vs. Na+/Na). (b) Rate performance of MG-3 and MoS2 electrodes. (c) Discharge capacity 

as a function of cycle number of MG-3 electrode from the second cycle at high current 

densities of 80 mA g-1 and 320 mA g-1. The first 20 cycles were tested at a current density of 

20 mA g-1. 

The in-situ hybridization of MoS2 and RGO plays an important role in constructing 

MoS2/RGO heterostructures with enhanced electrochemical performances for Na+ storage. 

Firstly, RGO as macromolecular surfactants can effectively stabilize MoS2 nanosheets with 

high surface energy, realizing high-dispersive MoS2 supported on RGO. As a result, more 

reactive sites are available for the electrode/electrolyte interaction. Secondly, this soft 

integration method enables high-quality electrical contact between MoS2 and RGO, which 
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ensures the functionality of the MoS2/graphene heterointerface for Na-ion storage 

performance. The enhanced electrical conductivity of MG-3 due to the intimate interfacial 

interaction is confirmed by electrochemical impedance spectroscopy (EIS) measurements. 

Figure 5.18a shows the Nyquist plots of EIS for MG-3 and MoS2. The Nyquist plots consist 

of a single depressed semicircle in the high-medium frequency region and an inclined line at 

low frequency. Obviously, MG-3 features a much smaller semicircle diameter than that of 

MoS2, indicating a high electrical conductivity and a rapid charge-transfer reaction for Na+ 

insertion and extraction. The faster charge-transfer ability leads to an excellent high-rate 

performance of the MG-3 electrode. Continuous cycling was carried out at the following 

current densities: 20 mA g-1, 40 mA g-1, 80 mA g-1, 160 mA g-1, 320 mA g-1, and 640 mA g-

1. As shown in Figure 5.18b, the good rate capability of the MG-3 with intimate 

heterointerfaces becomes more evident with the increase of the charge/discharge current 

density. Even when the current density increases to 640 mA g-1, MG-3 retains a capacity of 

352 mA h g-1, which is 50.2% of the capacity obtained at 20 mA g-1. Furthermore, when the 

current density is reversed to 40 mA g-1, the MG-3 electrode can recover its capacity after 45 

cycles, suggesting its excellent rate performance and cycling stability. However, the bare 

MoS2 electrode suffers from continuous capacity fading and it fails to recover the capacity 

when the current density reversed to the low value. From Figure 5.18c it can be seen that the 

MG-3 electrode also exhibits good cycling performance at high current densities. After 300 

cycles, MG-3 retained Na+ storage capacities of 254 mA h g-1 and 227 mA h g-1 at 80 mA g-

1 and 320 mA g-1, respectively. 

The promising electrochemical performance of MoS2/RGO nanocomposites could be 

attributed to the 2D heterointerfaces between MoS2 and RGO, which results in a synergistic 
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effect towards the Na+ storage over MoS2/RGO. In particular, the van der Waals interaction 

between RGO and MoS2 leads to an intimate interfacial interaction, which helps ameliorate 

the re-stacking and aggregation of MoS2 nanosheets. Consequently, more active sites are 

available for the electrode/electrolyte interaction. The intimate interfacial interaction also 

improves the interfacial electron transfer during sodiation/de-sodiation, which can maximize 

the conductivity of RGO. Moreover, without deteriorating the diffusion behaviors of Na and 

the electron transfer efficiency from Na to MoS2, MoS2/graphene heterointerfaces show the 

ability to enhance the adsorption of Na, which is also beneficial for the Na-ion storage in 

sodium-ion batteries. 

5.4 Conclusions 

In summary, a series of sheet-on-sheet structured MoS2/RGO nanocomposites with different 

heterointerfacial areas have been successfully prepared by a facile bottom-up hydrothermal 

method followed by a calcination process. The synergistic effect contributes to the improved 

capacity for Na-ion storage through increasing the heterointerfacial area. In particular, MG-

3 with maximum heterointerfacial areas can deliver a reversible capacity of 702 mAh g-1 for 

sodium-ion batteries. The MG-3 electrode also demonstrated excellent rate capabilities. Even 

at a high current density of 640 mA g-1, MG-3 can still deliver a capacity of 352 mA h g-1. It 

is found that the 2D MoS2/graphene heterointerface can increase the conductivity of MoS2 

and capture more Na atoms, while maintaining the high diffusion mobility of Na on the MoS2 

surface and high electron transfer efficiency from Na to MoS2. Our findings could enhance 

the understanding of 2D graphene-based heterostructures, which is important for the rational 

design of high-performance electrode materials for sodium-ion batteries. 
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Chapter 6 SnS2 Nanoplatelet/Graphene Nanocomposites as High Capacity Anode 

Materials for Sodium Ion Batteries 

6.1 Introduction 

Recently, tin-based compounds have been investigated as anode materials due to the high 

theoretical capacity of tin (847 mA h g-1).248, 249, 286, 358, 363-368 For example, SnSb alloy 

achieved a capacity of 435 mA h g-1 over 50 cycles.358 Kumta and co-workers also reported 

a mechanically milled Sn/C composite, which exhibited a stable capacity of 410 mA h g-1.366 

To buffer the volume change and aggregation of Sn during cycling, Wang et al. developed 

tin-coated viral nanoforests as SIB anode materials, which demonstrated an initial capacity 

of 722 mA h (g-Sn)-1, with a good cyclability.248 

SnS2 has a layered hexagonal CdI2-type crystal structure, consisting of tin cations sandwiched 

between two layers of close-packed sulfur anions.369 These triple layers are stacked along the 

c-axis and held together by van der Waals interactions with an interlayer distance of 0.59 nm, 

which provides channels for Na+ diffusion. Therefore, SnS2 could be a promising anode 

candidate for SIBs. Based on the reaction of 4SnS2 + 31Na+ + 31e- → Na15Sn4 + 8Na2S, SnS2 

can deliver a theoretical sodium storage capacity of 1136 mA h g-1. It is expected, however, 

that the volume change during alloying-dealloying could lead to pulverization of the 

electrode. As pointed by Guo et al., this issue could be addressed by building continuous 

carbon networks.370, 371 Herein, we report the use of SnS2/graphene nanocomposites as anode 

materials for Na-ion batteries. The SnS2/graphene nanocomposites were synthesized by a 

morphology-controlled hydrothermal method using L-cysteine as both sulfur precursor and 

morphology directing agent. The as-prepared composites feature a platelet-on-sheet 
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nanostructure. Remarkably, a reversible capacity of 725 mA h g-1 was achieved. Moreover, 

the SnS2/graphene nanocomposites also demonstrated an improved cyclability and enhanced 

high-rate capability. 

6.2 Experimental Section 

6.2.1 Sample preparation 

Graphene oxide (GO) nanosheets were synthesized from natural graphite powders by a 

modified Hummers’ method.305 The SnS2/graphene nanocomposite was then produced by a 

hydrothermal method. In a typical synthesis process, 65 mg SnCl4•5H2O (Sigma-Aldrich, ≥ 

98%) was mixed with 20 mL GO aqueous suspension (1 mg/mL) by ultrasonication using a 

Brandson Digital Sonifer (S450D, 40% amplitude). After ultrasonication for 0.5 h, 89 mg L-

cysteine was added and mechanically stirred for another 0.5 h. Then, the mixed precursor 

solution was heated to 180 °C in a Teflon-lined autoclave (25 mL in capacity) and maintained 

at 180 °C for 24 h. The precipitates were cooled down to room temperature, collected, and 

washed with distilled water and ethanol several times. After drying at 60 °C in a vacuum 

oven overnight, the final products were obtained.  

6.2.2 Structural and physical characterization 

The crystal structure and phases of the as-prepared materials were characterized by X-ray 

diffraction (XRD, Siemens D5000) using Cu Kα radiation with a scanning step of 0.02° sec-

1. The morphology was analyzed by field emission scanning electron microscopy (FESEM, 

Zeiss Supra 55VP). The details of the morphology were further characterized by transmission 

electron microscopy (TEM) and high-resolution TEM (HRTEM, JEOL JEM-2011). The 

SnS2 loading mass was measured using a TGA/differential thermal analysis (DTA) analyzer 



137 
 

(TA Instruments, SDT 2960 module, New Castle, DE, USA) at a heating rate of 10 °C min-

1 in air from room temperature to 900 ºC. Raman spectra were collected with a Renishaw 

inVia Raman spectrometer system (Gloucestershire, UK) equipped with a Leica DMLB 

microscope (Wetzlar, Germany) and a Renishaw He-Ne laser source producing 17 mW at 

633 nm.  

6.2.3 Cell assembly and electrochemical testing 

The electrodes were prepared by dispersing the as-prepared material (70 wt %), carbon black 

(20 wt %), and poly (vinylidene fluoride) binder (PVDF, 10 wt %) in N-methyl-2-pyrrolidone 

(NMP) to form a slurry. The resultant slurry was pasted onto copper foil using a doctor blade 

and dried in a vacuum oven for 12 h, followed by pressing at 200 kg/cm2.  The mass of each 

electrode is around 1.0 mg. Electrochemical measurements were carried out using two-

electrode coin cells with Na metal as counter and reference electrode and glass microfiber 

(Whatman) as the separator. The CR2032-type coin cells were assembled in an argon-filled 

glove box (UniLab, Mbraun, Germany). The electrolyte solution was 1 M NaClO4 dissolved 

in a mixture of ethylene carbonate (EC) and propylene carbonate (PC) with a volume ratio 

of 1:1. The charge-discharge measurements were performed at different current densities in 

the voltage range from 0.01 to 3 V vs. Na+/Na using a computer-controlled Neware Battery 

Testing system. For the SnS2/graphene electrode, the obtained specific capacities are based 

on the total mass of SnS2/graphene nanocomposite. Cyclic voltammetry (CV) was conducted 

by using a CHI 660C electrochemical workstation between 0.01 and 3 V vs. Na+/Na with a 

scan rate of 0.1 mV/s. For the electrochemical impedance spectroscopy (EIS), the excitation 

amplitude applied to the cells was 5 mV. 



138 
 

6.3 Results and Discussion 

The phase and purity of the as-prepared SnS2/graphene nanocomposites were characterized 

by X-ray diffraction (XRD), as shown in Figure 6.1. The diffraction peaks at 15.0o, 28.2o, 

32.1o, 41.9o, 50.0o, 52.5o, 55.0o, and 60.6o can be well indexed to the (001), (100), (101), 

(102), (110), (111), (103), and (201) crystal planes, respectively, of layered hexagonal phase 

SnS2 (JCPDS card no. 23-0677). The crystal parameters were calculated to be a = b = 3.649 

Å and c = 5.899 Å. It should be noted that the intensity of the (001) peak is weak compared 

to the standard data, which indicates the limited growth of the (001) crystal plane and the 

formation of SnS2 platelets. Furthermore, no diffraction peak corresponding to graphene was 

observed in the XRD pattern at 2θ = 26.6o, suggesting that the SnS2 nanoplatelets could 

effectively prevent the restacking of graphene nanosheets.372 No impurity phases were 

detected. 

 

Figure 6.1 XRD pattern of the as-prepared SnS2/graphene composites. I = Intensity. 
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The morphology of the SnS2/graphene nanocomposites was analyzed by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). Figure 6.2a shows a low 

magnification SEM image of the SnS2/graphene nanocomposites, which presents a sheet-like 

morphology. Figure 6.2b demonstrates that the individual SnS2 nanoplatelets are surrounded 

by graphene nanosheets and have an edge-to-edge distance of about 80 nm. Bare SnS2 

nanoplatelets aggregate, however, and form large agglomerations (Figure 6.3). Therefore, 

the graphene nanosheets act as a “heterogeneous dispersing agent” to prevent the aggregation 

of SnS2 nanoplatelets. The separation of SnS2 nanoplatelets by graphene nanosheets will 

enhance the electrochemical performance for Na-ion storage because more exposed surfaces 

are available for the reaction between Na ions and SnS2, compared to bare SnS2 nanoplatelets.  

 

Figure 6.2 (a) Low-magnification SEM image of SnS2/graphene nanocomposites. (b) 

Enlarged view of the area marked by a white square in (a), showing the morphological 

features of graphene and SnS2. 
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Figure 6.3 SEM images of SnS2 nanoplatelets. 

The SnS2/graphene nanocomposites were further characterized by TEM (Figure 6.4a-d). 

Ultrathin graphene nanosheets are clearly distinguishable in Figure 6.4a. Moreover, SnS2 

nanoplatelets projecting up from the edge can also be observed on the graphene matrix. The 

high-resolution TEM (HRTEM) image as shown in Figure 6.4c indicates that the SnS2 

nanoplatelets are formed from SnS2 layers stacked along the [001] direction with an interlayer 

distance of 0.59 nm, which is consistent with the XRD results. 

 

Figure 6.4 (a) and (b) Low and high magnification TEM images of the SnS2/graphene 

composites, respectively. (c) HRTEM image of an individual SnS2 nanoplatelet oriented 

along the [001] direction, taken from the rectangular region in (b). (d) Structural simulation 

of layered SnS2, with an interlayer distance of 0.59 nm. 
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Figure 6.5 Raman spectrum of SnS2/graphene nanocomposites in the range of 130-2400 cm-

1. I = Intensity. 

Figure 6.5 shows the Raman spectrum of the SnS2/graphene nanocomposites. The Raman 

peaks located at 223 cm-1 and 303 cm-1 can be ascribed to the Eg and A1g modes of SnS2.373 

The spectrum also exhibits two peaks at 1326 cm-1 and 1594 cm-1. The peak at 1326 cm-1 is 

the D line, which originates from the breaking mode of six-atom rings of graphene. The peak 

at 1594 cm-1 is known as the G peak, corresponding to the high-frequency E2g phonon of 

graphene at the Γ point.374, 375 The intensity ratio of the D peak to the G peak (ID/IG) is 

calculated to be 1.34. The Raman spectrum confirmed the successful synthesis of 

SnS2/graphene nanocomposites by the hydrothermal method. 
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Figure 6.6 TGA curve of SnS2/graphene nanocomposites. W = Weight percentage, T = 

Temperature. 

To determine the mass percentage of graphene in the as-prepared nanocomposites, 

thermogravimetric analysis (TGA) was conducted from 30 oC to 900 oC at a heating rate of 

10 oC min-1 in dry air. The results are shown in Figure 6.6, in which three major steps of 

weight loss could be observed. The first step from room temperature to about 200 oC could 

be ascribed to the evaporation of absorbed water and the removal of oxygen-containing 

functional groups (hydroxyl, epoxy, carbonyl, etc.) from the graphene. The second step, 

occurring between 200 oC and 425 oC, corresponds to oxidation of SnS2 to SnO2,376 while 

the last step observed between 425 oC and 580 oC is due to the combustion of graphene 

nanosheets. From the TGA analysis, the weight percentage of SnS2 in the nanocomposites is 

calculated to be 65.5%. 
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Figure 6.7 CV curves for selected cycles of SnS2/graphene composites at a scan rate of 0.1 

mV s-1 in the range of 0.01-3 V vs. Na+/Na. I = Current, E = Potential. 

The electrochemical reactivity of the SnS2/graphene hybrid nanosheets was evaluated by 

cyclic voltammetry (CV) (Figure 6.7). In the first cathodic scan, cathodic peaks were 

observed at 1.73, 1.41, 0.58, and 0.01 V, respectively. The two cathodic peaks at higher 

voltage (1.73 V and 1.41 V) could be assigned to the formation of NaSnS2, which is similar 

to our previous work on SnO2/Na system262: 

SnS2 + Na+ + e- → NaSnS2    (6-1) 

The cathodic peak at 0.58 V corresponds to the reduction reaction (6-2), leading to the 

formation of metallic Sn and Na2S: 

NaSnS2 + 3Na+ + 3e- → Sn +2Na2S    (6-2) 

The broad cathodic peaks ranging from 0.58 to 0.01 V are associated with Na-Sn alloying 

based on reaction (6-3). 

Sn + xNa+ + xe- → NaxSn    (6-3) 

Moreover, the reduction peak positioned at 0.01 V is assigned to the Na-ion storage on 

graphene.358 In the anodic process, several oxidation peaks can be identified, corresponding 
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to the reversible de-alloying of NaxSn. It should be noted that the CV curves for the 2nd and 

5th cycles overlap well with each other, indicating excellent reversibility of the SnS2/graphene 

electrode for sodium ion storage. 

 

Figure 6.8 (a) The initial discharge profile of SnS2/graphene at a current density of 20 mA 

g-1. (b), (c) Ex-situ XRD patterns of SnS2/graphene electrode discharged to different state as 

marked in the profile, in which the standard diffraction peaks of different products are located 

at the bottom. E = Potential, Ca = Capacity, I = Intensity. 

The Na+ storage mechanism was confirmed by the ex-situ XRD of the electrode material 

discharged to the required states. As shown in Figure 6.8b, when the electrode was 

discharged to 0.58 V, a mixture of Sn and Na2S can be found in the discharge product, which 

evidenced the reaction according to equation (6-2). Furthermore, after further discharging the 
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cell to 0.01 V (Figure 6.8c), the XRD pattern corresponds to Na-Sn alloy (Na9Sn4, PDF: 31-

1326). It indicates the formation of Na-Sn alloy at a lower voltage as proposed by equation 

(6-3). 

 

Figure 6.9 (a) The 1st, 2nd, and 10th charge-discharge profiles of SnS2/graphene at a rate of 

20 mA g-1. (b) Cycling performance of SnS2/graphene, SnS2, and graphene at a rate of 20 

mA g-1. E = Potential, Ca = Capacity, N = Cycle number.

Figure 6.9a shows the charge-discharge profiles of the SnS2/graphene nanocomposite 

electrode for the 1st, 2nd, and 10th cycles. The SnS2/graphene anode delivered a total discharge 

capacity of 1339 mA h g-1 in the first cycle, which is higher than that of the bare SnS2 (1100 

mA h g-1, Figure 6.10). The initial reversible capacity of SnS2/graphene is 725 mA h g-1. The 

irreversible capacity is mainly caused by the formation of irreversible solid electrolyte 

interphase (SEI) on the electrode.367 From the first discharge curve of the SnS2/graphene 

anode, we can see that the discharge process consists of three stages, namely, Stage I (3.0-

1.4 V), Stage II (1.4-0.7 V), and Stage III (0.6-0.01 V), which agree very well with the CV 

peaks in Figure 6.7. When the cell was discharged to 1.4 V, it delivered a capacity of 150 

mA h g-1. Subsequently, as the cell was further discharged to 0.7 V, a total capacity of 600 
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mA h g-1 was achieved. Figure 6.9b shows the cycling performance of the SnS2/graphene, 

bare SnS2, and graphene at a current density of 20 mA g-1. The discharge capacity of the 

SnS2/graphene nanocomposite is higher than that of the bare SnS2 and graphene. Moreover, 

the SnS2/graphene demonstrated a much improved cycling performance compared to bare 

SnS2 nanoplatelets, as the SnS2/graphene maintained a total capacity of 670 mA h g-1 after 

60 cycles. On the other hand, the bare SnS2 exhibited significant capacity fading and only 

delivered a capacity of 86 mA h g-1 after 60 cycles. 

 

Figure 6.10 The 1st, 2nd and 10th cycle charge-discharge profiles of SnS2 at a rate of 20 mA 

g-1. 
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Figure 6.11 Discharge curves of SnS2 (a) and SnS2/graphene nanocomposites (b) at current 

densities of 40, 80, 160, 320, and 640 mA g-1, respectively. (c) Comparison of discharge 

capacities of SnS2 and SnS2/graphene nanocomposites at current densities of 40, 80, 160, 320, 

and 640 mA g-1, respectively. (d) Rate performance of SnS2 and SnS2/graphene 

nanocomposites at currents of 20, 40, 80, 160, 320, 640, 320, 160, and 80 mA g-1, respectively. 

E = Potential, Ca = Capacity, N = Cycle number, Cd = Current density. 

The superior electrochemical performance of the SnS2/graphene composite was further 

demonstrated by cycling tests under high current densities. Both the bare SnS2 and the 

SnS2/graphene nanocomposite electrodes were tested by multiple-step varied current 

densities: 40, 80, 160, 320, and 640 mA g-1, respectively. The results are presented in Figure 

6.11. The discharge profiles in the first cycle are shown in Figure 6.11a and b. The capacities 

of the bare SnS2 at current densities of 40, 80, 160, 320, and 640 mA g-1 are 478, 369, 285, 

214, and 152 mA h g-1, respectively. The discharge capacity of the bare SnS2 electrode  
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Figure 6.12 (a) Nyquist plots of SnS2 and SnS2/graphene nanocomposites. (b) The 

corresponding equivalent circuit (RΩ: Ohm resistance; Rct: Charge transfer resistance; Zw: 

Warburg diffusion process; CPE: constant-phase element). 

dramatically decreased with increasing current density. The SnS2/graphene nanocomposite 

delivered discharge capacities of 632, 607, 572, 519, and 463 mA h g-1, respectively, at the 

same current densities. The difference in the capacities of the SnS2 and the SnS2/graphene 

electrodes is shown in Figure 6.11c. With gradually increasing current density, the capacity 

difference increased from 154 mA h g-1 to 238, 287, 305, and 311 mA h g-1, respectively. 

Furthermore, the SnS2/graphene nanocomposite exhibited a much better rate capability and 

longer cycle life than that of bare SnS2 anode. When SnS2 reacts with sodium ions, there is a 

dramatic volume increase, inducing cracking and pulverization. The graphene network is 

able to provide elastic buffer space to accommodate the volume expansion/contraction during 

Na+ insertion/extraction processes, which is effective for preserving the integrity of the 

electrode under progressive cycling. In addition, graphene is well known for its excellent 
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electrical conductivity (~ 10000 cm2 V-1 s-1)377 which can be regarded as a “highway” for 

electron transport and is vital for a rapid charge-transfer process. Therefore, SnS2/graphene 

electrode can deliver stable specific capacities at various current rates (as shown in Figure 

6.11d). 

Electrochemical impedance spectroscopy (EIS) measurements were conducted on cells with 

SnS2 and SnS2/graphene electrodes in order to investigate the reasons for the observed 

differences in the sodium storage performance at room temperature. The corresponding 

Nyquist plots are shown in Figure 6.12. Both the bare SnS2 and the SnS2/graphene electrodes 

exhibit typical Nyquist plots, consisting of a single depressed semicircle in the high-medium 

frequency region and an inclined line at low frequency. The numerical value of the diameter 

of the semicircle on the Zre axis gives an approximate indication of the charge transfer 

resistance (Rct),378, 379 while the straight line indicates Warburg-type behaviour. The kinetic 

differences of SnS2/graphene and bare SnS2 electrodes were further investigated by modeling 

AC impendence spectra based on the modified Randles equivalent circuit, and the 

corresponding equivalent circuit is shown in Fig 9(b). The value of the charge-transfer 

resistance Rct was 147 Ω cm-2 for SnS2/graphene, which is significantly lower than that of 

bare SnS2 (429 Ω cm-2). The reduced charge-transfer impedance will increase the electrode 

kinetics, and consequently, improve the electrochemical performance of the SnS2/graphene 

electrode for sodium storage. 
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Figure 6.13 SEM images of SnS2 electrode (a and b) and SnS2/graphene electrode (c and d) 

after cycling. 

We examined the morphology of SnS2 and SnS2/graphene electrodes after cycling by ex-situ 

SEM (as shown in Figure 6.13). For SnS2/graphene electrodes, SnS2 nano-platelets lost the 

platelet-like morphology after reaction with Na+ and transformed into nanoparticles, which 

uniformly distributed in the graphene matrix. On the contrary, we can see that agglomerates 

formed for SnS2 electrodes (as shown in Figure 6.13a and b). The ex-situ SEM results further 

verified that graphene nanosheets act as a “heterogeneous dispersing agent” for SnS2. 

6.4 Conclusion 

We successfully prepared SnS2/graphene nanocomposites by a facile hydrothermal method. 

SEM and TEM analyses revealed the two-dimensional platelet-on-sheet morphology. When 

the SnS2/graphene nanocomposites were applied as anode materials in Na-ion batteries, a 
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high specific sodium ion storage capacity of 725 mA h g-1 in the first cycle was achieved. 

Moreover, the SnS2/graphene electrode showed a good cyclability and enhanced high-rate 

capability. The improved electrochemical performance should be ascribed to the unique 2D 

nanoarchitecture, in which graphene nanosheets act as a “heterogeneous dispersing agent” to 

overcome the aggregation of the SnS2 nanoplatelets and provide electrically conductive 

networks. 
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Chapter 7 Three-dimensional Networked SnO2/Graphene Aerogel with Hierarchically 

Porous Architecture for High-Rate Performance Sodium-Ion Batteries 

7.1 Introduction 

Graphene has been regarded as an effective nano-building block to support nanoparticles due 

to its high surface area and unique electrical and mechanical properties.293, 295-297, 307 In this 

regard, 2D graphene nanosheets have been widely used to support Na+ host materials (e.g., 

SnO2,
250, 367, 368, 380 SnS,290 SnS2

241, 289) have demonstrated improved performances as anode 

materials for SIBs. It has been reported that layered SnS2 loaded on graphene exhibited 

enhanced electrochemical performances compared to bare SnS2 electrode, including 

improved capacity and cyclability.241, 289 Moreover, SnS@graphene transformed from 

SnS2@graphene demonstrated decent performance as anode materials for SIBs.290 However, 

in most cases, the 2D graphene nanosheets tend to re-stack during the drying process due to 

the interlayer van der Waals interactions. This results in decreased accessible surface area 

and insufficient electron and ion transport, which is one of the major issues that limit the 

high-rate performance of the electrodes. For example, Wang et al. reported that 

SnO2/graphene composites exhibited a capacity of 143 mA h g-1 at a current density of 640 

mA g-1.367 Zhang and co-workers reported a capacity of 193 mA h g-1 at a current density of 

600 mA g-1 based on the total mass of the graphene composites.380 To achieve higher power 

density to support large-scale applications of SIBs, the rate performance of current graphene-

based anode materials needs to be further improved. 

Herein, by taking SnO2 as a typical example, we demonstrate the wide scope of improving 

the high-rate performance of graphene-based electrode materials by constructing 3D 
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architectures with hierarchically porous structure. A facile wet chemistry method was used 

to prepare 3D SnO2/graphene composites, in which graphene nanosheets self-bridge to form 

continuous 3D networks with interconnected porous channels and SnO2 nanoparticles are 

homogeneously distributed on graphene nanosheets. The graphene conducting networks 

provide an efficient and continuous electron pathway, which can minimize the interparticle 

electron transfer. Furthermore, the large interstitial areas with interconnected hierarchical 

pores enable efficient electrolyte penetration, which is beneficial for sufficient 

electrode/electrolyte interactions. The integration of SnO2 nanoparticles with hierarchically 

porous graphene frameworks can lead to fast Na+ diffusivity and high electronic conductivity. 

When applied as anode materials for SIBs, the as-prepared SnO2/graphene aerogel exhibited 

a high reversible capacity of 451 mA h g-1. After being cycled at 20 mA g-1 for 100 cycles, 

the SnO2/graphene electrode still maintained a capacity of 322 mA h g-1, which is 8.5 times 

over the bare SnO2 electrode. The 3D SnO2/graphene composite also demonstrated a 

promising high-rate performance, i.e., 220 mA h g-1 at a current density of 640 mA g-1, which 

is better than that of other SnO2/C materials. 

7.2 Experimental 

7.2.1 Materials preparation 

Graphene oxide (GO) nanosheets were synthesized from natural graphite powders by a 

modified Hummers’ method.305 In a typical synthesis process for the preparation of 

SnO2/graphene aerogels, SnCl4·5H2O was mixed with 20 mL GO aqueous suspension (2 mg 

mL-1, pH = 6) by mechanical stirring at room temperature for 0.5 h. Then, the mixed 

precursor solution was heated to 180 °C in a Teflon-lined autoclave (25 mL in capacity) and 
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maintained at 180 °C for 24 h. The precipitates were cooled down to room temperature, 

collected, and washed with distilled water and ethanol several times. The products were 

collected after being freeze-dried at -80 °C overnight. The mass of SnCl4·5H2O for the 

preparation of SGA-1, SGA-2, SGA-3, and SGA-4 were 19, 28, 112, and 168 mg, 

respectively. 

7.2.2 Structural and physical characterization 

The crystal structure and phases of the as-prepared materials were characterized by X-ray 

diffraction (XRD, Siemens D5000) using Cu Kα radiation with a scanning step of 0.02° sec-

1. The morphology was analyzed by field emission scanning electron microscopy (FESEM, 

Zeiss Supra 55VP). The details of the morphology were further characterized by transmission 

electron microscopy (TEM) and high-resolution TEM (HRTEM, JEOL JEM-2011). The 

SnO2 loading ratio was measured using a TGA/differential thermal analysis (DTA) analyzer 

(TA Instruments, SDT 2960 module, New Castle, DE, USA) at a heating rate of 10 °C min-

1 in air from room temperature to 800 ºC. The TGA balance sensitivity is +/- 0.1 μg. About 

2 mg of samples was used for each TGA measurement. 

7.2.3 Cell assembly and electrochemical testing 

The electrodes were prepared by dispersing the as-prepared material (70 wt%), carbon black 

(20 wt%), and poly (vinylidene fluoride) binder (PVDF, 10 wt%) in N-methyl-2-pyrrolidone 

(NMP) to form a slurry. The resultant slurry was pasted onto copper foil using a doctor blade 

and dried in a vacuum oven for 12 h, followed by pressing at 200 kg cm-2. The mass of each 

electrode is around 1.0 mg. The area of each electrode is 1.0 × 0.9 cm2. Electrochemical 

measurements were carried out using two-electrode coin cells with Na metal as counter and 
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reference electrode and glass microfiber (Whatman) as the separator. CR2032-type coin cells 

were assembled in an argon-filled glove box (UniLab, Mbraun, Germany). The electrolyte 

solution was 1 M NaClO4 dissolved in a mixture of ethylene carbonate (EC) and propylene 

carbonate (PC) with a volume ratio of 1:1, in which 5 vol.% fluoroethylene carbonate (FEC) 

was added as electrolyte additive. The charge-discharge measurements were performed at 

different current densities in the voltage range from 0.01 to 3 V vs. Na+/Na using a computer-

controlled Neware Battery Testing system. For the SnO2/graphene electrode, the obtained 

specific capacities were based on the total mass of the SnO2/graphene composite. Cyclic 

voltammetry (CV) was conducted by using a CHI 660C electrochemical workstation between 

0.01 and 3 V vs. Na+/Na with a scan rate of 0.1 mV s-1. For the electrochemical impedance 

spectroscopy (EIS), the excitation amplitude applied to the cells was 5 mV. 

7.3 Results and Discussion 

 

Figure 7.1 Schematic illustration for the preparation of SnO2/graphene aerogels. 
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The SnO2/graphene aerogel was prepared by a self-assembly method. Figure 7.1 shows the 

preparation process. Graphene oxide (GO), a well-known amphiphilic macromolecule with 

hydrophilic oxygen-containing groups (carboxylic groups and hydroxyl groups) and a more 

hydrophobic basal plane, was used as the precursor for the supramolecular assembly of 

graphene through a wet chemistry approach. In a typical process, GO powder was dispersed 

in water to form a concentration of 2 mg mL-1. The amphiphilic property of GO leads to the 

formation of stable GO colloids in water (Figure 7.1a). As a result of the ionization of the 

carboxylic groups and hydroxyl groups on GO surface, GO nanosheets became negatively 

charged, which has been evidenced by zeta potential analysis.381 Then, SnCl4·5H2O  was 

added into the GO colloid. The positively charged Sn4+ ions attached to the GO surfaces due 

to the electrostatic attraction. As a result, the electrostatic repulsion force was screened, 

resulting in the gelation of GO colloids. In this step, the binding interactions, such as the 

hydrogen bonding, π-π stacking and hydrophobic effect, drove the formation of Sn4+/GO 

assemblies. Moreover, Sn4+ ions with high coordination capability act as cross-linkers, which 

are beneficial for the construction of 3D architecture.382 In the third step, the Sn4+/GO gel 

was subjected to hydrothermal treatment at 180 oC for 24 h. The hydrolysis of Sn4+ and 

crystallization resulted in the formation of SnO2 nanoparticles. As shown in Table 7.1, GO 

has an O/C atomic ratio of 0.647. After hydrothermal reduction, the ratio was reduced to 

0.147, suggesting the efficient reduction of GO by the hydrothermal treatment at 180 oC.383 

The reduction can increase the binding interactions and decrease the repulsion force between 

adjacent graphene nanosheets, which promotes the self-assembly process to form 

SnO2/graphene hydrogel (Figure 7.1c). The SnO2/graphene hydrogel was then freeze-dried 

at -80 oC overnight and the resultant aerogel was obtained (Figure 7.1d). 
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Table 7.1 Elemental analysis of GO and graphene obtained by hydrothermal reduction 

 Carbon (at.%) Oxygen (at.%) O/C ratio 

GO 60.7 39.3 0.647 

graphene 87.2 12.8 0.147 

 

Figure 7.2 XRD patterns (a) and TGA curves (b) of SGA-1, SGA-2, SGA-3, and SGA-4. 

The TGA measurement was conducted at a heating rate of 10 °C min-1 in air from room 

temperature to 800 ºC. 

By increasing the concentration of Sn4+, a series of SnO2/graphene aerogels with different 

SnO2 ratio were obtained (denoted as SGA-x, x = 1, 2, 3, and 4). Figure 7.2a shows the XRD 
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patterns of the as-prepared SGA-x aerogels. All four aerogels display diffraction peaks at 

26.6o, 33.9o, 37.9o, 51.8o, 64.7o, and 65.9o, which can be indexed to the (110), (101), (200), 

(211), (112), and (301) planes of rutile SnO2 (JPCDS No. 41-1445), respectively. 

Thermogravimetric analysis (TGA) on the as-prepared aerogels was performed in air at a 

heating rate of 10 oC min-1 to measure the weight ratio of SnO2 in aerogels. As shown in 

Figure 7.2b, the SnO2 weight contents in SGA-1, SGA-2, SGA-3, and SGA-4 were 

determined to be 12.1 wt%, 38.5 wt%, 48.4 wt%, and 67.3 wt%, respectively. 

 

Figure 7.3 Low, medium, and high magnification SEM images of SGA-1 (a, b, c), SGA-2 

(d, e, f), SGA-3 (g, h, i), and SGA-4 (j, k, l). The scale bars in a, b, d, e, g, h, j, and k are 10, 

2, 10, 1, 10, 1, 10, and 2 μm, respectively, and the scale bars in c, f, i, and l are 200, 100, 200, 

and 100 nm, respectively.  
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The morphology and microstructure of the as-prepared samples were characterized by 

scanning electron microscopy (SEM), as shown in Figure 7.3. The SGA-1 prepared at the 

lowest Sn4+ concentration displays a well-defined, highly interconnected and 3D graphene 

skeleton with hierarchical pores ranging from several to tens of micrometers (Figure 7.3a 

and b). Such an open structure is favorable for the diffusion and transport of electrolyte 

during rapid charge/discharge processes. From the high-resolution SEM image of the SGA-

1 (Figure 7.3c), the corrugated graphene nanosheets with pores can be clearly identified. 

Similar morphology of graphene nanosheets can also be observed in other aerogels (Figure 

7.3f, i, and l). As can be seen from Figure 7.3(d and e), when the concentration of Sn4+ in 

the Sn4+/GO precursor increases, the interconnected porous 3D graphene framework with 

continuous macropores still can be maintained in the resultant aerogel (SGA-2). However, 

the size of the macropores decreases obviously (Figure 7.3d and e). It should also be noted 

that the thickness of the graphene wall in SGA-2 increases, compared to SGA-1. This could 

originate from the energetically favorable layer-by-layer re-stacking of GO nanosheets due 

to the screening effect of Sn4+ for the electrostatic repulsion force between adjacent GO 

nanosheets. The re-stacking of GO nanosheets is more serious at a high Sn4+ concentration, 

which leads to the disappearance of interconnected macropores in the SGA-3 (Figure 7.3g 

and h) and SGA-4 (Figure 7.3j and k). From the SEM results, it can be concluded that the 

balance of the binding interactions and the electrostatic repulsion force can be effectively 

tuned by the concentration of Sn4+ in the Sn4+/GO precursor. It is the key factor to determine 

the morphology evolution and structure of supramolecularly self-assembled aerogels. 
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Figure 7.4 N2 isotherms of SGA-1 (a), SGA-2 (b), SGA-3(c), and SGA-4(d). 

Table 7.2 Survey of the BET surface area and pore volume of the as-prepared SGA-1, 

SGA-2, SGA-3, and SGA-4 

Sample BET surface area (m2 g-1) Pore volume (cm3 g-1) 

SGA-1 292 0.27 

SGA-2 270 0.23 

SGA-3 246 0.12 

SGA-4 226 0.08 

The nitrogen-sorption characterizations further highlight the important role of Sn4+ 

concentration in constructing hierarchically porous architecture (Figure 7.4). As a result of 
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the increased concentration of Sn4+ in the Sn4+/GO precursor, the BET surface area of the as-

prepared aerogels decreases in the order of SGA-1 (292 m2 g-1) > SGA-2 (270 m2 g-1) > SGA-

3 (246 m2 g-1) > SGA-4 (226 m2 g-1). The pore volumes of SGA-1, SGA-2, SGA-3, and SGA-

4 are 0.27, 0.23, 0.12, and 0.08 cm3 g-1, respectively (Table 7.2). Obviously, the pore volume 

decreases in the same order as the surface area, which is ascribed to the re-stacking of 

graphene nanosheets due to the screened electrostatic repulsive force at high Sn4+ 

concentration. 

Transmission electron microscopy (TEM) was employed to further investigate the 

microstructural characteristics of the as-prepared aerogels (Figure 7.5). For SGA-1 with a 

SnO2 weight ratio of 12.1%, SnO2 nanoparticles are loosely dispersed on graphene 

nanosheets (Figure 7.5a). The TEM images of SGA-2, SGA-3 and SGA-4 (Figure 7.5b-d) 

illustrate that SnO2 nanoparticles are uniformly and densely packed on graphene nanosheets 

when the SnO2 weight ratio is increased. It is worth noting that no big SnO2 agglomerates 

could be found in any of the composites. On the contrary, bare SnO2 tended to aggregate to 

form big agglomerates (Figure 7.6). These results suggest that there is a favorable interaction 

between SnO2 nanoparticles and the graphene matrix, and graphene can effectively prevent 

the aggregation of SnO2 nanoparticles. The lattice-resolved high-resolution TEM image of a 

single SnO2 nanoparticle shows a neighboring interplanar distance of 0.33 nm, which can be 

indexed to the (110) plane of rutile SnO2. The selected-area electron diffraction (SAED) 

pattern in Figure 7.5f exhibits distinct diffraction rings, corresponding to the (110), (101), 

(210), and (310) crystalline planes of SnO2. This indicates that the SnO2 nanoparticles are 

crystalline, which is in agreement with the XRD result. 
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Figure 7.5 TEM images of SGA-1 (a), SGA-2 (b), SGA-3 (c), and SGA-4 (d). Lattice-

resolved high-resolution TEM image of a single SnO2 nanoparticle (e), showing a 

neighboring interplanar distance of 0.33 nm, which can be indexed to the (110) plane of SnO2. 

SAED pattern of SnO2 (f). 
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Figure 7.6. SEM images of bare SnO2. 

 

Figure 7.7 CV curves of the as-prepared SGA-2. 

The electrochemical performance of the as-prepared SnO2/graphene aerogels was 

investigated by cyclic voltammetry (CV) in the voltage window of 0.01-3.0 V vs. Na+/Na. 

As shown by the CV curves in Figure 7.7, the SnO2/graphene electrode shows a broad 

cathodic peak from 1.6 V to 0.6 V, which is composed of two peaks at 1.0 V and 0.8 V, 
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respectively. The cathodic peak located at 1.0 V can be ascribed to the conversion reaction 

between SnO2 and Na+ to form metallic Sn embedded within amorphous Na2O matrix 

according to SnO2 + 4Na+ + 4e- → Sn + 2Na2O, which has been confirmed by TEM 

observation.262, 319 The other peak at 0.8 V originates from the decomposition of film-forming 

additive in the electrolyte (fluoroethylene carbonate, FEC), forming a passivation layer on 

the surface of the electrode, which is beneficial for the stable cycling during repeated charge-

discharge processes.384 In the following cathodic scan, the peaks in the region between 0.6 V 

and 0.01 V are related to the decomposition of propylene carbonate (PC), Na-Sn alloying 

reaction to form NaxSn compounds and the Na+ storage within graphene nanosheets.250 Based 

on the theoretical results by Ceder’s group and assuming that the cell has an overpotential of 

0.1 V,385 the cathodic peaks at 0.2 and 0.01 V are assigned to the  alloying reactions between 

Na and Sn to form NaSn and Na15Sn4.  

 

Figure 7.8 Charge-discharge curves of SGA-2 at a current density of 20 mA g-1. The insert 

shows the derivative curve (dQ/dV vs. V) of the 1st discharge process. 
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Figure 7.8 shows the charge/discharge curves of the SGA-2 electrode and the insert is the 

derivative curves (dQ/dV vs. V). In the first discharge process, the cathodic peak between 

1.5 V and 1.2 V is related to the conversion reaction from SnO2 to metallic Sn. The cathodic 

peaks observed at 0.2 V and 0.01 V agree well with the CV results, corresponding to the 

alloying processes of Sn with Na to form NaSn and Na15Sn4. The SGA-2 electrode achieved 

an initial discharge capacity of 1665 mA h g-1 with a reversible capacity of 451 mA h g-1 at 

the current density of 20 mA g-1. The initial irreversible capacity loss could be ascribed to 

the irreversible formation of the solid-electrolyte interface (SEI) layer on the electrode. 

 

Figure 7.9 (a) Rate performance of the as-prepared SGA-1, SGA-2, SGA-3, and SGA-4. (b) 

A comparison between the SGA-2 electrode and a variety of recently reported SnO2/graphene 

anode materials for SIBs. The capacities were estimated based on the total mass of the 

composite. 
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Figure 7.10 The Nyquist plots of the SnO2, SGA-2 and SGA-3 electrode, the inset shows 

the modeled equivalent circuit. Re is the electrolyte resistance, CPE represents constant 

phase element, Rct is the charge-transfer resistance, and Zw is the Warburg impedance. 

Table 7.3 Kinetic parameters of the SnO2 and SGA-2 electrode 

Electrode Re (Ω) Rct (Ω) 

SnO2 7 631 

SGA-2 8 420 

SGA-3 6 464 

 

Figure 7.9a shows the rate capabilities of the as-prepared aerogels. Since SnO2 is the 

dominate host material for Na+, the SGA-2 electrode delivers a higher capacity than that of 

SGA-1 electrode, owing to the higher loading ratio of SnO2. The SGA-2 electrode exhibits 
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an initial reversible capacity as high as 451 mA h g-1 at the current density of 20 mA g-1. At 

the current density of 20 mA g-1, SGA-3 and SGA-4 with high SnO2 loading ratio only deliver 

initial reversible capacities of 366 and 367 mA h g-1, which are lower than that of the SGA-

2. This can be attributed to the stacking of SnO2/graphene, inducing the insufficient 

electrode/electrolyte interaction, thereby resulting in incomplete electrode use. Moreover, the 

electronic conductivity decreases when increasing the content of semiconductive SnO2. This 

is evidenced by the electrochemical impedance spectroscopies shown in Figure 7.10 and 

Table 7.3, which suggest that SGA-3 exhibited a higher charge-transfer resistance (464 Ω) 

than that of SGA-2 (420 Ω). The excellent rate performance of the SGA-2 electrode becomes 

more evident as the current density increases because of faster Na+ penetration within 

interconnected pores. As the current density increases step-by-step after 10 cycles at 40, 80, 

160, 320, and 640 mA g-1, the SGA-2 electrode delivered 340, 299, 257, and 220 mA h g-1, 

respectively. The hierarchically porous conformation with uniform SnO2 nanoparticles 

loaded on the 3D open conductive graphene network allowed fast reversible 

insertion/extraction of Na+, which is favorable for high-rate charge and discharge. When the 

current density is reversed to 20 mA g-1 after high current cycling, a reversible capacity of 

349 mA h g-1 was retained. We also compared the rate performance of the SGA-2 (38.5% 

SnO2) in this work with other SnO2/graphene electrodes reported in recent literature. These 

include SnO2/graphene (60% SnO2),367 SnO2/graphene (74% SnO2),250 and SnO2/graphene 

(75.5% SnO2)380. The results are shown in Figure 7.9b. The as-prepared SGA-2 with the 

lowest SnO2 loading ratio exhibits highest capacity and rate performance among all 

previously reported SnO2-based composites, which is desirable for high-power applications. 
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Figure 7.11 (a) Cycling performance of SGA-2, SnO2, and graphene electrode at a current 

density of 20 mA g-1 (22.2 μA cm-2). (b) Cycling performances of SGA-2 at current densities 

of 320, 640, and 1000 mA g-1. 

In order to evaluate long-term cycle stability, galvanostatical discharge/charge test were 

carried out at 20 mA g-1 for 100 cycles (as shown in Figure 7.11a). The theoretical capacity 

of SnO2 in the first discharge process is 1378 mA h g-1 based on the reaction of 4SnO2 + 

31Na+ + 31e- → Na15Sn4 + 8Na2O. For bare SnO2 electrode, an increase of the capacity was 

observed in the first 25 cycles due to the activation process.380 However, the capacity of the 

bare SnO2 electrode droped to 38 mA h g-1 after 100 cycles, which could be ascribed to the 
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large volume variation during repeated charge/discharge processes. As shown in Figure 

7.11a, the SGA-2 electrode exhibited higher capacities than that of both graphene and bare 

SnO2, which can be attributed to the dispersing and conducting effects of graphene for SnO2 

nanoparticles. Graphene has an initial reversible capacity of 195 mA h g-1. Based on the 

weight ratio of graphene in SGA-2 (61.5%), graphene contributes a capacity of 120 mA h g-

1, which accounts for 26.6% of the overall capacity of SGA-2 (451 mA h g-1). Hence, the 

contribution of SnO2 to the overall capacity is 73.4%. The cycling stability of the SGA-2 

electrode has been improved, compared to the bare SnO2 electrode, owing to the small size 

of SnO2 nanoparticles and the buffering effect of graphene nanosheets. This unique 

architecture can effectively tolerate large volume change during repeated charge/discharge 

processes. After 100 cycles, the SGA-2 electrode still maintained a capacity of 322 mA h g-

1, which is 8.5 times over the bare SnO2 electrode. Furthermore, the as-prepared SGA-2 

electrode shows promising cycling performance at high current density. After 500 cycles, the 

discharge capacities were maintained at high values when cycled at different current densities: 

179 mA h g-1 at 320 mA g-1, 172 mA h g-1 at 640 mA g-1, and 168 mA h g-1 at 1000 mA g-1 

(Figure 7.11b). The SGA-1, SGA-3, and SGA-4 electrodes also demonstrated stable cycling 

performances (as shown in Figure 7.12-7.14). 
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Figure 7.12 Cycling performance and the Coulombic efficiency of the SGA-1 electrode at 

a current density of 20 mA g-1. 

 

Figure 7.13 Cycling performance the Coulombic efficiency of the SGA-3 electrode at a 

current density of 20 mA g-1. 
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Figure 7.14 Cycling performance the Coulombic efficiency of the SGA-4 electrode at a 

current density of 20 mA g-1. 

The comparison of the charge transfer behavior between 3D aerogel (SGA-2) and SnO2 was 

conducted by electrochemical impedance spectroscopy (EIS) measurements. The results are 

shown in Figure 7.10 and Table 7.3. The SGA-2 electrode shows a charge-transfer resistance 

(Rct) of 420 Ω, which is lower than that of SnO2 electrode (631 Ω). Therefore, the SGA-2 

electrode possesses a higher exchange current density (i0 = RT/nFRct) than that of SnO2, 

indicating more preferable sodium-ion diffusion kinetics, which favors fast sodiation/de-

sodiation processes.386 
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Figure 7.15 Schematic illustration of the charge transfer within SnO2/graphene aerogel 

electrodes, showing that the 3D hierarchically porous architecture favors both fast Na+ 

diffusion and efficient electron transfer. 

The promising electrochemical performance of SnO2/graphene aerogel could be ascribed to 

the open 3D architecture, in which SnO2 nanoparticles are homogeneously loaded on the 

conductive graphene framework with hierarchically porous structure (as schematically 

depicted in Figure 7.15). This unique architecture guarantees 3D efficient mass/electron 

transfer. Firstly, due to the presence of the interconnected channels, a high flux of Na-ions 

within the porous architecture is realized, which promises easy ion accessibility for the 

electro-active material (SnO2). Secondly, the networked graphene skeleton consists of a fast 

and continuous electron pathway, which allows electrons to flow along the conductive 

network to reach SnO2 nanoparticles. The optimized mass transport and electron transfer 

enables excellent high-rate performance of the as-prepared SnO2/graphene aerogels. Thirdly, 

graphene acts as dispersing agent to circumvent the agglomeration of SnO2 nanoparticles, 
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which is beneficial for the electrode/electrolyte interaction. Furthermore, the flexible 

graphene matrix provides good strain accommodation to mitigate the volume change of SnO2 

nanoparticles during repeated sodiation/de-sodiation processes, which helps improve the 

cycling stability. 

7.4 Conclusions 

In summary, SnO2/graphene aerogels were successfully prepared by the Sn4+-mediated 

gelation of GO colloids followed by hydrothermally promoted self-assembly. The as-

prepared aerogels display a hierarchically porous structure with SnO2 nanoparticles 

homogeneously loaded on the networked graphene scaffold. The unique architecture is 

favorable for the efficient Na+ and electron transfer simultaneously, which endows 

SnO2/graphene composite anodes with promising capacities and high-rate performance for 

sodium-ion storage. The SnO2/graphene aerogels exhibited an initial reversible capacity of 

451 mA h g-1 with a stable cycling performance at the current density of 20 mA g-1. Even at 

the high current density of 1000 mA g-1, the electrode achieved a capacity of 168 mA h g-1 

after 500 cycles. 
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Chapter 8 Sn@CNT Nanopillars Grown Perpendicularly on Carbon Paper: a Novel 

Free-standing Anode for Sodium Ion Batteries 

8.1 Introduction 

Some elementary substances that can form alloys with sodium provide substantial 

alternatives to host more Na-ions, such as Sn (847 mA h g-1), Pb (485 mA h g-1), Sb (600 mA 

h g-1), and P (2560 mA h g-1). Among them, Sn-based electrode materials have attracted 

extraordinary attention.247, 248 This is owing to: (i) the cheap and abundant sources of tin;387 

(ii) the variety of Sn-based compounds with different physiochemical properties, such as SnO, 

388 SnO2,250, 262, 367, 368 SnS2,241, 289 Sn4+xP3,257, 258 and intermetallic compounds 358, 389, 390. 

However, bare Sn-based materials suffer from low kinetics associated with the slow solid-

state diffusion of Na+ in electrodes (Na+ is 55% larger than Li+).391 To circumvent the 

sluggish Na+ diffusion kinetics, reducing the dimensions by using nanosized materials is 

more effective than increasing the ion diffusion co-efficient D, because the time constant t 

for diffusion is proportional to the square of the diffusion length L (t ≈ L2/D).133 Therefore, 

it is desirable to prepare nanostructured Sn for SIBs. Unfortunately, the insertion of Na+ 

induces huge volume expansion (420%), which leads to rapid capacity fading of the electrode. 

Some positive efforts have been made to increase the cyclability of Sn nanostructures by the 

introduction of electronically conductive ingredients such as carbon and conducting 

polymers. For example, in order to buffer the mechanical stress associated with the sodiation 

process, Hu et al. developed an anode consisting of a Sn thin film deposited onto a 

hierarchical wood fibre substrate.247 To buffer the volume change and aggregation of Sn 

during cycling, Wang et al. developed tin-coated viral nanoforests as SIB anode materials.248 
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Kumta and co-workers reported a mechanically milled Sn/C composite as anode material for 

SIBs.366 These studies suggest that it is effective to improve the electrochemical properties 

in SIBs by dispersing tin nanostructures in a carbon matrix. In these Sn-based electrodes, the 

electro-active material was mixed with polymeric binder and conductive agent, which was 

then coated as a film electrode onto the current collector (copper foil) by a dispersion 

technique. However, the metal current collector is relatively heavy in weight (10 mg cm-2), 

which accounts for about 10 wt.% of the total weight of the cell.392 Furthermore, the 

traditional electrode manufacturing technique falls short of preserving the benefits of 

electrochemistry at nanoscale: (i) the use of binder will significantly decrease the electrical 

conductivity of the electrode, hindering the potential applications in high-performance SIBs; 

(ii) the penetration of Na+ in the film-like electrode is limited due to the stacking of the 

components (electro-active material, binder, and carbon black); (iii) there are some problems 

arising from the interfaces, i.e., the current collector/active material interface and active 

material/active material interface.391 To meet the requirements for high-performance SIBs, 

an ideal electrode configuration is a free-standing electrode having three-dimensional (3D) 

architecture, which consists of one-dimensional (1D) electro-active material grown 

periodically in a vertical fashion on an ultralight conductive substrate.393, 394 This ideal 

electrode architecture is able to provide efficient 3D transport pathways for both Na+ ions 

and electrons, enabling SIBs to achieve superior electrochemical performance, such as high 

capacity and excellent rate capability. 



176 
 

 

Figure 8.1 The schematic illustration of the 3D free-standing electrode consisting of core-

sheath structured Sn@CNT nanopillars grown vertically on carbon paper. 

Herein, we report the preparation of core-sheath structured Sn@carbon nanotube (Sn@CNT) 

nanopillars grown vertically on carbon paper (defined as Sn@CNT-CP) through a novel and 

facile soaking-chemical vapour deposition (S-CVD) technique. The architecture of the free-

standing Sn@CNT-CP electrode is shown in Figure 8.1. The conformation has the following 

characteristics: firstly, the integrated material can be directly applied as self-supported 

electrode without the use of binder and current collector, which significantly reduces the total 

mass of SIBs; secondly, the Na+ diffusion kinetics can be improved, owing to the high 

length/radius ratio of 1D nanorods; thirdly, the Sn@CNT nanopillars grown in a vertically 

aligned manner provide an open architecture for sufficient electroactive material/electrolyte 

contact; fourthly, in the present electrode geometry, each Sn@CNT nanopillar is connected 

to the carbon paper, which offers direct 1D electronic pathways allowing a more efficient 

charge transport. Moreover, the carbon paper serves as a dispersive matrix for Sn, which is 

beneficial for the cyclability. These merits endow the 3D Sn@CNT-CP anode with promising 
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electrochemical performance for Na-ion storage. The as-prepared electrode exhibited a 

reversible capacity of 887 μA h cm-2, an excellent high rate capability and an extended cycle 

life. 

8.2 Experimental 

8.2.1 Sample preparation

Commercial facial tissue (FT) was used as the source of carbon paper owing to its ultralight, 

thin and porous merits. FT was purified as follows. Firstly, FT with desired shape and size 

was soaked in 20 mL of distilled water and left still for 2 h. 4 mL concentrated hydrochloric 

acid was then added to the above mixture, which was left undisturbed for another 12 h. The 

solid was washed by vacuum filtration for several times with distilled water to remove the 

impurities. The wet tissue was added to a solution containing 0.7 g of SnCl4·5H2O dissolved 

in 5 mL H2O for 30 min to ensure thorough soaking of the FT. After removing from SnCl4 

aqueous solution, the tissue was subjected to freezing-drying overnight, and FT 

homogeneously loaded with SnCl4 was obtained. Sn@CNT-CP was obtained by an ambient 

pressure chemical vapour deposition (APCVD) method using acetylene (C2H2) as the carbon 

source under elevated temperature. In detail, a piece of SnCl4-loaded FT was put into an 

Al2O3 boat and placed in the middle of a horizontal tube furnace. The tube furnace was 

perfused with 80 sccm H2/Ar mixed gas (H2: 10%) until the temperature reached 300 °C at a 

ramp of 5 °C min-1 and then the atmosphere was changed to a reactive gas mixture (C2H2/Ar 

gas, C2H2: 5%, 80 sccm). The temperature was further raised to 600 °C at a heating rate of 

5 °C min-1. After holding at 600 °C for 2 h, the tube furnace cooled to room temperature 
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under pure Ar flow naturally, and core-sheath structured Sn@CNT grown vertically on 

carbon paper was produced. 

8.2.2 Structural and physical characterization 

The crystal structure and phases of the as-prepared materials were characterized by X-ray 

diffraction (XRD, Siemens D5000) using Cu Kα radiation with a scanning step of 0.02° sec-

1. The morphology was analysed by field emission scanning electron microscopy (FESEM, 

Zeiss Supra 55VP). The details of the morphology were further characterized by transmission 

electron microscopy (TEM) (HRTEM, JEOL JEM-2011). The elemental mapping was 

conducted on Zeiss EVO MA 15 SEM equipped with EDX. The Sn loading mass was 

measured using a TGA/differential thermal analysis (DTA) analyser (TA Instruments, SDT 

2960 module, New Castle, DE, USA) at a heating rate of 10 °C min-1 in air from room 

temperature to 700 ºC. The pyrolysis of FT was investigated on the same TGA/DTA analyser 

at a heating rate of 5 °C min-1 in N2 flow from room temperature to 1000 ºC. Raman spectra 

were collected with a Renishaw inVia Raman spectrometer system (Gloucestershire, UK) 

equipped with a Leica DMLB microscope (Wetzlar, Germany) and a Renishaw He-Ne laser 

source producing 17 mW at 633 nm. 

8.2.3 Electrochemical testing  

CR2032-type coin cells were assembled in an argon-filled glove box (UniLab, Mbraun, 

Germany). The as-obtained Sn@CNT-CP was cut into 0.6 × 0.6 cm2 and directly used as a 

self-supported electrode. For comparison, binder-enriched electrodes were prepared by 

dispersing Sn@CNT-CP composites (80 wt %), carbon black (10 wt %), and poly (vinylidene 

fluoride) binder (PVDF, 10 wt %) in N-methyl-2-pyrrolidone (NMP) to form a slurry. The 
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resultant slurry was pasted onto copper foil using a doctor blade and dried in a vacuum oven 

for 12 h, followed by pressing at 200 kg cm-2. Na metal pieces were used as counter and 

reference electrode. The positive and negative electrodes were electronically separated by 

glass microfiber (Whatman) saturated with electrolyte. The electrolyte solution was 1 M 

NaClO4 dissolved in a mixture of ethylene carbonate (EC) and propylene carbonate (PC) 

with a volume ratio of 1:1, in which 5 vol.% fluoroethylene carbonate (FEC) was added as 

electrolyte additive. The charge-discharge measurements were performed at different current 

densities in the voltage range from 0.01 to 2.6 V vs. Na+/Na using a computer-controlled 

Neware Battery Testing system. Cyclic voltammetry (CV) was conducted by using a CHI 

660C electrochemical workstation between 0.01 and 2.6 V vs. Na+/Na with a scan rate of 0.1 

mV s-1. For the electrochemical impedance spectroscopy (EIS), the excitation amplitude 

applied to the cells was 5 mV. 

8.2.4 Full Na-ion cell assembly 

A coin cell (CR2032) was assembled for full cell testing. The cathode was 

Na0.80Li0.12Ni0.22Mn0.66O2 mixed with carbon black and PVDF in the weight ratio of 85:10:5. 

Free-standing Sn@CNT-CP was used as anode directly. The cathode to anode weight ratio 

was 3:1. The electrolyte was the same as that used in the half-cell testing and Whatman glass 

microfiber was used as separator. Galvanostatic charge/discharge was conducted on a 

computer-controlled Neware Battery Testing system between 1.0–4.2 V. 
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8.3 Results and Discussions 

 

Figure 8.2 A schematic illustration for the preparation procedure of 3D Sn@CNT-CP free-

standing electrode. (a) SnCl4/FT. (b) Sn/carbon paper. (c) Sn@CNT-CP electrode with 3D 

nanoarchitecture. (d) Structural details of the 3D Sn@CNT-CP. 
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Figure 8.3 TGA curves of FT in N2 atmosphere. 

Figure 8.2 shows the schematic illustration of the material transformation during the 

synthesis process of 3D Sn@CNT-CP free-standing electrodes. SnCl4 was homogeneously 

dispersed on FT by a soaking followed by a freeze-drying process (Figure 8.2a). The 

SnCl4/FT was then transformed to tin-core/carbon nanotube sheath with a coaxial structure 

grown vertically on carbon paper by a chemical vapour deposition (CVD) approach in a 

horizontal tube furnace. Under H2 atmosphere at 300 oC, SnCl4 was reduced to metallic Sn 

(Figure 8.2b). During this process, liquid Sn drops formed on the carbon paper because of 

its low melting point (232 oC). A carbon layer was deposited around the liquid-state Sn due 

to the catalytic decomposition of C2H2. Continuous feeding of carbon source led to the 

longitude growth of carbon to form CNT due to its anisotropic properties 395. Driven by 

capillary forces, the molten Sn embedded in the soft carbon matrix was absorbed into the 

interiors of CNT, forming the well-defined core-sheath Sn@CNT heterogeneous structure 

(Figure 8.2c and d). As identified by the thermogravimetric analysis (TGA) of FT (Figure 
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8.3), the de-hydrogenation and de-oxygenation processes of FT occur in a temperature range 

of 250–500 oC. After high temperature treatment, the FT was carbonized to carbon paper, 

which was interwoven by carbon fibres (Figure 8.4). Notably, carbon paper obtained from 

FT is ultralight (2.5 mg cm-2) compared to copper foil (~10 mg cm-2), which can significantly 

reduce the weight of the battery. 

 

Figure 8.4 SEM images of the carbon paper. 

 

Figure 8.5 (a) XRD pattern and (b) Raman spectrum of the Sn@CNT-CP electrode. 
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Figure 8.6 Raman spectrum of the bare carbon paper (CP) obtained from the carbonization 

of facial tissue (FT). 

X-ray diffraction (XRD) measurements were carried out in the range of 10–80o to determine 

the crystalline phase of the product. As shown in Figure 8.5a, all peaks in the XRD pattern 

can be well indexed to the β-Sn phase (JCPDS No. 04-0673). This indicates that SnCl4 has 

been successfully reduced to metallic Sn. It should be noted that no characteristic diffraction 

peak of graphitic carbon can be observed, indicating the amorphous carbon formed in the 

final product. As shown in Figure 8.5b, Raman spectrum of the Sn@CNT-CP displays broad 

bands at 1318 and 1599 cm-1, which are characteristic peaks of carbon materials. The peak 

at 1318 cm-1 is assigned to D band, which originates from the defect-induced mode. The peak 

at 1599 cm-1 is known as G band (E2g graphitic mode). The intensity ratio between D band 

and G band (ID/IG) is ca. 0.91. The Raman spectrum of bare CP (Figure 8.6) shows D band 

and G band at the same positions as that of the Sn@CNT-CP but with an ID/IG value of 1.07. 
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These results suggest that FT has been transformed to carbon after the thermal treatment. To 

identify the loading content of Sn in the Sn@CNT-CP, TGA was performed in air at a heating 

rate of 5 oC min-1. Figure 8.7 depicts the TGA curve of Sn@CNT-CP. According to the 

previous report, the oxidation of Sn to SnO2 normally starts at around 300 oC 396. However, 

no signal corresponding to the transformation from Sn to SnO2 can be observed from room 

temperature to 500 oC for the Sn@CNT-CP sample. It suggests that the thermal stability of 

Sn confined in a CNT layer is much higher than bare Sn. Based on the TGA result, the Sn 

loading density was determined to be 1.2 mg cm-2. 

 

Figure 8.7 TGA curves of Sn@CNT-CP (in air atmosphere). 
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Figure 8.8 (a) Digital photograph of a rectangular Sn@CNT-CP free-standing electrode, 

the insert shows “UTS” shaped Sn@CNT-CP. (b) Low- and (c, d) medium- magnification 

SEM images of Sn@CNT-CP. (e and f) High-magnification SEM images of Sn@CNT-CP 

with a hierarchical structure. 
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Figure 8.9 SEM images of the products prepared by the same procedure without C2H2. 

The flexibility of the SnCl4/FT precursor enables the preparation of Sn@CNT-CP electrodes 

with different patterns (Figure 8.8a). Figure 8.8b shows the low-magnification SEM image 

of the as-prepared free-standing electrode. The large interstitial areas were formed between 

constituent carbon microbelts, which are beneficial for the absorption of electrolyte. As a 

result, Sn@CNT-CP has a high electrolyte uptake of 604%, corresponding to 4.4 mL g-1. 

Moreover, the cross-linked carbon microbelts provide electrical conduction for the electrode. 

Figure 8.8c and d show the medium-magnification SEM images of Sn@CNT-CP, which 

demonstrate a hierarchical 3D architecture of Sn@CNT-CP. It can be seen that the entire 

carbon paper is densely and uniformly covered by Sn@CNT nanopillars. The detailed 

morphology analyses were performed by high magnification SEM images (Figure 8.8e). The 

as-deposited Sn@CNT nanopillars are nearly perpendicular to the carbon paper matrix. As 

shown in Figure 8.8f, the Sn@CNTs grew to about 200 nm in length and about 60 nm in 

diameter after 2 h growth at 600 oC in C2H2. The Sn@CNTs self-assemble and form a nano- 



187 
 

 

Figure 8.10 SEM energy dispersive spectroscopic (EDS) characterization of Sn@CNT-CP 

(a-d). (a) SEM image, (b and c) C and Sn elemental mapping of the region shown in the 

marked area in (a), (d) an integrated C- and Sn-elemental mapping image. (e) EDX spectrum 

of the Sn@CNT-CP. 

forest architecture, generating a loose porous nanostructure with abundant open voids. This 

unique structure is preferred for sodium-ion batteries, providing large area for 

electrode/electrolyte interaction. However, without the confinement effect of CNT, liquefied 
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Sn aggregates to minimize the surface energy, forming Sn spheres on carbon paper (Figure 

8.9). Owing to the homogeneous distribution of Sn-source on carbon paper, tubular-

structured Sn@CNT nanopillars are well dispersed on carbon fibre, as evidenced by SEM 

mappings shown in Figure 8.10a-d. Figure 8.10e shows the energy dispersion X-ray (EDX) 

spectrum of the as-prepared Sn@CNT-CP electrode, in which the peaks of C and Sn are 

obviously identified. No other peaks can be found, suggesting the purity of the product. The 

CNT layer functions as an efficient conductor in the longitudinal direction between carbon 

paper matrix and Sn nanorod, which is preferred for high rate charge-discharge processes. 

The SEM results confirmed that 3D Sn@CNT-CP free-standing electrodes were successfully 

synthesized by the novel S-CVD process. 

 

Figure 8.11 (a) TEM image of a single Sn@CNT nanopillar. (b) HRTEM image, showing 

the thickness of the CNT layer. (c) Lattice-resolved high-resolution TEM image. (d) SAED 

pattern of (a), demonstrating the single crystalline nature of a Sn nanopillar. 

Figure 8.11a-c show the transmission electron microscopy (TEM) images of an Sn@CNT 

nanopillar. The TEM image shown in Figure 8.11a further confirms that the rod-like 
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Sn@CNT has a core-sheath structure. The thickness of the CNT wall is determined to be ~ 

13.3 nm by the HRTEM image in Figure 8.11b. A lattice-resolved high-magnification TEM 

image in Figure 8.11c shows that the lattice distance is 0.29 nm, corresponding to the (002) 

crystal plane of Sn. Figure 8.11d is the selected area electron diffraction (SAED) pattern 

taken from the Figure 8.11a. It indicates that the Sn-core is single crystalline, and the growth 

direction of the Sn nanopillar can be identified to be along the [211] direction as indexed in 

Figure 8.11d, in which the (211) crystal plane with a d-spacing of 2.02 Å can be observed. 

 

Figure 8.12 The photograph of the separator-supported Sn@CNT-CP electrode being bent 

(a) and released (b). 
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Figure 8.13 (a) CV curves of Sn@CNT-CP composite at a scan rate of 0.1 mV s-1 in the 

range of 0.01-2.6 V vs. Na/Na+. (b) Charge-discharge curves of Sn@CNT-CP electrode at a 

current density of 50 μA cm-2. 

 

Figure 8.14 XRD pattern of Sn@CNT-C electrode discharged to 0.01 V. 
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Figure 8.15 Cycling performances of (a) Sn@CNT-CP electrode and (b) carbon electrode 

prepared by the traditional dispersion technique. 
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The as-prepared Sn@CNT-CP electrodes were directly used as free-standing anodes in Na-

ion batteries without using current collectors or binders. We tested the flexibility of the as-

prepared Sn@CNT-CP sample in practical conditions, i.e. with the impregnation of the 

electrolyte. Under this circumstance, the free-standing Sn@CNT-CP electrode supported on 

the separator (glass microfiber, Whatman) is bendable, which is shown in Figure 8.12a. 

When being released, no collapse of the electrode can be observed (Figure 8.12b). This 

indicates the bendable property of the as-prepared Sn@CNT-CP electrode. Cyclic 

voltammetry (CV) and galvanostatic charge/discharge cycling were performed to evaluate 

the electrochemical performance of the Sn@CNT-CP. As shown in Figure 8.13a, in the first 

cycle, a cathodic peak at 1.05 V can be observed, which is assigned to the interaction between 

Na+ and the surface functional groups of carbon 331. In the following cathodic scanning, a 

broad integrated peak starting at 0.75 V is distinguishable, which originates from the 

formation of a solid electrolyte interface (SEI), Na-Sn reaction to form NaxSn alloys and Na+ 

insertion into carbon. The peak at 0.3 V, which disappears in the following cycles, could be 

ascribed to the decomposition of propylene carbonate (PC) 397. During the CV scan, an 

overpotential of 0.1 V needs to be considered due to the sluggish Na+ diffusivity 249. In this 

regard, three dominant reduction peaks at 0.5, 0.2, and 0.01 V observed in the second 

cathodic scan can be attributed to the formation of NaSn5, NaSn, and Na15Sn4 according to 

the theoretical research reported by Ceder’s group 385. The ex situ XRD experiment suggests 

the formation of Na15Sn4 crystalline when the Sn@CNT-CP electrode was discharged to 0.01 

V (Figure 8.14). In the de-sodiation processes, three well-defined anodic peaks can be 

identified at 0.2, 0.5 and 0.7 V, corresponding to de-sodiation from Na15Sn4, NaSn and NaSn5, 

respectively 248. The shape and the position of the oxidation peaks do not change after the 

second cycle, indicating the excellent reversibility and stability of the Sn@CNT-CP electrode. 
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Figure 8.13b shows the charge-discharge curves of the Sn@CNT-CP electrode at a current 

density of 50 μA cm-2 in the voltage range of 0.01–2.6 V. In the first cycle, the Sn@CNT-

CP electrode achieved a discharge capacity of 1085 μA h cm-2 with a charge capacity of 887 

μA h cm-2. It is calculated that the initial reversible specific capacity contributed from Sn is 

644 mA h g-1, which is 76% of the theoretical value (847 mA h g-1 based on the formation of 

Na15Sn4). The initial Coulombic efficiency is calculated to be 81.7%. For comparison, 

Sn@CNT-CP composites were pasted onto Cu foil by the traditional dispersion technique 

using PVDF as polymeric binder. The initial Coulombic efficiency of the binder-free 

Sn@CNT-CP electrode is much higher than that of the binder-enriched electrode (34.3%, 

Figure 8.15). The increased initial Coulombic efficiency could be attributed to the unique 

3D electrode configuration, which reduces side reactions by minimizing the additional 

supplementary interfaces, such as the current collector/active material interface and active 

material/active material interface. 
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Figure 8.16 (a) Cycling performance of the Sn@CNT-CP and the carbon paper electrode at 

a current density of 50 μA cm-2, and the corresponding Coulombic efficiency of the free-

standing Sn@CNT-CP electrode. (b) Cycling performance of Sn@CNT-CP at 250 μA cm-2 

and 500 μA cm-2. 
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Figure 8.17 Cycling performance of bare Sn electrode prepared by the traditional dispersion 

technique at a current density of 80 mA g-1. 

The galvanostatic discharge-charge cycling performances of Sn@CNT-CP and blank carbon 

paper electrodes at 50 μA cm-2 are shown in Figure 8.16a. Bare carbon paper delivered a 

poor electrochemical activity. The initial discharge capacity of bare carbon paper was 341 

μA h cm-2. The discharge capacity decreased to 109 μA h cm-2 in the second cycle. After 100 

cycles, the blank carbon electrode maintained a capacity of 102 μA h cm-2. The bare Sn 

electrode suffered from dramatic capacity fading upon cycling (Figure 8.17). After 50 cycles, 

only 13.8% of the initial reversible capacity was maintained. The rapid capacity decay of 

bare Sn electrode could be attributed to the pulverization of the electrode originating from 

the large volume changes of Sn (420%) during charge/discharge processes 248. The 

Sn@CNT-CP electrode showed a high and stable capacity within 100 cycles. After cycling 

at 50 μA cm-2 for 100 cycles, the Sn@CNT-CP electrodes still delivered a capacity of 550 
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μA h cm-2. The good cycling performance of Sn@CNT-CP could be benefited from the 

dispersing effect of carbon paper398 and the buffering capability of CNT sheaths for the 

NaxSn alloy formation399. A high Coulumbic efficiency has also been observed for the free-

standing Sn@CNT-CP electrode, which gradually increases from 81.7% (in the first cycle) 

to a stable value of ~ 97% in the following cycles. We also tested the cyclability of the 

Sn@CNT-CP electrode at high current densities (as shown in Figure 8.16b). The free-

standing Sn@CNT-CP electrode demonstrated promising performances on long-term 

cycling. The electrode delivered specific capacities of 445 μA h cm-2 and 377 μA h cm-2 at 

the current density of 250 μA cm-2 and 500 μA cm-2 after 100 cycles, respectively. 

 

Figure 8.18 Rate performance of the Sn@CNT-CP free-standing electrode. 

Figure 8.18 shows the rate performance of the Sn@CNT-CP electrode at varied current 

densities. Even at high current densities of 750 μA cm-2 and 1000 μA cm-2, the electrode still 

achieved a capacity of 341 μA h cm-2 and 299 μA h cm-2, respectively. After cycling at high 
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current densities, the cell capacity can almost recover to the original capacity when the 

current density reversed to low values. This confirms that the Sn@CNT-CP electrode 

tolerates high rate cycling. The superior electrochemical performances could be ascribed to 

the unique 3D architecture of the electrode, which boosts both ionic and electronic 

conductivity. Sn nanorods encapsulated in a CNT sheath with a high aspect ratio feature a 

high ionic conductivity, which can improve the sluggish Na+ transfer kinetics. Meanwhile, 

Sn nanorods arranged in a highly ordered manner perpendicular to the carbon paper substrate 

offer the maximum active sites for electrode/electrolyte contact. Furthermore, carbon 

nanotube layers provide electronic conductivity for the Sn core. The as-prepared free-

standing electrode with 3D hierarchical structure can be used directly without polymeric 

binder. Consequently, the electronic conductivity can be improved, which is required for 

high-rate charge/discharge processes. 
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Figure 8.19 (a) Schematic illustration of a full Na-ion battery with Na0.80Li0.12Ni0.22Mn0.66O2 

as cathode and free-standing Sn@CNT-CP as anode. (b) Cycling performance and 

Coulombic efficiency of the full Na-ion battery. (c) Discharge curves of the 1st, 10th, 20th, 

30th, and 40th cycle. (d) A photograph shows that a full Na-ion battery can store the electrical 

energy to light up a LED. 
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Figure 8.20 Cycling performance of Na0.80Li0.12Ni0.22Mn0.66O2 cathode in a half cell. 

To elucidate the potential practical application of the as-prepared Sn@CNT-CP for Na-ion 

batteries, a full cell was assembled using free-standing Sn@CNT-CP as anode and lithium-

substituted layered Na0.80Li0.12Ni0.22Mn0.66O2 as cathode, which is schematically shown in 

Figure 8.19a. P2-Na0.80Li0.12Ni0.22Mn0.66O2 has a theoretical capacity of 118 mAh g-1 without 

significant phase transformation up to 4.4 V 166. The mass loading ratio between cathode and 

anode is 3:1. The full cell was charged and discharged in a voltage window of 1.0–4.2 V. 

Figure 8.19c shows the discharge curves of the 1st, 10th, 20th, 30th and 40th cycle of the full 

cell. The initial charge capacity was 563 μA h. A discharge capacity of 322 μA h was 

obtained at a current of 52 μA. The irreversible capacity in the first cycle could be mainly 

ascribed to the anode, due to the formation of an irreversible SEI layer. From Figure 8.19b, 

it can be observed that the full cell maintained a Coulombic efficiency of 95.5% in the 



200 
 

following cycles. The full Na-ion battery can deliver a reversible capacity of around 160 μA 

h over 40 cycles. In the pristine P2-Na0.80Li0.12Ni0.22Mn0.66O2, 85 % of Li+ ions reside in the 

TMO2 (TM = transition metal) layer, while the remaining 15% of Li+ ions can be found in 

Oh/Td sites in the Na layer. The migration of Li+ and Na+ of the P2-Na0.80Li0.12Ni0.22Mn0.66O2 

cathode during charge/discharge process has been investigated by ex situ NMR 166. It is 

suggested that at full charged state, some Li ions migrate from the TMO2 layer to the Na 

layer. When the cathode is discharged, a fraction of Li+ in the TMO2 layer is lost. The loss 

of Li+ has negative effect on the cycling performance of the P2-Na0.80Li0.12Ni0.22Mn0.66O2 

cathode. We tested the cycling performance of the P2-Na0.80Li0.12Ni0.22Mn0.66O2 cathode in a 

half cell (Figure 8.20), which exhibited a gradual capacity fading upon cycling. After 40 

cycles, 70% of the initial capacity is obtained. Consequently, the capacity loss of the as-

assembled full cell during repeated charge/discharge processes could mainly originate from 

the cathode side. The development of more suitable cathode material for SIBs is expected to 

improve the cycling performance of the free-standing Sn@CNT-CP based full Na-ion 

batteries. The as-assembled Na-ion battery was electrically connected with a red light-

emitting-diode (LED). As shown in Figure 8.19d, the LED glowed brightly when powered 

by a Na-ion cell with Na0.80Li0.12Ni0.22Mn0.66O2 as cathode and Sn@CNT-CP as anode. 

8.4 Conclusions 

In summary, we developed a facile strategy to synthesize a free-standing 3D Sn@CNT-CP 

electrode with promising performances for sodium-ion batteries. The synthesis process 

involves the pyrolysis of low-cost and ultralight facial tissue at high temperature to generate 

self-supported carbon paper. Simultaneously, CVD growth of vertically aligned Sn nanorods 

wrapped by CNT on the carbon paper is achieved by local catalytic decomposition of 
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acetylene around liquefied Sn. When directly applied as free-standing anodes for SIBs, the 

as-prepared Sn@CNT-CP electrode exhibited promising electrochemical performances, 

including high capacity (887 μA h cm-2) and an extended cycle life. The Sn@CNT-CP 

electrode also demonstrated a high rate capability. We used the as-prepared free-standing 

Sn@CNT-CP as anode and lithium-substituted layered Na0.80Li0.12Ni0.22Mn0.66O2 as cathode 

to assemble a full sodium-ion battery. The full Na-ion battery can be used to sufficiently 

power a LED light. It is expected that the strategy and concept reported in this work could 

inspire the development of high performance sodium-ion batteries. 
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Chapter 9 MoS2 Nanosheets Vertically Aligned on Carbon Paper: a Freestanding 

Electrode for Highly Reversible Sodium Ion Batteries 

9.1 Introduction 

MoS2, a layered material with S-Mo-S motifs stacked together by van der Waals forces, 

received extraordinary attention in the last few years. Many inroads have been made recently 

in developing MoS2 based electrode materials for SIBs. For example, MoS2 nanoflowers with 

expanded interlayers have been prepared as intercalation-type electrode materials in the 

voltage window of 0.4-3.0 V.333 When the voltage window is expanded to 0.01-3.0 V, MoS2 

follows an intercalation-conversion mechanism for Na+ storage. Due to the low conductivity 

and the huge volume variations of MoS2 during charge/discharge processes, bare MoS2 

electrodes exhibited poor rate capability and fast capacity decay upon cycling.400 To 

overcome this limitation, dispersing MoS2 in carbon matrices with high electronic 

conductivity has proved effective for improving the electrochemical properties in SIBs. 

Different MoS2-carbon hybrid materials have been tested as anodes for SIBs, such as MoS2 

nanodots embedded in carbon nanowires,237 MoS2/graphene composites,234, 238, 292, 400 

MoS2/CNT composites,235 and MoS2/carbon nanospheres239. Usually, current collectors, 

conductive agents and binders are needed to fabricate film electrodes, which inherently 

increases the total weight and cost of SIBs. Furthermore, they suffer from low initial 

Coulombic efficiency (ICE < 60%). The low ICE originates from: (i) the formation of solid 

electrolyte interfaces (SEI) caused by electrolyte decomposition; (ii) adverse side reactions 

between inactive components (conductive agent and binder) and sodium metal; (iii) electrical 

contact failure of the electrode; and (iv) an excessive interface between carbon and electrolyte, 

which leads to considerable side reactions.236 This low ICE requires a larger mass of the 
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corresponding cathode material in full cells, thereby increasing the total weight and cost of 

SIBs. Rational geometrical design to give electrode materials a high ICE is a key research 

topic in SIBs. Moreover, anode materials must have high rate performance to achieve high 

power density and long cycle life for SIBs. Here, we report on deposition of MoS2 nanosheets 

on carbon derived from paper towel (MoS2@C) to prepare freestanding anode material for 

SIBs with a high ICE, promising rate capability and long cycle life. In this hierarchically-

structured MoS2@C composite electrode, dense MoS2 nanosheets are vertically aligned on 

carbon fibers. This desirable integration of MoS2 and carbon in a harmonious manner can 

ensure good electronic connection between MoS2 and carbon and can retard the direct access 

of electrolyte to the carbon. On the other hand, freestanding MoS2@C electrodes can be 

directly used without the additional conductive agents and binders, thereby overcoming the 

adverse side reactions between the inactive components and sodium. Consequently, 

MoS2@C achieved a high ICE of 79.5%. Meanwhile, the exposure of hierarchical MoS2 

nanosheets to electrolyte ensures desirable material/electrolyte interactions and as a result, 

MoS2@C electrode exhibited a high reversible capacity and a good rate capability. Moreover, 

the utilization of paper towel-derived carbon paper as the conducting scaffold to prepare the 

freestanding MoS2@C electrode provides an easy and low-cost electrode manufacturing 

process and hence would reduce the cost of sodium-ion batteries. To investigate the 

sodiation/desodiation mechanism of MoS2@C electrode, we conducted in situ Raman 

measurements, which reveal that a MoS2 phase transition from 2H-MoS2 to 1T-MoS2 starts 

at 0.9 V during discharge. This transition reverses after full charge, which allows for retaining 

the designed architecture. 
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9.2 Experimental Section 

9.2.1 Sample preparation 

Commercial paper towel (PT, Scott) was used as the biomass source of carbon paper. For 

purification, PT was firstly soaked in HCl solution (2 mol L-1, 20 mL) for 24 h and then 

washed by vacuum filtration several times with de-ionized water. The purified PT was dried 

in a vacuum oven at 80 oC overnight before further use. To load MoS2 nanosheets, 76.7 mg 

of ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O, AMT) and thiourea (1 g) was 

dissolved in 20 mL deionized water to form a homogeneous solution in the first step. In the 

following step, purified PT (76.7 mg) was soaked in this solution, which was then 

hydrothermally treated at 180 oC for 24 h. MoS2-loaded PT was washed with deionized water 

followed by drying at 80 oC overnight. MoS2-PT was calcined at 800 oC for 2 h under Ar 

atmosphere in a horizontal tube furnace to obtain freestanding MoS2@C. For comparison, 

carbon paper was prepared in a similar way, besides applying a hydrothermal treatment. 

Carboxy methyl cellulose sodium salt (CMC) coated MoS2@C (MoS2@C-CMC) was 

prepared by dip-coating. Briefly, MoS2@C was dipped into CMC dissolved in a mixture of 

ethanol and water (volumetric ratio 3:2) followed by overnight drying at 80 oC in a vacuum 

oven. The CMC content was ~10% in the MoS2@C-CMC electrode. 

9.2.2 Structural and physical characterization 

The crystal structure and phase composition of the as-prepared materials were characterized 

by X-ray diffraction (XRD, Siemens D5000) using Cu Kα radiation with a scanning step of 

0.02° sec-1. The morphology was analysed by field emission scanning electron microscopy 

(FESEM, Zeiss Supra 55VP). The details of the morphology were further characterized by 
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transmission electron microscopy (TEM) (HRTEM, JEOL JEM-2011). The elemental 

mapping was conducted on a Zeiss EVO MA 15 SEM equipped with EDX. The carbon 

content in MoS2@C composites was measured using a TGA/differential thermal analysis 

(DTA) analyser (TA Instruments, SDT 2960 module, New Castle, DE, USA) at a heating 

rate of 10 °C min-1 in air. 

9.2.3 Electrochemical testing 

CR2032-type coin cells were assembled in an argon-filled glove box (UniLab, Mbraun, 

Germany). The as-obtained MoS2@C electrode was cut into 0.6 × 0.6 cm2 and directly used 

as self-supported electrode. Na foil was used as the counter and reference electrode. The 

positive and negative electrodes were electronically separated by glass microfiber (Whatman) 

saturated with electrolyte. The electrolyte solution was 1 M NaClO4 dissolved in a mixture 

of ethylene carbonate (EC) and propylene carbonate (PC) with a volume ratio of 1:1, in which 

5 vol.% fluoroethylene carbonate (FEC) was added as electrolyte additive. The charge-

discharge measurements were performed at different current densities in the voltage range 

from 0.01 to 3.0 V vs. Na+/Na using a computer-controlled Neware Battery Testing system. 

Cyclic voltammetry (CV) was conducted by using a CHI 660C electrochemical workstation 

between 0.01 and 3.0 V vs. Na+/Na with a scan rate of 0.1 mV s-1. The electrochemical 

impedance spectroscopy (EIS) measurements were performed at charged state with a 10 mV 

amplitude. 

9.2.4 In situ Raman measurements 

Modified CR2032-type coin cells equipped with a random orientation quartz window were 

used for in situ Raman measurements. Confocal in situ Raman spectroscopy analysis of the 
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batteries was performed on a Renishaw inVia (Gloucestershire, UK) microspectrometer in 

the reflective mode by using a 632.8 nm He-Ne laser focused through a ×63 times 

magnification and 0.7 numerical aperture objective. The laser spot size in the focal plan was 

~1 μm. The reflected light from the sample was directed to the CCD detector by a grating 

with 1200 lines/mm. The setup possesses a spectral resolution of ~2 cm-1. 

9.3 Results and Discussions 

Figure 9.1a shows the procedure for preparing the freestanding MoS2@C paper electrodes. 

Woven loosely by cellulose fibers, commercial paper towel (PT) was used as the growth 

substrate. Before the loading of MoS2, PT was purified in 1 M HCl for 24 h and washed  

 

Figure 9.1 (a) Schematic illustration for the preparation of MoS2 vertically aligned on carbon 

paper, which includes MoS2-loading by hydrothermal deposition followed by annealing 

under Ar. (b) XRD patterns of the as-prepared MoS2@C, indicating the 2H phase of MoS2. 

(c) The simulated structure of 2H-MoS2. (d) TGA curves of bare MoS2 and MoS2@C in air. 
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sequentially with water and ethanol. Figure 9.2 shows the energy dispersion X-ray (EDX) 

spectrum of the purified PT. No element other than carbon and oxygen could be detected, 

suggesting that PT is free of impurities, such as metal ions and polyanions. The purified PT 

was then soaked into a solution with ammonium molybdate tetrahydrate (AMT) and thiourea. 

This mixture was then hydrothermally treated at 180 °C for 24 h to form MoS2. Large-size 

freestanding MoS2-loaded PT was obtained after hydrothermal treatment (Figure 9.3). In the 

final step, the product was calcined at 800 °C in Ar atmosphere, during which the PT was 

transformed into carbon paper, finally generating free standing MoS2@C (Figure 9.4). The 

XRD pattern shown in Figure 9.1b suggests that the 2H phase of MoS2 (2H-MoS2) was 

produced after the hydrothermal treatment and subsequent annealing. As depicted in Figure 

9.1c, the calculated interlayer distance of 2H-MoS2 is 0.62 nm, according to XRD. Figure 

9.1d shows the thermogravimetric analysis (TGA) curves of bare MoS2 and MoS2@C 

composites. The 10% weight loss of bare MoS2 at 350-430 oC suggests the oxidation of MoS2 

to MoO3 in air.400 Based on the 14.4% weight loss of MoS2@C composites, the MoS2 loading 

ratio in the composite is determined to be 95.1%. 
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Figure 9.2 Energy dispersive X-ray (EDX) spectrum of the purified paper towel. 

 

Figure 9.3 Digital photo of a MoS2 loaded paper towel. 
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Figure 9.4 Digital photo of a freestanding MoS2@C paper. 

 

 

Figure 9.5 SEM images of carbon paper derived from paper towel. 
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Figure 9.6 (a-d) SEM images of the as-prepared freestanding MoS2@C. (e) High-

magnification TEM image and (f) SAED pattern of MoS2@C. 

The porous carbon paper derived from commercial PT consists of carbon fibers with smooth 

surfaces, which are interwoven into a three-dimensional (3D) open network structure (Figure 

9.5). As shown in the low-magnification scanning electron microscopy (SEM) image in 

Figure 9.6a, MoS2@C maintains the interwoven structure after MoS2 grafting. The large 
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interstitial areas formed between carbon fibers are beneficial for the electrolyte penetration, 

thereby facilitating sodiation/de-sodiation processes. Figure 9.6b shows a SEM image 

collected from typical areas of the as-prepared MoS2@C composites, which suggests the 

uniform and dense deposition of MoS2 on a large scale. It can be observed in the high-

magnification SEM images of MoS2@C shown in Figure 9.6c and d that the MoS2 

nanosheets are densely packed and aligned vertically, forming a heterostructured microforest. 

The spatially dispersed MoS2 nanosheets construct nanovoids on the quasi one-dimensional 

(1D) microfiber, which in turn favors electrode/electrolyte interaction. In this 3D architecture, 

MoS2 nanosheets are electronically connected to carbon fibers, ensuring efficient electron 

transfer. The high-resolution transmission electron microscopy (HRTEM) image in Figure 

9.6e shows a typical edge view of MoS2 nanosheets with clear lattice fringes. The interlayer 

spacing is measured to be 0.62 nm, corresponding to the (002) plane of 2H-MoS2. It is 

consistent with the result calculated from XRD. The selected area electron diffraction (SAED) 

pattern (Figure 9.6f) shows clear diffraction rings, indicating the polycrystalline nature of 

MoS2. These diffraction rings can be well indexed to the (002), (100), (103) and (110) planes 

of 2H-MoS2. 
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Figure 9.7 (a) CV curve of the as-prepared MoS2@C anode for sodium-ion batteries. In situ 

Raman spectra of the MoS2@C electrode at different cut-off voltages during discharge (b) 

and charge (c) processes. (d) Schematic of the phase transition between 2H-MoS2 and 1T-

MoS2 during sodium intercalation/de-intercalation. 

The freestanding MoS2@C can be directly used as an electrode for SIBs without further 

manufacturing processes. The cyclic voltammetry (CV) curve of the freestanding MoS2@C 

electrode is shown in Figure 9.7a. A sharp reduction peak located at 0.65 V can be observed. 

In the following reduction process, a pronounced peak starting from 0.2 V appears. In the 

charge process, an oxidation peak at ~1.8 V is discernable. As can be seen from Figure 9.8, 

MoS2@C showed a broad reduction peak between 1.1 V and 0.4 V (cathodic sodiation) and 

an oxidation peak starting from 1.2 V (anodic de-sodiation) from the second cycle. To fully 

understand the corresponding potential-dependent sodiation/de-sodiation reactions related to 
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the reduction/oxidation peaks during the discharge/charge, we performed in situ Raman 

spectroscopy in a specially-designed coin-cell.  Figure 9.7b shows the in situ Raman spectra 

collected at various cut-off potentials (marked by red circles in Figure 9.7a) during the first 

discharge process. Therein, the Raman spectrum of the MoS2@C electrode at open circuit 

voltage (OCV) displays fingerprint peaks of 2H-MoS2 in the range of 100-750 cm-1, in which 

Raman peaks at 379 and 405 cm-1 can be attributed to in-plane E2g
1 and out-of-plane A1g 

modes of 2H-MoS2 nanosheets, respectively.401 Additionally, two small peaks at 1327 and 

1594 cm-1 can be observed, which are ascribed to the D- and G-bands of C, respectively. 

Discharging the cell to 0.9 V results in the continuous attenuation of 2H-MoS2 Raman peaks 

without emergence of any new peaks, suggesting the presence of a 2H-phase in the sodiated 

MoS2. In concert with the disappearance of 2H-MoS2 Raman peaks, three new peaks at 156, 

218, and 327 cm-1 appear at 0.9 V. These peaks, previously referred to as J1, J2, and J3, 

become more pronounced when the battery is further discharged to 0.5 V. They correspond 

to the modes that are active in the 1T-MoS2 with octahedral coordination but forbidden in the 

2H-MoS2 which has a trigonal prism coordination.402, 403 These distinct changes indicate 2H-

1T phase transitions of MoS2 when more Na+ ions are intercalated to form NayMoS2 (1T-

NayMoS2). The ex situ SEM images shown in Figure 9.9a and b suggest that 1T-NayMoS2 

maintains the sheet-like morphology of 2H-MoS2. The intensities of 1T-NayMoS2 Raman 

peaks decrease when the cell was discharged from 0.2 V to 0.1 V, which can be ascribed to 

the decomposition of 1T-NayMoS2 into Mo and NayS.233 In addition, the blue-shift of the D-

band and the red-shift of the G-band can be observed during the discharge process due to the 

intercalation of Na+.404 From the ex situ SEM images shown in Figure 9.9c and d it can be 

seen that the original MoS2 nanosheets are converted into well-dispersed nanoparticles after 
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the discharge process. Figure 9.7c presents the Raman spectra collected during charging. It 

can be seen that the phase transition from 1T-NayMoS2 to 2H-MoS2 occurs from 1.5 V and 

2H-MoS2 can be recovered at 3.0 V, indicating the reversible phase transition between 1T-

NayMoS2 to 2H-MoS2 (Figure 9.7d). Structurally, 2H-MoS2 has a hexagonal lattice with 3-

fold symmetry and shows the atomic stacking sequence (S-Mo-S) of ABA, while the 1T-

MoS2 shows the atomic stacking sequence (S-Mo-S’) of ABC where the bottom S’ plane 

occupies the hollow center of the 2H hexagonal lattice. Previous investigations suggest that 

these two phases can easily convert to each other by a glide of the intralayer atomic planes, 

which involves a transversal displacement of one of the sulfur planes.233, 405 The hierarchical 

architecture with vertically aligned MoS2 nanosheets is recovered at 3.0 V (Figure 9.9e and 

f).  

 

Figure 9.8 CV curves of the as-prepared MoS2@C anode for sodium-ion batteries in the 

first 4 cycles at a scan rate of 0.1 mV s-1. 
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Figure 9.9 Ex situ SEM images of MoS2@C-CMC electrode discharged to 0.5 V (a and b), 

0.01 V (c and d) and charged to 3.0 V (e and f). 
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Figure 9.10 (a) Charge-discharge curves of the as-prepared MoS2@C paper electrode at a 

current density of 80 mA g-1. (b) Cycling performance and the corresponding Coulombic 

efficiencies of the MoS2@C paper electrode at 80 mA g-1. The cycling performance of bare 

carbon paper is also presented for comparison. (c) Charge-discharge curves of CMC coated 

MoS2@C electrode (MoS2@C-CMC) at a current density of 80 mA g-1. (d) Cycling 

performance and the corresponding Coulombic efficiencies of the MoS2@C-CMC paper 

electrode at 80 mA g-1 and the cycling performance of the CMC-coated carbon paper 

electrode (C-CMC). (e) Charge-discharge curves of MoS2@C-CMC at different current 

densities. (f) Rate-performance of the MoS2@C-CMC electrode. 
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Figure 9.11 Coulombic efficiency of bare carbon paper electrode as a function of cycle 

number at a current density of 80 mA g-1. 

Figure 9.10a shows the galvanostatic charge-discharge profiles of the as-prepared 

freestanding MoS2@C electrode at a current density of 80 mA g-1. In the initial discharge 

curve, a plateau at around 0.7 V appears, which agrees with the CV results and corresponds 

to the insertion of Na+ in the interlayer of MoS2. The plateau is followed by a sloping curve 

ranging from 0.7 V to 0.2 V. Another sloping segment observed at potentials < 0.2 V 

originates from the decomposition of 1T-NayMoS2 according to the in situ Raman results. At 

a current density of 80 mA g-1, MoS2@C electrodes deliver initial discharge and charge 

capacities of 556 mA h g-1 and 442 mA h g-1, respectively, which are higher than that of bare 

carbon paper (345 and 132 mA h g-1, correspondingly). It is worth noting that MoS2@C 

electrode shows a high ICE of 79.5%, as opposed to that of bare carbon paper (38.3%) as can 

be seen from Figure 9.11. This high ICE stems from the surface coating of carbon fibers by 

MoS2 in the designed 3D architecture. Owing to the dense coverage of carbon fibers by MoS2, 

interactions between C and electrolyte are minimized. Consequently, unwanted and 
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irreversible side reactions associated with carbon, such as the irreversible electrochemical 

absorption of sodium ions (non-SEI related), are depressed.406 The Coulombic efficiency of 

MoS2@C then quickly stabilizes at around 98% in the following cycles (Figure 9.10b). As 

can be seen from Figure 9.10b, after cycling for 100 cycles at 80 mA g-1, the as-prepared 

MoS2@C electrode delivers a charge capacity of 184 mA h g-1, which is higher than that of 

bare carbon paper electrode (143 mA h g-1). 

 

Figure 9.12 Change of impedance spectra of MoS2@C-CMC electrode during cycling. The 

inset shows the modeled equivalent circuit. RΩ is the electrolyte resistance, Q represents 

constant phase element, Rct is the charge-transfer resistance, and Zw is the Warburg 

impedance. 
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Figure 9.13 Cycling performance of the MoS2@C-CMC electrode and carbon paper-CMC 

electrode at a current density of 160 mA g-1. 

To improve the cycling performance of the freestanding MoS2@C electrode, an efficient one-

step carboxymethylcellulose sodium salt (CMC)-coating approach was employed. CMC was 

deposited on MoS2@C to form CMC-coated MoS2@C (MoS2@C-CMC) by a dip-coating 

method. The electrochemical impedance spectroscopy (EIS) (Figure 9.12) reveals an 

increase in resistance of the MoS2@C-CMC electrode, leading to the increased polarization 

as shown in Figure 9.10c. As can be seen from Figure 9.10d, MoS2@C-CMC electrode 

shows a high ICE of 79.4%. The Coulombic efficiency increases beyond 98% in the 

following cycles. Figure 9.10d also plots the specific capacity versus cycle number of the 

MoS2@C-CMC electrode and carbon paper electrode coated with CMC (C-CMC). 

MoS2@C-CMC electrode exhibits stable cycling performance when cycled at a current 
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density of 80 mA g-1. After 100 cycles, a high charge capacity of 286 mA h g-1 can be 

maintained, which is higher than that of the C-CMC electrode (172 mA h g-1), suggesting the 

promising application of MoS2@C for highly reversible SIBs. The MoS2@C-CMC electrode 

also shows good cycling performance at a higher current density of 160 mA g-1 (Figure 9.13). 

After 100 cycles, it delivers a charge capacity of 230 mA h g-1, which is superior to the C-

CMC electrode (160 mA h g-1). The improved cycling performance by CMC-coating can be 

ascribed to the ability of CMC to accommodate a large volume change of MoS2 during 

repeated sodiation/de-sodiation processes.238, 249, 257 

Figure 9.10e shows the charge-discharge voltage profiles of the MoS2@C-CMC electrode 

in the voltage window of 0.01-3.0 V at different current densities. MoS2@C-CMC electrodes 

exhibit stable charge-discharge voltage profiles when the current density is increased from 

20 to 1000 mA g-1. The designed MoS2@C-CMC electrode also demonstrates good rate 

capability, which is presented in Figure 9.10f. At a current density of 20 mA g-1, a high 

reversible capacity of 446 mA h g-1 can be achieved. This value is much higher than that of 

other reported MoS2-based freestanding electrodes for SIBs, such as MoS2/graphene film 

(338 mA h g-1)292 and membrane-like electrospun MoS2@carbon nanofibres (401 mA h g-

1)240. As the current density is gradually increased to 40, 80, 320, 640, and 1000 mA g-1, the 

MoS2@C-CMC electrode delivers reversible capacities of 348, 321, 271, 230, and 205 mA 

h g-1, respectively. Therefore the MoS2@C-CMC composites demonstrated a high-rate 

capability for Na-ion storage. 
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Figure 9.14 Schematic illustration showing paths for sodium-ion diffusion and electron 

conduction in the MoS2@C electrode. 

This promising electrochemical performances can be ascribed to the hierarchical structure of 

the MoS2@C hybrid. As illustrated in Figure 9.14, the advantages of such a 3D electrode are 

three-fold. Firstly, the high surface-to-volume ratio of the nested structure with nano-

reservoirs between adjacent MoS2 nanosheets favors the interaction between MoS2 and 

electrolyte. This provides shortened ionic diffusion pathways, thereby helping reduce the 

mass-transfer limitation for the electrochemical MoS2-Na+ reaction. Secondly, MoS2 layers 

coated on carbon fibers diminish the carbon-electrolyte interaction and reduce side reactions 

responsible for irreversible capacity. This endows MoS2@C electrodes with high ICE. 

Thirdly, in the coaxial structure, MoS2 nanosheets are connected with conductive carbon 

fibers, thus affording good current collector/active material electrical contacts and low charge 

transfer resistance. Moreover, carbon paper mats of randomly-woven 1D carbon fibers offer 

3D conducting networks that facilitate electron transport. MoS2 nanosheets vertically aligned 
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on the carbon paper matrix in a manner that concurrently constructs efficient ionic and 

electronic transfer pathways, overcoming the kinetic limitations. Therefore, MoS2@C 

composites deliver high reversible capacities and exhibit promising rate performance for Na-

ion storage. 

9.4 Conclusions 

MoS2@C composites have been rationally designed as freestanding electrodes for sodium-

ion batteries. The MoS2@C electrodes were successfully fabricated by a hydrothermal 

method and subsequent annealing, utilizing carbonization of paper towel (biomass precursor 

for carbon paper) and deposition of MoS2 nanosheets. The as-prepared MoS2@C composites 

feature a 3D hierarchical structure, in which MoS2 nanosheets are vertically aligned on 

carbon scaffolds. Dip-coating with carboxy methyl cellulose sodium salt improved the 

cycling performance of the as-prepared MoS2@C electrode. After 100 cycles at a current 

density of 80 mA g-1, a high reversible capacity of 286 mA h g-1 was achieved. Benefiting 

from the unique 3D architecture, the as-prepared electrodes exhibited a high reversible 

capacity of 446 mA h g-1 at 20 mA g-1, high ICE (79.5%), and promising rate capability. 

Even at a high current density of 1000 mA g-1, a reversible capacity of 205 mA h g-1 was 

maintained. The reversible phase transition from 2H-MoS2 to 1T-MoS2 was observed during 

sodium-ion intercalation/de-intercalation process by in situ Raman electro-spectroscopy. The 

technique developed in this research can be extended to deposit other electro-active 

compounds such as SnS, SnS2, and WS2 for high performance SIBs. 
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Chapter 10 Porous Heterostructured MXene/Carbon Nanotube Composite Paper 

with High Volumetric Capacity for Sodium-Based Energy Storage Devices 

10.1 Introduction 

Compared to Li+, Na+ has a larger ionic radius and different ionic coordination preference 

(sodium ions prefer to coordinate at prismatic or octahedral sites), resulting in much slower 

solid-state diffusion of Na+ and decreased kinetics of sodium-insertion/extraction reactions 

within electrode materials.407 Nanostructured materials have been widely investigated for 

electrochemical energy storage (EES) due to their abilities to shorten diffusion paths for Na+ 

and increase the electrode/electrolyte interactions, thereby increasing the sodium-ion storage 

capacity.408 For example, carbon materials,186, 282, 409, 410 alloying anodes (P,285, 411-416 Sn,247, 

385, 417, 418 or Sb 287, 288, 291, 419-421), two-dimensional (2D) transition metal sulfides,233, 237, 292, 

332, 333, 405, 422, 423 and titanium-based oxides 197, 424-426 with controllable nanostructures have 

been reported. In most cases, the gravimetric capacity has been the focus for evaluating the 

performance of electrode materials. The volumetric capacity becomes the most relevant 

figure-of-merit critical for applications where size matters, such as portable or wearable 

electronics, automotive batteries, or when the storage devices are integrated with energy 

generating systems such as solar panels or triboelectric power generators.427 However, the 

use of nanostructured electrode materials reported so far often leads to a low density of 

electrodes. Besides, current collectors, conductive agents and polymeric binders are 

additionally required for device manufacturing, leading to seriously compromised volumetric 

capacities. 
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2D transition metal carbides MXenes are formulated as Mn+1XnTx, where M is an early 

transition metal such as Ti, V, Cr, Nb, Mo, or Ta, X is C and/or N, T is a surface termination 

- OH, F and/or O, and n is 1-3.209, 428, 429 MXenes with a combination of metallic conductivity 

and hydrophilicity are emerging as a promising, versatile platform for applications such as 

supercapacitors,214, 430 Li-ion batteries,209, 212, 431, 432 Li-S batteries,433 catalysis,434, 435 

sensors,436, 437 H2 storage,438 and selective ion sieving439. Their performance is highlighted 

by high volumetric capacitance for supercapacitors.214, 430, 440 MXenes are also expected to 

be superior for Na-ion storage. Computational results showed that MXenes have a low 

diffusion barrier for Na+ on their surfaces (0.1-0.2 eV),219, 441 which is favorable for fast 

charging/discharging. Modeling and experimental investigations suggest that two layers of 

Na+ can intercalate between MXene layers.217, 218 These characteristics make MXenes 

attractive candidates for Na-ion storage. Yamada et al. reported that multilayered Ti2CTx as 

a negative electrode showed a capacity of 175 mA h g-1 and good rate capability.442 

Multilayered Ti3C2Tx has also been tested as a negative electrode for Na-ion storage and 

exhibited a capacity around 100 mA h g-1.217, 218 The Na-ion insertion potentials of MXenes 

can be tuned by changing the transition metal and surface functional groups.219, 220 Another 

MXene, V2CTx, was successfully used for positive electrodes, paired with hard carbon to 

assemble full cells delivering a maximum cell voltage of 3.5 V and a cell capacity of 50 mA 

h g-1.221 The electrochemical performance of MXenes is expected to be further improved by 

delaminating the multilayered MXenes into few-layered flakes, which can be fabricated as 

freestanding electrodes directly without using conductive agents, polymeric binders or metal 

current collectors. This processing technique allows for the reduction of the dead volume and 

an increase in cell volumetric capacity. However, aggregation and restacking of MXene 

sheets via van der Waals interactions and hydrogen bonds cause limitations in the material’s 
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performance and impede ion access to the active materials.443, 444 By alternating filtration, 

carbon nanomaterials have been utilized as spacers to design sandwich-like MXene/carbon 

composite papers, which showed an improved electrochemical performance compared to that 

of pure MXene.443 However, an effective strategy to prevent restacking of MXene nanosheets 

and construct open channels for ionic transport is highly desirable, and yet to be fully realized.  

Herein, porous MXene/CNT films were prepared by self-assembly of negatively charged, 

metallic Ti3C2Tx MXene flakes and positively charged CNTs as spacers. We also fabricated 

2D/2D MXene/graphene composite films for comparison. Compared to the 2D/2D 

integrations of the latter composite, the 2D/1D hybridization between MXene nanosheets and 

CNTs reduced stacking of nanosheets more efficiently and produced hierarchical films with 

a porous structure, thereby improving the accessibility of MXene nanosheets to the 

electrolyte. When directly applied as freestanding electrodes for sodium-ion storage, the 

porous MXene/CNT papers exhibited a high volumetric capacity, good rate capability and 

long cycling performance. 

10.2 Experimental Section 

10.2.1 Preparation of delaminated Ti3C2Tx suspension 

Ti3AlC2 with a particle size of < 38 μm was prepared as described previously.440 Multilayered 

Ti3C2Tx was synthesized by etching 3 g of Ti3AlC2 powders in a mixture of lithium fluoride, 

LiF, (3g, Alfa Aesar) and 9 M hydrochloric acid, HCl, (30 mL, Fisher Scientific) for 24 h at 

35 oC. The etched Ti3C2Tx powder was washed with deionized water and then centrifuged 

until the pH of the supernatant was above 5, then vacuum filtered. In order to delaminate 

Ti3C2Tx, 1 g of the multilayered Ti3C2Tx powder was added in 250 mL deionized water and 
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sonicated for 1 h under Ar flow. After centrifugation for 1 h at 3500 rpm, the dark green 

supernatant was collected, confirming the delamination of Ti3C2Tx. The concentration of the 

delaminated Ti3C2Tx was determined by filtering a known volume of the delaminated 

Ti3C2Tx suspension through a Celgard membrane and measuring the weight of the film after 

vacuum drying. 

10.2.2 Fabrication of freestanding Ti3C2Tx and its composite films 

To prepare cetyltrimethylammonium bromide (CTAB)-grafted CNTs, CTAB (>99%, 

SigmaAldrich) was dissolved in deionized water (0.1 wt.%), and then CNTs, which were 

prepared through a floating catalyst chemical vapor deposition (CVD) method 445, were 

dispersed in the CTAB solution by probe sonication to get a CNTs concentration of 0.5 mg 

mL-1. Porous Ti3C2Tx/CNTs composite films were prepared by a self-assembly process. 

Typically, 3.1 mL of the CTAB-grafted CNTs solution was added dropwise to Ti3C2Tx 

suspension (0.4 mg mL-1, 35 mL). The mixture was probe sonicated for 10 min and then 

filtered using a Celgard membrane. Porous self-assembled Ti3C2Tx/CNTs (denoted as 

Ti3C2Tx/CNT-SA) composite film was obtained after washing with copious deionized water 

and vacuum drying. Ti3C2Tx/CNT-SDS film was prepared in a similar way but sodium 

dodecylsulphate (SDS, 99.5%, Fisher Scientific, Fair Lawn, NJ, USA) instead of CTAB was 

used to modify CNTs. Pure Ti3C2Tx film was prepared by vacuum-filtrating 35 mL of 

Ti3C2Tx suspension (0.4 mg mL-1). Ti3C2Tx/rGO-SA films were prepared by a similar self-

assembly method, but rGO solution was added.  

10.2.3 Characterizations 
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The Ti3C2Tx-based films were characterized by XRD on a Rigaku Smart Lab (Tokyo, Japan) 

diffractometer using Cu Kα radiation (40 KV and 44 mA) and step scan 0.02°, 3°-60° 2 theta 

range and step time of 0.5 s. The morphology of the samples was characterized using a 

scanning electron microscope (SEM) (Zeiss Supra 50VP, Germany) and a transmission 

electron microscope (TEM) (JEOL JEM-2100, Japan) using an accelerating voltage of 200 

kV. The ζ-potential measurements were conducted using a Zetasizer Nano ZS apparatus from 

Malvern Instruments. Nitrogen sorption measurements were conducted on a Quadrasorb 

instrument (Quantachrome, USA) at 77 K using liquid nitrogen to determine the specific 

surface area and pore size distribution. The pore size distributions were calculated by the 

non-local density functional theory (NLDFT) method. 

10.2.4 Electrochemical tests 

The three-electrode electrochemical performance was tested in Swagelok cells, where the 

freestanding Ti3C2Tx/CNT-SA papers served directly as the working electrodes, over-

capacitive activated carbon films prepared by mixing 5 wt.% polytetrafluoroethylene binder 

(60 wt.% in H2O, Aldrich) to 95 wt.% of YP50 (Kuraray, Japan) were used as the counter 

electrode, and Na served as the reference electrode. Polypropylene membranes were 

employed as the separators. The electrolyte solution was 1 M NaClO4 dissolved in a mixture 

of ethylene carbonate (EC) and propylene carbonate (PC) with a volume ratio of 1:1, in which 

5 vol.% fluoroethylene carbonate (FEC) was added as electrolyte additive. FEC is a popular 

film-forming electrolyte additive for sodium-ion batteries, which is able to stablize the 

electrochemical performances by reducing the decomposition rate of PC 384, 446. The cells 

were assembled and tested in an argon-filled glovebox. For two-electrode tests, CR2032-type 

coin cells were assembled in an argon-filled glove box. The as-obtained electrode was cut 
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into ~0.6 × 0.6 cm2 and directly used as self-supported electrode. A photo of the paper 

electrode was taken with a background providing a scale bar and the precise area was 

measured by ImageJ computer software. In combination with the thicknesses determined 

from the cross-sectional SEM images, the volume of the electrode was determined. Na foil 

was used as the counter and reference electrode. The positive and negative electrodes were 

electronically separated by glass microfiber (Whatman) saturated with electrolyte. The 

charge-discharge measurements were performed at different current densities in the voltage 

range from 0.01 to 3.0 V vs. Na+/Na using an Arbin system (Arbin BT-2143-11U, College 

Station, TX, USA). Cyclic voltammetry (CV), galvanostatic charging/discharging of 

Swagelok cells, and electrochemical impedance spectroscopy (EIS) were conducted by using 

a VMP3 potentiostat (Biologic, France). CV curves were measured between 0.01 and 3.0 V 

vs. Na+/Na. The EIS measurements were performed at charged state with a 10 mV amplitude, 

and frequencies that ranged from 10 mHz to 200 kHz. 

10.2.5 Assembly of Na0.44MnO2//Ti3C2Tx/CNT-SA full cells 

A coin cell (CR2032) was assembled for full cell testing. Na0.44MnO2 was prepared according 

to a previous report 447.  Briefly, MnCO3 and Na2CO3 were manually mixing in a mortar and 

pestle and then pressed into a pellet.  The pellet was heat treated at 300 °C in air for 24 h and 

then thoroughly ground and pressed into a pellet again.  A second heat treatment of 48 h at 

800 °C was performed on the repressed material, resulting in a black Na0.44MnO2 powder. 

The cathodes were prepared by dispersing the as-prepared Na0.44MnO2 (70 wt%), carbon 

black (20 wt%), and poly (vinylidene fluoride) binder (PVDF, 10 wt%) in N-methyl-2-

pyrrolidone (NMP) to form a slurry. The resultant slurry was pasted onto Al foil and dried in 

a vacuum oven for 12 h. Ti3C2Tx/CNT-SA electrodes were precycled in Ti3C2Tx/CNT-
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SA//Na cells and stopped at a voltage of 1.5 V first, which were then disassembled and paired 

with Na0.44MnO2 cathodes. The mass ratio between Na0.44MnO2 and Ti3C2Tx/CNT-SA was 

3:1. The same electrolyte and Whatman glass microfiber separators as in the half-cell testing 

were used in full cells. Galvanostatic charge/discharge experiments were conducted on an 

Arbin system between 0.01 and 4.0 V. 

10.3 Results and Discussions 

 

Figure 10.1 (a) Schematic showing preparation of the porous MXene/CNT electrode by the 

self-assembly method. The MXene nanosheets are negatively charged due to their functional 

groups, and the CTAB-grafted CNTs are positively charged. (b) Zeta potential of Ti3C2Tx 

nanosheets, CTAB-grafted CNTs (CNT-CTAB), and self-assembled Ti3C2Tx/CNT-CTAB 

(Ti3C2Tx/CNT-SA). (c) Digital photographs of Ti3C2Tx suspension, CNT-CTAB in water, 

and Ti3C2Tx/CNT-SA composites. 
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Figure 10.1a illustrates the preparation of porous MXene/CNT composite paper by the self-

assembly method. MXene nanosheets are negatively charged and hydrophilic due to their 

surface functional groups (e.g. -O, -OH, and -F). Taking Ti3C2Tx for example, the zeta 

potential of the as-produced Ti3C2Tx was measured to be -63.3 mV (Figure 10.1b). Due to 

the hydrophilic surface and the repulsion force between Ti3C2Tx nanosheets, Ti3C2Tx 

suspensions are very stable in water (Figure 10.1c, left) and contain primarily single-layer 

MXene flakes.440 Positively charged CNTs with a zeta potential of +74.8 mV (Figure 10.1b) 

were prepared by grafting a cationic surfactant cetyltrimethylammonium bromide (CTAB) 

(Figure 10.1c, middle). When CTAB-grafted CNTs (CNT-CTAB) were added to the Ti3C2Tx 

suspension, CNTs were attracted on the surface of Ti3C2Tx nanosheets and the negative 

charges of Ti3C2Tx are screened (Figure 10.1b). As a result, aggregations appeared and a 

clear supernatant could be observed (Figure 10.1c, right). This suggests the successful self-

assembly between Ti3C2Tx and CNT-CTAB. The mixture was then vacuum-filtrated to 

prepare freestanding and flexible self-assembled Ti3C2Tx/CNTs (Ti3C2Tx/CNT-SA) paper 

(Figure 10.2). The as-prepared Ti3C2Tx/CNT-SA papers have a density of 2.4 g cm-3, which 

is lower than pure Ti3C2Tx (3.2 g cm-3). As a comparison experiment, an anionic surfactant 

sodium dodecyl sulfate (SDS) was used instead of CTAB to modify CNTs, resulting in 

negatively charged CNTs (CNT-SDS). The mixture of CNT-SDS and Ti3C2Tx led to stable 

Ti3C2Tx/CNT-SDS aqueous suspension and no precipitation was observed (Figure 10.3), 

indicating the importance of electrostatic force for the self-assembly process. The weight 

ratio of CNTs in Ti3C2Tx/CNT composites was fixed at 10 wt.% in all composites, based on 

previous experience with MXene/CNT composites.443 
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Figure 10.2 Digital photographs of the as-prepared freestanding Ti3C2Tx/CNT-SA film. 

 

Figure 10.3 (a) Zeta potential of a colloidal solution of CNT-SDS. (b) Digital photographs 

of Ti3C2Tx suspension, CNT-SDS, and a Ti3C2Tx/CNT-SDS mixture. 

 

Figure 10.4 TEM images of Ti3C2Tx nanosheet. (a) in plane, (b) cross-section. 
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Figure 10.5 Top view (left panels) and cross-sectional (right panels) SEM images of pure 

Ti3C2Tx (a and b), Ti3C2Tx/CNT-SDS (c and d) and porous Ti3C2Tx/CNT-SA (e and f). Scale 

bars: 1 μm. 

The lateral dimensions of Ti3C2Tx nanosheets ranged from hundreds of nanometers to several 

micrometers as shown by transmission electron microscope (TEM) image in Figure 10.4. 

Upon filtration, the directional flow guided assembly of Ti3C2Tx nanosheets leads to their 

layer-by-layer stacking, forming pure Ti3C2Tx film.  Figure 10.5a and b present the top-view 
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and cross-sectional scanning electron microscopy (SEM) images of a pure Ti3C2Tx paper. 

Without CNT as spacers, pure Ti3C2Tx nanosheets restacked compactly and the film had 

dense and continuous surface with no visible porosity. A similar surface morphology was 

observed for the Ti3C2Tx/CNT-SDS composite paper (Figure 10.5c). This is because the 

Ti3C2Tx nanosheets and CNT-SDS were randomly mixed in the suspension, without strong 

interaction, and deposited separately from each other. As a result, they were deposited 

individually on the filter paper during filtration and the compact stacking of Ti3C2Tx 

nanosheets could not be fully avoided. As shown in Figure 10.5d, although a large amount 

of CNTs were observed in cross-section, the majority of Ti3C2Tx nanosheets were still 

densely restacked in the Ti3C2Tx/CNT-SDS film. In contrast, when applying the self-

assembly method to hybridize Ti3C2Tx with CNTs, Ti3C2Tx nanosheets are effectively 

separated, yet still connected enough to form a conductive network (Figure 10.5e). It is also 

worth noting that pores are formed between adjacent Ti3C2Tx nanosheets due to the 

interruption of the restacking by CNTs. The full advantage of the role of CNTs as spacers 

was achieved through electrostatic attractions between Ti3C2Tx and CNTs, as evidenced by 

the cross-sectional SEM image of Ti3C2Tx/CNT-SA. The as-prepared composite film has an 

open sheet arrangement and CNTs can be seen sandwiched between Ti3C2Tx sheets, 

indicating the successful placement of CNTs as spacers in the Ti3C2Tx paper (Figure 10.5f). 
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Figure 10.6 N2 adsorption-desorption isotherms (a) and pore size distribution curves (b) of 

Ti3C2Tx/CNT-SDS and porous Ti3C2Tx/CNT-SA.  

The microstructure and exposed surface area of the as-produced composite films were further 

investigated by N2 sorption/desorption measurements. Figure 10.6a presents the N2 sorption 

isotherms of Ti3C2Tx/CNT-SA and Ti3C2Tx/CNT-SDS, which exhibit a typical type-IV 

behavior with a distinct hysteresis loop of type H3. The type H3 hoop can be ascribed to the 

incorporation of CNTs between Ti3C2Tx nanosheets giving rise to slit-shaped pores. 

According to the Brunauer-Emmett-Teller (BET) method, Ti3C2Tx/CNT-SA and 

Ti3C2Tx/CNT-SDS films possessed a surface area of 185.4 and 116.8 m2 g-1, respectively. 

On the contrary, pure Ti3C2Tx only had a BET surface area of 19.6 m2 g-1.432 The increased 

surface area suggests that the incorporation of CNTs can effectively inhibit the restacking 

effect and the self-assembly between CNTs and Ti3C2Tx nanosheets can maximize the 

accessibility of Ti3C2Tx nanosheets. As shown in the inset in Figure 10.6b, the Ti3C2Tx/CNT-

SA had a pore size distribution in the range of 5 to 40 nm. On the contrary, Ti3C2Tx/CNT-

SDS lacked pores in this range. The results of N2 sorption/desorption measurements were in 

agreement with the SEM images, confirming the porous structure of the as-produced  
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Figure 10.7 XRD pattern of the as-prepared Ti3C2Tx/CNT-SA film. 

Ti3C2Tx/CNT-SA films. The X-ray diffraction (XRD) pattern (Figure 10.7) of the as-

prepared Ti3C2Tx/CNT-SA paper revealed that the (0002) peak of Ti3C2Tx is located at 5.4°, 

corresponding to a d-spacing of 16.4 Å. The open structure of Ti3C2Tx/CNT-SA can provide 

channels for electrolyte transport, thereby increasing the accessibility of Ti3C2Tx nanosheets. 

The electrochemical kinetics of the freestanding Ti3C2Tx/CNT-SA paper electrode for 

sodium-ion storage were investigated by cyclic voltammetry (CV) in Ti3C2Tx/CNT-SA//Na 

cells in 1 M NaClO4 dissolved in ethylene carbonate/propylene carbonate with 5 vol.% 

fluoroethylene carbonate (FEC) as electrolyte additive. Figure 10.8a shows the CV curves 

of a Ti3C2Tx/CNT-SA electrode at different scan rates from 0.1 to 3.0 mV s-1. A pair of broad 

cathodic/anodic peaks located at around 0.6/1.0 V can be observed, corresponding to Na+ 

insertion into/extraction from the Ti3C2Tx/CNT-SA electrode during which the oxidation 

state of Ti ions changes.217 The large and broad cathodic/anodic peaks are indicative of a 

non-diffusion limited mechanism of Na-ion storage at the surface of well-dispersed Ti3C2Tx  
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Figure 10.8 The electrochemical properties of the Ti3C2Tx/CNT-SA electrode in a two 

electrode Ti3C2Tx/CNT-SA//Na cell, where Na foil was used as the counter and reference 

electrode: (a) cyclic voltammetry (CV) curves of the porous Ti3C2Tx/CNT-SA electrode at 

different scan rates from 0.1 to 3 mV s-1; (b) the relationship between peak current and scan 

rate; (c) separation of the non-diffusion limited currents (k1ν) in the Ti3C2Tx/CNT-SA 

electrode at 0.1 mV s-1. Three-electrode tests (overcapacitive activated carbon films and Na 

work as counter and reference electrodes, respectively): (d) CV curves at different scan rates 

collected from 0.5 to 100 mV s-1; (e) volumetric and gravimetric rate performances; (f) 

galvanostatic charge-discharge profiles at different current densities. 
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nanosheets. This is confirmed by plotting log(i) versus log(ν), where i is the measured current 

and ν is the scan rate. As shown in Figure 10.8b, the slope of the log(ν)-log(i) plots in 

cathodic and anodic processes are 0.92 and 0.97, respectively, indicating that the current is 

predominantly non-diffusion limited.448 According to i(V) = k1ν + k2ν1/2, where i(V), k1ν, 

k2ν1/2 and ν are the current at a fixed potential, non-diffusion limited and diffusion-controlled 

currents, scan rate, respectively, the quantitative contribution of the non-diffusion limited 

charge storage at a certain scan rate can be determined by calculating the value of k1. By 

plotting ν1/2 versus i/ν1/2, k1 can be determined from the slope of a straight line. For example, 

it is calculated that 88.1% of the total charge is contributed from the non-diffusion limited 

current at a scan rate of 0.1 mV s-1, as shown by the shaded area in Figure 10.8c. This can 

be ascribed to the open structure of the as-prepared Ti3C2Tx/CNT-SA paper electrode, in 

which the diffusion of electrolyte is fast. The capacitive performance of the as-prepared 

Ti3C2Tx/CNT-SA paper electrodes was tested in a three-electrode configuration against 

overcapacitive porous carbon electrodes. The corresponding CV curves at different scan rates 

are plotted in Figure 10.8d, which shows a broad cathodic peak at around 0.6 V and an 

anodic peak located at 1.0 V versus Na+/Na. In a voltage window of 0.01-3.0 V versus Na+/Na, 

the Ti3C2Tx/CNT-SA electrodes exhibited a high volumetric capacitance of 294 F cm-3 at a 

scan rate of 0.5 mV s-1, corresponding to a gravimetric capacitance of 123 F g-1 (Figure 

10.8e). At a scan rate of 200 mV s-1, a volumetric capacitance of 71 F cm-3 was achieved. 

The galvanostatic charge-discharge curves had a sloping profile (Figure 10.8f), which was 

closer to the linear charge-discharge of a supercapacitor, with no voltage plateau usual for 

battery electrodes. The Coulombic efficiency of the electrochemical storage process is close 

to 100%. At a current density of 0.5 A g-1, a volumetric capacitance of 204 F cm-3 was 

obtained. And a volumetric capacitance of 88 F cm-3 was retained at 5 A g-1. 
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Figure 10.9 Electrochemical performance of electrodes in a two-electrode cell with Na foil 

as the counter and reference electrode: (a) charge/discharge curves of Ti3C2Tx/CNT-SA at 20 

mA g-1 in the voltage window of 0.01-3.0 V. (b) Cycling performance of pure Ti3C2Tx, 

Ti3C2Tx/CNT-SA, and Ti3C2Tx/CNT-SDS papers at a current density of 20 mA g-1 from the 

second cycle, the Coulombic efficiencies of Ti3C2Tx/CNT-SA electrode are also shown. (c) 

Linear fit of the Warburg impedance of Ti3C2Tx, Ti3C2Tx/CNT-SA, and Ti3C2Tx/CNT-SDS 

electrodes. (d) Volumetric capacities of Ti3C2Tx/CNT-SA (this work), carbon,449 

MoS2/graphene paper,292 multilayered Ti2CTx powder,442 porous carbon nanofiber film,450 
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and N-doped carbon nanofiber film451. (e) Reversible capacities and Coulombic efficiencies 

of Ti3C2Tx/CNT-SA electrodes at 100 mA g-1 from the second cycle. 

 

Figure 10.10 XRD patterns of Ti3C2Tx/CNT-SA electrodes after different cycles. 

The electrochemical performance was further tested in a two-electrode cell with Na foil as 

the counter and reference electrode. As shown in Figure 10.9a, the Ti3C2Tx/CNT-SA paper 

electrode showed an initial discharge capacity of 501 mA h g-1 with a charge capacity of 179 

mA h g-1 at a current density of 20 mA g-1. The initial irreversible capacity could be due to 

the formation of a solid electrolyte interface (SEI) as well as the irreversible reaction of Na 

with the surface functional groups (F, OH, and O) and/or water molecules confined between 

Ti3C2Tx layers.212, 452 Figure 10.9b compares the capacities of pure Ti3C2Tx, randomly mixed 

Ti3C2Tx/CNT-SDS and self-assembled Ti3C2Tx/CNT-SA composite paper electrodes at 20 

mA g-1. Both pure Ti3C2Tx and Ti3C2Tx/CNT-SDS delivered very low capacities. The initial 

reversible capacity increases in the order Ti3C2Tx < Ti3C2Tx/CNT-SDS < Ti3C2Tx/CNT-SA. 

A gradual increase in the capacity can be observed in the following cycles for Ti3C2Tx/CNT-

SA electrodes, which could be ascribed to gradually improved Na-ion accessibility to active 

sites and the increased interlayer spacing during cycling (Figure 10.10).443 The expanded 
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Ti3C2Tx interlayer spacing can be ascribed to Na+ trapping and the swelling effect caused by 

penetration of the uncoordinated solvent molecules into the interlayer space.453 The 

expansion of Ti3C2Tx interlayer spacing can significantly decrease sodium diffusion barriers 

and enhance the storage capacities of Na+.454 The Coulombic efficiencies of Ti3C2Tx/CNT-

SA electrodes are low in the first few cycles, which result in the decreased capacity. The 

Coulombic efficiency stabilized at around 99%. After 100 cycles, a capacity of 175 mA h g-

1 is retained for the Ti3C2Tx/CNT-SA electrode, which is about 4.6 times higher than that of 

the pure Ti3C2Tx and Ti3C2Tx/CNT-SDS electrodes. The improved electrochemical 

performance of the Ti3C2Tx/CNT-SA electrode can be ascribed to the three-dimensional (3D) 

open structure, as evidenced by the SEM images (Figure 10.5e and f) and N2 

sorption/desorption measurements results (Figure 10.6), which makes Ti3C2Tx nanosheets 

highly accessible for Na-ion storage. Electrochemical impedance spectroscopy (EIS) was 

used to compare the charge transfer within different electrodes and the Nyquist plots were 

shown in Figure 10.11a. The Nyquist plots can be modeled based on the modified Randles 

equivalent circuit (Figure 10.11b). As shown in Figure 10.9c by the relationship between Z' 

and ω-1/2 (ω = 2πf), the Ti3C2Tx/CNT-SA electrodes have the lowest slope in the low 

frequency region among the three different electrodes, indicating their best charge transfer 

kinetics. The good charge transfer kinetics in Ti3C2Tx/CNT-SA electrodes enables fast 

charge/discharge processes. The Ti3C2Tx/CNT-SA electrode exhibited quite respectable 

volumetric capacities, which range from 421 mA h cm-3 at 20 mA g-1 to 89 mA h cm-3 at 

5000 mA g-1 (Figure 10.9d). The volumetric capacities outperform most of the reported 

electrode materials for Na-ion storage, such as carbon,449 multilayered Ti2CTx powder,442 

porous carbon nanofiber film,450 N-doped carbon nanofiber film,451  and are even comparable 

to the highest reported values based on MoS2/graphene paper electrodes292. Notably, the 
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MoS2/graphene paper electrode showed stable capacity up to only 20 cycles. However, the 

Ti3C2Tx/CNT-SA electrode was much more stable upon cycling, and a volumetric capacity 

of 345 mA h cm-3 was maintained after 500 cycles at a current density of 100 mA g-1 (Figure 

10.9e). 

 

Figure 10.11 (a) Nyquist plots of pure Ti3C2Tx, Ti3C2Tx/CNT-SA and Ti3C2Tx/CNT-SDS 

electrodes, the inset is the enlarged Nyquist plots of Ti3C2Tx/CNT-SA electrode. 
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Figure 10.12 SEM images of the as-produced Ti3C2Tx/rGO-SA film. (a) Top view, (b) cross-

sectional view. Scale bars: 1 μm. 

 

Figure 10.13 N2 adsorption-desorption isotherm and pore size distribution curve (inset) of 

Ti3C2Tx/rGO. 
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Figure 10.14 Cycling performances of Ti3C2Tx/CNT-SA and Ti3C2Tx/rGO-SA films at a 

current density of 100 mA g-1. 

 

Figure 10.15 Linear fit of the Warburg impedance of Ti3C2Tx/CNT-SA and Ti3C2Tx/rGO-

SA electrodes. 



244 
 

The selection of 1D CNTs as spacers is of critical importance to produce Ti3C2Tx-based 

porous films with improved electrochemical performance for sodium-ion storage. This is 

evidenced by the control experiment using 2D reduced graphene oxide (rGO) as conformal 

spacers in 2D/2D Ti3C2Tx/rGO composite films (Ti3C2Tx/rGO-SA) produced by a similar 

self-assembly method. As shown in the SEM images in Figure 10.12, the as-produced 

Ti3C2Tx/rGO-SA film was less porous compared to Ti3C2Tx/CNT-SA. By N2 adsorption-

desorption measurement, the BET surface area of the Ti3C2Tx/rGO-SA film was 169.1 m2 g-

1, which is much larger compared to pure MXene, but somewhat smaller than that of 

Ti3C2Tx/CNT-SA (Figure 10.13). It suggests that Ti3C2Tx nanosheets in Ti3C2Tx/rGO-SA 

may be less accessible than those in Ti3C2Tx/CNT-SA. As a result, the electrochemical 

performance of Ti3C2Tx/rGO-SA was not as good as Ti3C2Tx/CNT-SA. After 500 cycles, 

Ti3C2Tx/rGO-SA electrodes delivered a capacity of 120 mA h g-1 at a current density of 100 

mA g-1, which is lower than that of Ti3C2Tx/CNT-SA (Figure 10.14) and yet higher than pure 

Ti3C2Tx. As can be seen from Figure 10.15, the Warburg plot of Ti3C2Tx/rGO-SA electrodes 

has a lower slope in the low frequency region than Ti3C2Tx/CNT-SA, indicating that the 

charge transfer kinetics in Ti3C2Tx/rGO-SA is slower than that in Ti3C2Tx/CNT-SA. It can 

be concluded that the promising electrochemical performance of the Ti3C2Tx/CNT-SA 

critically relies on the construction of a porous 2D/1D heterostructure, which shows superior 

electrochemical properties compared to the 2D/2D Ti3C2Tx/rGO-SA. 
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Figure 10.16 XRD pattern of Na0.44MnO2 powder. 

 

Figure 10.17 SEM image of Na0.44MnO2 powder. 
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Figure 10.18 Galvanostatic charge/discharge curves of the Na0.44MnO2 electrode at a current 

density of 14 mA g-1. 

 

Figure 10.19 Extended cycling performance of Na0.44MnO2 in a Na-ion half cell at a current 

density of 14 mA g-1. 
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Figure 10.20 Electrochemical performance of a Na0.44MnO2//Ti3C2Tx/CNT-SA cell. Charge-

discharge curves (a) and cycling performance (b) at a current density of 50 mA (g-

Ti3C2Tx/CNT-SA)-1. The inset in b shows that the as-assembled full sodium-ion cell can light 

up a LED. 

To evaluate the performance of the as-produced Ti3C2Tx/CNT-SA electrodes in a full Na-ion 

cell, they were coupled with a Na0.44MnO2 cathode and electrochemical performance of this 
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cell was investigated in a two-electrode configuration. The Na0.44MnO2 phase was chosen for 

this study based on its stable performance as a Na-ion battery cathode, with previous reports 

demonstrating excellent cycling stability and good rate performance.447, 455 Furthermore, the 

presence of sodium in the crystal structure of this material opens an opportunity to use it as 

a sodium source and integrate it with sodium-free anode materials in electrochemical cells.  

The Na0.44MnO2 utilized in this work was prepared via a solid state approach following 

previously reported synthesis technique.447 XRD analysis (Figure 10.16) confirmed that 

Na0.44MnO2 (PDF# 27-0750) was formed.  SEM image (Figure 10.17) showed the expected 

rod-like morphology, in agreement with the previously published literature.447, 455 When 

cycled in a Na-ion half cell (Figure 10.18), the as-prepared Na0.44MnO2 material exhibited a 

first charge capacity of 51 mA h g-1 at a current density of 14 mA g-1, corresponding to 

extraction of 0.18 Na+ ions.  Upon further cycling, a stable capacity of ~80 mA h g-1 is 

achieved (Figure 10.19), in agreement with past results for this material.447, 455 As the 

Na0.44MnO2 cathode can accommodate more Na+ than the stoichiometric amount in the 

pristine material, a partially sodiated Ti3C2Tx/CNT-SA electrode was used in the full Na-ion 

cell after precycling in a half cell. The mass ratio between Na0.44MnO2 and Ti3C2Tx/CNT-SA 

in full cells was 3:1 based on their specific capacities. As shown in Figure 10.20a, the as-

assembled full sodium-ion cell exhibited sloping charge-discharge curves in the voltage 

window of 0.01-4.0 V, in agreement with charge-discharge profiles for Ti3C2Tx/CNT-SA 

(Figure 10.9a) and Na0.44MnO2 (Figure 10.18) half cells.  The first charge and discharge 

capacities for the full cell were 270 and 286 mA h cm-3, based on the volume of the 

Ti3C2Tx/CNT-SA electrode. The full cell had a high Coulombic efficiency (~99%) and 

relatively stable cycling performance in the following cycles (Figure 10.20b). After 60 

cycles at a current density of 50 mA (g-Ti3C2Tx/CNT-SA)-1, a volumetric discharge capacity 
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of 242 mA h cm-3 was retained. As shown in the inset in Figure 10.20b, the as-assembled 

Na0.44MnO2//Ti3C2Tx/CNT-SA cell could power a 2.5 V light-emitting diode (LED) for 

approximately 25 minutes, consuming an energy of 0.041 mW h. 

 

Figure 10.21 Na+ diffusion and electron transfer within porous MXene/CNT SA electrodes. 

The superior electrochemical performance of Ti3C2Tx/CNT-SA electrodes can be attributed 

to the rationally designed structure that is beneficial for both electronic conductivity and ionic 

transport, as schematically shown in Figure 10.21. First, in the self-assembled composites, 

both Ti3C2Tx nanosheets and CNTs are electrically conductive and they form a continuous 

network, which is favorable for fast electron transfer in plane (along the MXene sheets) and 

out-of plane (between the sheets). Second, realized by the electrostatic self-assembly, the 

restacking of Ti3C2Tx nanosheets with high surface-to-volume ratio can be effectively 

inhibited by CNT as spacers, generating porous heterostructured Ti3C2Tx/CNT composite 

films, thereby providing multidimensional ion diffusion pathways. Benefiting from these 

qualities, the good electron conductivity and facile ion diffusion pathways are simultaneously 

achieved, offering the high performance of Ti3C2Tx/CNT-SA electrodes for Na-ion storage. 
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Figure 10.22 Zeta potential of Mo2CTx nanosheets. 

 

Figure 10.23 SEM images of pure Mo2CTx paper (a and b) and Mo2CTx/CNT-SA paper (c 

and d). 

 



251 
 

 

Figure 10.24 Charge/discharge curves of the Mo2CTx/CNT-SA//Na cell at 50 mA g-1. 

 

Figure 10.25 Cycling performance of pure Mo2CTx and self-assembled Mo2CTx/CNTs paper 

electrodes at 50 mA g-1. The Coulombic efficiencies of Mo2CTx/CNT-SA electrode are also 

presented. 
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Figure 10.26 Rate performance of the Mo2CTx/CNT-SA//Na cell. 

To demonstrate the general validity of the proposed self-assembled structure, we further took 

Mo2CTx from the family of MXenes as another example,456 which has a ζ-potential of -67 

mV (Figure 10.22). Again, the self-assembly of Mo2CTx nanosheets and CNTs effectively 

hindered the restacking of Mo2CTx nanosheets (Figure 10.23). The microscopic morphology 

of the self-assembled Mo2CTx/CNTs (Mo2CTx/CNT-SA) paper was analogous to that of 

Ti3C2Tx/CNT-SA, featuring a porous structure with well-dispersed Mo2CTx nanosheets. At 

a current density of 50 mA g-1, the Mo2CTx/CNT-SA paper electrode showed an initial 

discharge capacity of 422 mA h g-1 with the corresponding charge capacity of 124 mA h g-1 

(Figure 10.24). The initial Coulombic efficiency of the Mo2CTx/CNT-SA electrode was 

29.3%, which is lower than that of Ti3C2Tx/CNT-SA electrode (35.7%). This could be due to 

the smaller molecular weight of Mo2C, resulting in more surface functional groups (F, OH, 

and O) and/or more trapped water per unit mass. After 100 cycles, the self-assembled 

Mo2CTx/CNT-SA electrode delivered a capacity of 164 mA h g-1 with Coulombic 
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efficiencies around 98% at 50 mA g-1. The capacity of self-assembled Mo2CTx/CNT-SA 

electrodes was 6.6 times higher than that of pure Mo2CTx electrode (25 mA h g-1) (Figure 

10.25). At a current density of 20 mA g-1, a volumetric capacity of 375 mA h cm-3 can be 

obtained. However, the rate capability of the self-assembled Mo2CTx/CNT-SA electrode was 

not as good as that of Ti3C2Tx/CNT-SA, probably due to the lower conductivity of Mo2CTx 

compared with Ti3C2Tx (Figure 10.26) and its semiconducting nature.456 

10.4 Conclusions 

In summary, we have demonstrated the preparation of porous MXene/CNT composite paper. 

Facilitated by a simple self-assembly method, restacking of 2D MXene nanosheets can be 

impeded via the electrostatic incorporation of CNTs as nanoscale spacers. The porous 

MXene/CNT papers exhibited improved accessibility for electrolyte and showed a good 

volumetric capacity and rate performance for Na-ion storage. In particular, the self-

assembled Ti3C2Tx/CNT paper achieved a high volumetric capacity of 421 mA h cm-3 at 20 

mA g-1. Even at a current density of 5000 mA g-1, a capacity of 89 mA h cm-3 was retained. 

In addition, full sodium-ion cells consisting of Ti3C2Tx/CNT and Na0.44MnO2 were 

assembled, which delivered a volumetric discharge capacity of 286 mA h cm-3, based on the 

volume of Ti3C2Tx/CNT-SA electrodes. The solution processing used in this study offers a 

simple, yet efficient strategy to improve accessibility of MXenes to liquids or gases, which 

is expected to promote their applications in supercapacitors, batteries, catalysis, 

electrochemical hydrogen generators, sensors, etc. 
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Chapter 11 Conclusions and Future Perspective 

11.1 Conclusions 

11.1.1 LiMn2O4 nanorods as cathode materials for lithium-ion batteries 

Single crystalline spinel LiMn2O4 nanorods have been successfully synthesized by a 

template-engaged method. When used as cathode materials for lithium-ion batteries, the 

spinel LiMn2O4 nanorods exhibited superior long cycle life owing to the one dimensional 

nanorod structure and the single crystallinity. LiMn2O4 nanorods retained 95.6% of the initial 

capacity after 1000 cycles at 3C rate. In particular, the nanorod morphology of the spinel 

LiMn2O4 was well preserved after a long-term cycling, suggesting the ultrahigh structural 

stability of the single crystalline spinel LiMn2O4 nanorods. This study sheds light on the long-

standing challenge associated with capacity fading of spinel LiMn2O4 cathode material for 

lithium-ion batteries. 

11.1.2 Nanostructured electrode materials for sodium-ion batteries 

The work of this doctoral thesis on nanostructured electrode materials for sodium-ion 

batteries mainly focuses on: 1) understanding the interfacial interactions in graphene-based 

composite electrode materials; 2) development of built-to-order nanoarchitectured materials 

for sodium-ion batteries, such as high capacity electrode materials, anodes with high rate 

capability, and freestanding electrodes. 

11.1.2.1 Understanding the interfacial interactions in graphene-based composite 

electrode materials  
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A systematic comparison between SnO2/nitrogen-doped graphene nanohybrids and the 

SnO2/graphene counterpart as anode materials for sodium-ion batteries has been conducted. 

The results clearly manifest that the improved electron transfer efficiency of SnO2/nitrogen-

doped graphene due to nitrogen-doping plays a more important role than the increased 

electro-active sites within the graphene network in enhancing the electro-activity of 

SnO2/nitrogen-doped graphene nanohybrids compared to the SnO2/graphene counterpart.  

MoS2/reduced graphene oxide (RGO) nanocomposites with intimate two-dimensional 

heterointerfaces prepared by a facile one-pot hydrothermal method were reported. The two-

dimensional MoS2/RGO heterointerfacial area can be effectively tuned by changing the ratio 

of MoS2 to RGO. When used as anode material for sodium-ion batteries, it is found that the 

synergistic effect contributing to the enhanced reversible capacity of MoS2/RGO 

nanocomposites is closely related with the heterointerfacial area. The computational results 

demonstrate that Na prefers to be adsorbed on MoS2 in the MoS2/RGO heterostructure rather 

than intercalate into the MoS2/RGO heterointerface. Interestingly, it was found that the 

MoS2/RGO heterointerfaces can significantly increase the electronic conductivity of MoS2, 

store more Na-ions, while maintaining the high diffusion mobility of Na-atoms on the MoS2 

surface and high electron transfer efficiency from Na to MoS2. This work guides the rational 

design of layered metal sulfides/graphene composites as high-performance electrode 

materials for sodium-ion batteries.  

11.1.2.2 Development of nanoarchitectured electrode materials for sodium-ion batteries 

Inspired by the investigations on the interfacial interactions between MoS2 and graphene, 

platelet-on-sheet nanostructured SnS2 nanoplatelet@graphene nanocomposites were then 
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prepared by a morphology-controlled hydrothermal method as anode material with enhanced 

electrochemical performance for sodium-ion batteries. SnS2/graphene nanosheets achieved a 

high reversible specific sodium ion storage capacity of 725 mA h g-1, and stable cyclability.  

The development of high-rate anode materials is highly desirable for sodium-ion batteries. 

Optimization of mass transport and electron transfer is crucial for discovering electrode 

materials with good high-rate performances. To this end, 3D interconnected SnO2/graphene 

aerogels with hierarchically porous structures were synthesized as anode materials for 

sodium-ion batteries. Such 3D functional architecture not only facilitates the 

electrode/electrolyte interaction but also provides an efficient electron pathway within the 

graphene network. When applied as anode material in sodium-ion batteries, the as-prepared 

SnO2/graphene aerogel exhibited high reversible capacity, improved cycling performance 

compared to SnO2 and promising high-rate capability. Even at a high current density of 1000 

mA g−1, the electrode achieved a capacity of 168 mA h g−1 after 500 cycles. 

Core-sheath structured Sn@CNT nanopillar arrays on carbon paper with a unique 3D 

hierarchical architecture was developed as freestanding electrode for sodium-ion batteries. 

The electrode achieved a reversible capacity of 887 μA h cm-2 in the first cycle and good 

cyclability extending to 100 cycles. The electrode also demonstrated a promising rate 

capability, which is suitable for high power applications. Prototype Na-ion full cells were 

also assembled, consisting of the as-prepared freestanding Sn@CNT@carbon paper anode 

and Na0.80Li0.12Ni0.22Mn0.66O2 cathode. The full sodium-ion battery can power LED lights.  

Freestanding anode materials for sodium-ion batteries consisting of molybdenum disulfide 

(MoS2) nanosheets aligned vertically on carbon paper derived from paper towel were 
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reported. The hierarchical structure enables sufficient electrode/electrolyte interaction and 

fast electron transportation. Meanwhile, the unique architecture can minimize the excessive 

interface between carbon and electrolyte, enabling high ICE. The as-prepared MoS2@carbon 

paper composites as freestanding electrodes for sodium-ion batteries can liberate the 

traditional electrode manufacturing procedure, thereby reducing the cost of sodium-ion 

batteries. The freestanding MoS2@carbon paper electrode exhibits a high reversible capacity, 

high ICE, good cycling performance, and excellent rate capability. 

Porous Ti3C2 MXene/CNT composite paper electrodes for sodium-based energy storage 

devices were fabricated. The heterostructure formation was realized by electrostatic 

attraction between negatively charged 2D MXene nanosheets and positively charged 1D 

CNTs. This method efficiently prevented restacking of MXene nanosheets and produced a 

well-defined porous structure, thereby facilitating electrolyte transport and access of ions to 

the electrode and producing functional MXene-based freestanding electrodes for sodium-ion 

storage. When applied as freestanding electrodes for sodium-ion storage, the built-to-order 

Ti3C2 MXene/CNTs porous films showed high volumetric capacity of 421 mA h cm-3 at 20 

mA g-1, good rate performances, and excellent cycling stability. Prototype sodium-ion cells 

were also assembled using the as-prepared Ti3C2/CNTs anode and Na0.44MnO2 cathode. The 

fabrication of porous MXene/CNT composites, using simple self-assembly, opens the door 

to developing electrode materials with high volumetric capacity for sodium-ion storage. 

11.2 Future Perspective 

We developed LiMn2O4 nanorods as cathode materials for LIBs with improved cycling 

stability by designing a homogeneous reaction between Mn and Li precursors, optimizing 
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the crystallinity and lithium content. These explorations could also be helpful to develop 

stable spherical LiMn2O4 cathode materials with high tap density, which is desirable for 

practical applications to achieve high volumetric energy density. It should also be noted that 

studies on the effect of morphology and chemical composition on the high temperature 

stability of LiMn2O4 cathodes require more efforts.  

As promising post-lithium-ion batteries, sodium-ion batteries offer low-cost rechargeable 

battery technology for energy storage and conversion. To facilitate the implementation of 

sodium-ion batteries in commercialization, the development of electrode materials is critical, 

which depends critically on a better understanding of the composition-structure-performance 

relationship. In this regard, the findings of this doctoral thesis could be useful to rational 

design electroactive materials and derive advanced electrodes. For example, the fundamental 

understanding of the interfacial interactions between MoS2 and graphene (Chapter 5) could 

facilitate the development of high performance 2D metal sulfides/graphene composite anode 

materials for sodium-ion batteries. The fabrication of composite electrode materials based on 

3D graphene aerogel can be extended to construct electrode materials for high-rate 

applications. Regretfully, the loading of active materials (SnO2 in this doctoral thesis in 

Chapter 7) is low by current in situ synthesis while maintaining the 3D networks of graphene. 

In contrast, two-step synthesis, i.e., preparing 3D graphene frameworks first and then loading 

anode materials, could afford to construct 3D graphene-based electrode materials with high 

loading of electroactive materials with high capacity and high-rate capability for SIBs. 

Na metal anodes possess a high theoretical specific capacity of 1166 mA h g-1, which is 

among the highest values. In addition, it has the lowest electrochemical potential (-2.7 V vs. 

SHE). Consequently, Na metal is considered to be the ideal anode for SIBs. To realize the 
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potential application of metallic sodium anode, reversibility issues of Na metal should be 

solved. Optimization of the electrolyte composition (for example, exploring electrolyte 

additives) that affords the formation of uniform SEI is crucial to solve this problem.  

Finally, it should be noted that only by a rational design of electrode materials from a system-

level consideration can we develop better rechargeable batteries for energy storage and 

conversion. The system-level consideration should include but not be limited to the interplay 

between each component, the electrode/electrolyte interfacial engineering, and the 

compatibility of the electrolyte. To facilitate the implantation of anode materials such as 

SnO2/NG, MoS2, MoS2/rGO, and SnS2/rGO, the large irreversible capacity in the initial 

cycles of the electrode materials should be improved, which depends critically on the deep 

understanding of the irreversible reactions in the first cycle. 
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APPENDIX: NOMENCLATURE 
 
Abbreviations/Symbols Full name 

 
a.u. Arbitrary unit 

 
Ar Argon 

 
BET Brunauer-Emmett-Teller 

 
BJH Barrett-Joyner-Halenda 

 
CB Carbon black 

 
CNT carbon nanotube 

 
CV Cyclic Voltammetry 

 
C-rate Current rate 

 
DI de-ionized 

 
DMC Dimethyl carbonate 

 
EC Ethylene carbonate 

 
EIS Electrochemical Impedance Spectroscopy 

 
EVs Electric vehicles 

 
FESEM Field-Emission Scanning Electron Microscopy 

 
FTIR Fourier transform infrared spectroscopy 

 
g Gram 

 
GO Graphene oxide 

 
h Hour 

 
Hz Hertz 

 
I Intensity 

 
HEVs Hybrid electric vehicles 
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HRTEM High-resolution transmission electronic spectroscopy 
 

JCPDS Joint Committee on Powder Diffraction Standards 
 

Li Lithium 
 

LIBs Lithium-ion Batteries 

M Molar concentration 
 

mA h g-1 Milli ampere hour per gram 
 

min Minute 
 

mm Millimeter 
 

nm Nanometer 
 

NMP 1-methyl-2-pyrrolidinone 
 

PC Propylene carbonate 
 

PVDF Poly(vinylidene difluoride) 
 

Rct Charge transfer resistance 
 

RΩ Ohmic resistance 
 

SAED Selected area electron diffraction 
 

SEI Solid Electrolyte Interface 
 

SEM Scanning electron Microscopy 
 

SIBs Sodium-ion Batteries 

TEM Transmission electron microscopy 
 

TGA Thermogravimetric analysis 
 

XRD X-ray diffraction 
 

° Degree 
 

Ω Ohm 
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°C Degree Celsius 
 

Zw Warburg impedance 
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