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ABSTRACT 

 

    More and more sodium/lithium-ion battery anode materials are being developed 

with the aims of high energy density, high cycling stability, and excellent rate 

capability, in which two-dimensional (2D) and hierarchical nanostructured materials 

are showing promise due to their shortened paths for sodium ion transportation and 

their larger surface areas for sodium ion absorption. Moreover, 2D materials (e.g. 

graphene) have been proved to be excellent supporting and conducting agents in 

anodes due to their high electrical conductivity and structural stability. Synergetic 

effects between the graphene and the active materials are generally observed. This 

doctoral work is focused on the recent progress in the use of 2D active materials and 

of composites consisting of both 2D supports and active materials as anodes. Based 

on the manner of energy storage, their electrochemical performance for energy 

storage is discussed in terms of four subprojects, including (1) enhanced sodium-ion 

battery performance by a structural phase transition from 2D hexagonal-SnS2 to 

orthorhombic-SnS; (2) enhanced charge transfer in SnS/SnO2 heterostructures: 

towards high rate capability for sodium ion batteries; (3) a surface engineering and 

design strategy for surface‐amorphized hierarchical nanostructured TiO2@graphene 

hybrids for high power Li‐ ion battery electrodes; and (4) highly ordered dual 

porosity mesoporous hierarchical nanostructured cobalt oxide for sodium‐ ion 

batteries. The main challenges and perspectives on 2D energy storage materials are 

also discussed. 
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CHAPTER 1 INTRODUCTION 

 

1.1 General background  

   Electrochemical secondary battery technology is one of the most promising means 

of storing electricity, in applications ranging from portable electronic devices to 

vehicles and then to large-scale electric energy storage systems for stationary 

applications. Lithium ion batteries (LIBs) have dominated most of the first two 

applications. The last application, however, calls for the next generation of energy 

storage alternatives with low cost and good sustainability. Therefore, Na-ion 

batteries (SIBs) are a highly promising alternative to meet the demands of grid-level 

storage due to the practically infinite nature of sodium resources and their low cost. 

More importantly, the energy storage mechanisms of both types of batteries are 

similar, which makes knowledge attained by developing LIBs valuable for the design 

of SIB electrodes. Therefore, rapid progress has been made on SIB cathode materials, 

where layered metal oxides and polyanionic compounds have exhibited encouraging 

results. Pure graphite, however, as the standard anode for LIBs can only provide very 

small capacity in SIBs under normal conditions. Therefore, the development of 

anode materials with high capacity and long cycle life is critical for the success of 

SIBs. During the past several years, various SIB anode materials have been 

developed with the aims of high energy density, high cycling stability, and excellent 

rate capability, in which two-dimensional (2D) materials are showing promise due to 

the shortened paths for sodium ion transportation and larger surface areas for sodium 

ion absorption. The integration of 2D materials and their composites into SIB anodes 
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offers opportunities to address the challenges to the design of better SIB materials 

intended for stationary applications in a timely way. This doctoral work summarizes 

various types of hybrid 2D materials by classifying them according to the mechanism 

of their sodium storage and discusses the remaining issues that need to be addressed 

so that LIBs/SIBs can reach their full potential. 

    This doctoral work aims to realize higher sodium/lithium-storage performance via 

surface engineering of nanostructured electrode materials and optimizing other 

battery components. Specifically, the emphases of this doctoral work are outlined as 

follows: (1) Incorporation of electrochemically active materials into a 2D carbon 

matrix as electrode materials for sodium/lithium ion batteries. These 2D composites 

feature enhanced surface area, improved charge diffusion, and greater electronic and 

ionic conductivity, which will increase the overall electrochemical performance. (2) 

Optimization of the charge transfer pathways by using 2D inorganic electrode 

materials for the sodium ion battery. This involves enhancing the charge transfer in 

electrodes via induced electric field within the interacting hetero-nanosheets. (3) 

Engineering nanocrystals with core@amorphous shell structure for high power 

sodium ion batteries. (4) Fabrication of sodium ion batteries together with 

specifically chosen electrolytes to support charge storage processes on the 

electrode/electrolyte interface. The nano-engineered composites will be applied in 

these sodium/lithium ion battery systems. (5) Study of the charge transfer mechanism 

in the electrode materials of the battery systems. (6) Study of the transformations in 

composition and physical structure as functions of the electrochemical processes by 

in-situ and ex-situ X-ray diffraction (XRD), powder diffraction (PD), and X-ray 

photoelectron spectroscopy (XPS) in order to optimize the active materials and 
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electrolytes, and to further improve the energy storage performance. (7) Fabrication, 

testing, and evaluation of the sodium ion batteries with selected promising anode 

materials. (8) Establishing an evaluation model through electrochemical testing and 

measurements to guide the battery design. 

1.2 Chapter overview  

    Chapter 2 contains some basic background knowledge about energy storage 

systems. Various topics are briefly introduced in Chapter 2, including the 

background of sodium ion batteries, 2D materials used as anode, and an overview of 

the other battery components, such as the electrode materials, binders, additives, and 

electrolyte. 

    Chapter 3 presents the experimental and characterization methods used in this 

thesis, including the details of chemicals, synthesis procedures, physical 

characterization techniques, and electrochemical characterization methods. 

    In Chapter 4, we introduce the structural phase transitions, which can be used to 

alter the properties of a material without adding any additional elements and are 

therefore of significant technological value. We provide the first report on a 

SnS@graphene architecture for application as a sodium-ion battery anode, which is 

built from 2D SnS and graphene nanosheets as complementary building blocks. The 

formation mechanism of SnS@graphene and the synergistic Na-storage reactions of 

SnS in the anode are discussed in detail. The lesser structural changes in SnS during 

the conversion are expected to lead to good structural stability and excellent cycling 

stability in its sodium-ion battery performance.  
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    Ultrafine SnS/SnO2 heterostructures were fabricated and applied as anode for 

sodium-ion batteries in Chapter 5. The as-prepared material shows excellent 

performance and outstanding cycling stability at high rates, which can be ascribed to 

the charge-transfer driving force, good structural stability, and excellent electrical 

conductivity. 

    Chapter 6 presents a novel strategy that is utilized to improve the rate 

performance of TiO2 in lithium-ion batteries. Surface amorphization provides 

unprecedented opportunities for altering and tuning material properties. Surface-

amorphized TiO2@graphene synthesized using a specially designed low temperature 

phase transformation technique exhibits significantly improved rate capability 

compared to well-crystallized TiO2@graphene and bare TiO2 electrodes. Those 

improvements facilitate lithium-ion transport in both insertion and extraction process, 

and enhance electrolyte absorption capability. 

Chapter 7 is a study of the electrochemical properties of highly ordered mesoporous 

cobalt oxide (m-Co3O4), which is applied as an electroactive material in sodium-ion 

battery anodes. The most notable feature of our dual porosity mesoporous Co3O4 is that 

the highly ordered structure can provide much better transport pathways than the 

reference bulk Co3O4 derived nanostructure, because it can facilitate the mass transport 

of electrolyte in the larger pores and sodium ion diffusion in the smaller pores, while also 

providing a large electrode–electrolyte interface for electrolyte adsorption due to the 

surface disorder of the Co3O4. 
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CHAPTER 2 LITERATURE REVIEW 

 

    Sodium-ion batteries (SIBs) have attracted great attention recently due to the 

abundance of sodium resources, particularly for large scale electric energy storage 

applications for renewable energy and smart grids. More and more sodium-ion 

battery anode materials have been developed with the aims of high energy density, 

high cycling stability, and excellent rate capability, in which two-dimensional (2D) 

materials are showing promise due to their shortened paths for sodium ion 

transportation and larger surface areas for sodium ion absorption. Moreover, 2D 

materials (e.g. graphene) have been proved to be excellent supporting and conducting 

agents in SIB anodes due to their high electrical conductivity and structural stability. 

Synergetic effects between the graphene and the active materials are generally 

observed.  

    This review is devoted to the recent progress in the use of 2D active materials and 

in composites consisting of both 2D supports and active materials as anodes. Based 

on the manner of sodium storage, their electrochemical performance for sodium 

storage is discussed in terms of four classifications, including carbonaceous materials 

(graphene and carbon nanosheet), alloy based materials (Sn, Sb, and P), conversion 

materials (oxides/sulphides), and intercalation materials (Ti-based compounds). 

Finally, the main challenges and perspectives on 2D sodium storage materials are 

discussed. 
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2.1 General background 

    Batteries are continually being developed to power an increasingly diverse range 

of applications, from microchips to vehicles and then stationary energy storage 

devices.[1] For application in large-scale energy storage, the cycle life and cost are 

regarded as more essential factors than the energy density. Thus, Li-ion batteries 

(LIBs) are only expected to contribute in part to large-scale energy storage, which is 

needed to support the widespread use of renewable energy, due to their high cost and 

low stability.[2,3] These requirements call for the next generation of energy storage 

alternatives to have low cost and good sustainability. Sodium-ion batteries (SIBs) 

have again attracted increasing attention for large-scale energy storage of renewable 

energy and smart grid applications in the past few years (Figure 2.1a), because of 

the high abundance and low cost of sodium resources, and their decent energy 

densities.[4-6] More importantly, sodium has similar chemical properties to lithium, 

which makes knowledge acquired from developing LIBs valuable for the design of 

SIB electrodes. Challenges still remain, however, since the ionic radius of Na+ is 

larger than that of Li+ (0.98 Å vs. 0.69 Å). The larger Na+ ions will lead to slower ion 

transport, more sluggish reaction kinetics, and larger volume changes upon Na+/Na 

insertion/extraction, which usually result in limited rate capability and Na storage 

reversibility. For example, graphite, as the most commonly used anode material in 

LIBs, can only provide very small capacity in SIBs under normal conditions. 

Therefore, the development of high-capacity and long-cycle life anode materials is 

critical for the success of SIBs.  

    In the past several years, research on SIBs has been accelerated, and significant 

improvements have been made in developing SIBs anode materials with the aim of 
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increase the cycling stability, rate capability, and energy density.[6] Compared to bulk 

structures, nanostructures normally  provide much better performance. Two-

dimensional (2D) materials in particular show unique advantages regarding transport 

kinetics and mechanical properties. With atomic or molecular thickness and infinite 

planar lengths, 2D materials have different atomic structures from their bulk 

counterparts, including differences in atomic arrangement, chemical valence, 

coordination number, and bond length. Moreover, their more exposed interior atoms 

would inevitably induce the formation of vacancies/pits/defects, which would have a 

non-negligible effect on their chemical and physical properties. Actually, 2D 

materials have already displayed fascinating properties in the energy storage field, 

including shorter ion diffusion lengths and a large exposed surface for 

electrochemical processes. Furthermore, 2D nanomaterials, such as graphene, are 

well-known for acting as functional substrates for incorporating active materials into 

SIBs, which increases their structural robustness, improves the electrical conductivity 

of the electrodes, and hence, enhances their overall performance (Figure 2.1b). 
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Figure 2.1 (a) Number of publications related to sodium for energy storage devices, 

from 1970 to 2015. (b) Schematic illustration of 2D-based battery electrodes. 
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    In the present review, we provide an overview of the current state of SIB anode 

materials from a structural design perspective. The notion of 2D favored structure 

will be discussed in terms of both 2D active materials and 2D composites. Its topics 

include carbonaceous materials, sodium alloy/compounds, oxides/sulphides, and 

titanium based materials. The unprecedented functionalities and promising 

applications of these materials are described first, and then the difficulties and 

challenges for these materials are discussed. Subsequently, we summarize the latest 

efforts toward addressing these limitations in order to uncover the structural features 

of the 2D architectures. Finally, we also outline future prospects for the major 

challenges and opportunities facing the 2D materials. The advances discussed here 

will lead to a broader understanding of SIB anode materials and can illuminate the 

material innovations in other energy conversion and storage realms. 

2.2 Two-dimensional carbonaceous anodes 

    Carbonaceous anodes are extensively applied in batteries due to their wide 

availability. Graphite, the bulk form of graphene, is the dominant commercial anode 

material in LIBs, but it only provides a very small capacity in SIBs under normal 

conditions.[7-10] A reasonable capacity was only obtained in modified graphite via 

enlarging the interlayer distance or through co-intercalation with ether-based 

electrolytes.[11-13] Thus, interest has been attracted to other carbonaceous materials 

with low graphitization, where the Na storage is realized by combining Na 

intercalation and Na filling of pores or defects. Hard carbon is widely recognized as a 

potential anode material for the sodium ion battery due to the large interlayer d-

spacing and rather high capacity (~300 mAh g-1).[14-19] Nevertheless, these materials 

are limited by their poor rate capability and cyclability because of their intrinsically 
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low graphitization. In addition, their low charging potential may induce electrode 

instability and safety issues. For carbonaceous anodes, it is widely accepted that the 

sodium insertion mechanism strongly depends on the particle size, the degree of 

graphitization, the structure or textural disorder, and the porosity.[20] Therefore, 

controlling the morphology is an effective strategy to improve the dynamic 

performance of carbonaceous materials. Two-dimensional materials, especially those 

having structures with large surface area, have excellent electronic conductivity and 

chemical stability, because this kind of structure can bring the materials into 

adequate contact with the electrolyte, promote the transport of ions, and facilitate 

strain relaxation during the charge-discharge process.[21,22] 

    Graphene, a unique 2D carbon material, with large surface area, excellent 

chemical stability, and outstanding electronic conductivity, exhibits extraordinary 

advantages in energy storage systems.[23,24] In addition to its use as a functional 

supporting matrix, graphene itself can serve as an active material in the 

electrochemical reaction.[25,26] The use of rGO as an anode material in SIBs has been 

found to deliver a high capacity of 141 mA h g-1 at 0.2 C, with a long cycle life of 

over 1000 cycles and a reversible capacity of 95.6 mA h g-1 at the high current rate of 

5 C.[25] Such performance is attributed to the unique structure of rGO, in which the 

interconnected graphene nanosheets are able to greatly reduce the diffusion length of 

sodium ions. Moreover, Datta et al.[27] discovered that Na could be absorbed into 

defective graphene, which is not the case for pristine graphene. The capacities of Na+ 

batteries reached 1450 mA h g-1 when the divacancy defect density reached its limit. 

In addition, the introduction of aliovalent elements such as boron, sulfur, and 

phosphorus into graphene helps to generate abundant defect sites to absorb the 
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sodium ions and improves the surface hydrophilicity of the graphene, which 

facilitates electrode-electrolyte interactions and hence leads to higher Na-storage 

capacity.[28-33] For example, Zhang et al. utilized polydopamine, a conformal and 

uniform coating material, as the nitrogen source to modify graphene oxide by a 

pyrolysis method to synthesize N-doped graphene sheets, which showed quite stable 

cycling performance, with no capacity decay after 600 cycles.[30] Chen et al.[33] 

synthesized sulfur-doped graphene, with phenyl disulfide as the sulfur source, as an 

anode material for sodium storage. The sulfur atoms covalently bonded to the 

graphene sheets led to changes in the electronic structure of the graphene sheets. The 

obtained material exhibited long cycling stability and superior rate capability. 

    On the other hand, the construction of hierarchically porous structure is effective 

for improving the dynamic performance of the carbon because the electrolyte can 

enter the holes and the diffusion distance of the Na-ions can be decreased.[34-36] 

Therefore, the combination of a porous structure and 2D morphology should be an 

excellent strategy to improve the electrochemical performance of materials. Xu et al. 

prepared well-defined three-dimensional (3D) mesoporous nitrogen-doped graphene 

foams, which not only possessed a superior 3D mesoporous graphene structure, but 

also induced defects by N-doping (Figure 2.2a).[37] All these factors were combined 

to make contributions to the significant improvement of the electrochemical 

performance. As a result, the material showed 852.6 mAh g-1 initial reversible 

capacity (at the current density of 500 mA g-1) and 594 mA h g-1 after 150 cycles, 

corresponding to capacity retention of 69.7% (Figure 2.2b). 
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Figure 2.2 (a) STEM images of the nitrogen–graphene foam (N-GF), (b) cycling 

performance of the nitrogen doped graphene (N-G), reduced graphene foam (rGF), 

and N-GF at 1 C in the voltage range of 0.02–3.0 V (assumed 1 C = 500 mA g-1; 

Scapacity = specific capacity). (c) high-angle annular dark field–transmission 

electron microscope (HAADF TEM) micrograph and electron energy loss 

spectroscopy (EELS) thickness profile (inset) of the carbon strand marked by the 

arrow in CPM-1100-A, (d) Extended cycling performance of the CPM-A and CAC 

electrodes, with the Coulombic efficiency of the CPM-1100-A electrode. (e) TEM 

image of the graphene–hierarchically porous carbon (G@HPC) composite; and (f) 

cycling performance under 1 A g-1.  

    Ding et al. reported (Figure 2.2c) [38] carbon nanosheets with a much larger 

intergraphene spacing (0.388 nm) than graphite (c/2 = 0.3354 nm). Due to the 3D 
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macroporous interconnected networks and the dilated graphene interlayer spacing, 

the carbon nanosheets allowed for fast sodium intercalation and extraction (Figure 

2.2d). Furthermore, Yan et al. designed a sandwich-like hierarchically porous 

carbon/graphene nanocomposite by a facile ionothermal process, which overcomes 

the low graphitization problem of the hard carbon materials. The graphene, 

sandwiched by hierarchically porous carbon on both sides, facilitates electron 

transport (Figure 2.2e).[39] The nanocomposite exhibited capacity of 250 mAh g-1 at 

the current density of 1 A g-1, even after 1000 cycles (Figure 2.2f), in which the 

hierarchical porous carbon facilitates Na+ insertion and the graphene guarantees high 

electronic conductivity for the supply of electrons. 

2.3 Alloy based anodes 

    Alloys are anticipated to be promising anode materials in SIBs due to their high 

volumetric and gravimetric capacities. A number of elements, such as Sn, Sb, Bi, Pb, 

Ge, and P, can form binary alloys with Na. They can principally be used as anodes 

for sodium ion batteries.[40-51] Only Sn, Sb, and P were intensively investigated, 

however, owing to their relatively higher specific capacity and excellent 

electrochemical performance. Hence, the review of the alloy anodes is mainly 

focused on these three elements and their related compounds with 2D architectures. 

2.3.1 Tin and antimony based alloy anodes 

    Tin (Sn) can deliver a theoretically capacity of 847 mA h g-1 according to the 

formation of Na15Sn4.[40,46,47] Electrochemical sodiation/desodiation for the Na-Sn 

system occurs in a series of steps: Sn, NaSn5, NaSn, Na9Sn4, and Na15Sn4.[40,46,47,42] 

In contrast, antimony (Sb) can deliver a theoretical capacity of 660 mAh g-1 
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according to the formation of Na3Sb.[48,49,53] During sodiation, crystalline Sb is first 

electrochemically reduced to an amorphous phase, NaxSb. Then, the amorphous 

NaxSb is reduced to crystalline Na3Sb with a hexagonal lattice through the formation 

of cubic Na3Sb as a metastable intermediate phase. Upon desodiation, the crystalline 

Na3Sb is oxidized into amorphous Sb.[48] It is believed that the formation of the 

intermediate amorphous phase may act as a buffer to relieve strain and hence 

improve the cycling performance. Thus, unlike the bulk Sn, the bulk Sb particles 

showed good electrochemical performance, although nanosized Sb (10-20 nm) 

particles exhibited enhanced rate capability and higher cycling stability.[53] The 

volume expansion of pure Sn upon alloying to Na15Sn4 and upon the alloying of Sb 

to Na3Sb is 420 and 293 %, respectively, which is extremely high. This enormous 

volume expansion will lead to continuous and cumulative pulverization, leading to 

the loss of electrical contact and resulting in capacity decay during cycling.  

One strategy to deal with the volume expansion is to introduce a secondary matrix. 

Such a matrix can act as a buffer to suppress the volume changes and particle 

aggregation of the metal during the sodiation/desodiation cycling, and hence, allow a 

much higher number of cycles. 2D carbon materials such as graphene and carbon 

nanosheets are excellent matrix materials due to their high surface area and highly 

electrically conductive properties.[54-62] For example, a hierarchical tin@carbon 

composite composed of a graphene carbonaceous matrix and well-confined tin 

nanoparticles (NPs) with a typical size of ~15 nm was investigated as anode material 

for Na-ion storage (Figure 2.3a).[57] The matrix with its two-dimensional graphene 

backbone not only acts as a confinement layer preventing the tin nanoparticles from 

aggregating during the material preparation, but also functions as a physical barrier 



 

15 

to buffer the volume change effect during charge/discharge cycling. As a 

consequence, the composite demonstrates excellent rate performance and cycling 

stability for Na-ion storage, and a reversible Na-ion storage capacity of 413 mA h g-1 

with negligible fading was achieved (Figure 2.3b). Antimony/carbon nanosheets 

(Figure 2.3c) [61] displayed high reversible capacity, good rate performance, and long 

cycling stability for Na-ion batteries, largely due to rich N-doping defects and the 

uniform dispersion of Sb NPs. At high charge–discharge rate of 2 A g-1, a large 

specific capacity of 220 mA h g-1 was still achieved (Figure 2.3d). Ideally, the Sn or 

Sb nanoparticles are embedded or partially encapsulated in the matrix, thus better 

accommodating the stress and strain without being pulverized, shortening the ionic 

and electronic transport pathways and preventing loss of electrical contact. 

 

 

Figure 2.3 (a) TEM image of the foam like graphene backboned carbonaceous 

matrix and well-confined tin nanoparticles (F-G/Sn@C); (b) Rate capability and 

cycling performance of the F-G/Sn@C electrodes in the voltage range of 10 mV to 
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2.0 V for Na ion storage. (c) TEM image of the Sb N-rich C (Sb–N/C) composite, (d) 

prolonged cycling performance of the Sb–N/C electrode at 2.0 A g-1 with the 

coulombic efficiency.  

 

Figure 2.4 (a) TEM image of RGO-SnSb nanocomposites; (b) Cycling performance 

of RGO-SnSb electrodes in the voltage window of 0.001−2.5 V at a cycling rate of 

0.2 C. (c) FE-SEM images of the SnSb/CNT@GS, (d) Cycling performance and 

corresponding Coulombic efficiency at the current density of 100 mA g-1 of 

SnSb/CNT@graphene and SnSb/CNT between 0.005–1.5 V in 1 M NaClO4 with PC 

+ 5% FEC.  

    The secondary matrix can also either be composed of an electrochemically 

inactive element, such as Cu, Ni, Zn, Mo, and Fe,[63-68] or an active element, such as 

Sn, Sb, Bi, and P.[69-80] Various Sn and Sb based binary alloy materials, such as 

Cu6Sn5,[63] Ni3Sn2,[64] Zn4Sb3,[65] Mo3Sb7,[66] Cu2Sb,[67] FeSb2,[68] SnSb,[69-73] and Sn-

P (Sn4P3, SnP3)[74-79] and Bi–Sb alloys80  have been investigated as SIB anodes. The 



 

17 

most studied binary alloys are SnSb[69-73]  and Sn4P3,[74-78] where all the elements are 

electrochemically active upon sodiation. Thus, in these systems, the two different 

active metal phases can work as mutual buffers for each other to alleviate the volume 

changes. During sodiation and desodiation, the mechanism consists of both 

conversion and alloying reactions. Sn4P3 will be discussed in the following section 

on phosphorus. SnSb was first sodiated to form amorphous Na3Sb and Sn, followed 

by the sodiation of Sn into Na15Sn4.[69] The coexisting Sb- and Sn-rich phases 

generated during the sequential reactions can self-support one another. As a result, 

the SnSb electrode can maintain stability and good electrical contact during the 

sodiation/desodiation processes. Therefore, high initial capacity (544 mA h g-1) and 

good cyclability were achieved.[69] The performance of SnSb can be further 

improved by dispersing the SnSb nanoparticles on various substrates such as 

graphene, which further increases the structural robustness and ion/electron diffusion. 

For example, Ji et al. synthesized reduced graphene oxide/tin−antimony alloy (RGO-

SnSb) nanocomposites through a hydrothermal reaction and the subsequent thermal 

reduction treatments, where SnSb nanoparticles with an average size of about 20−30 

nm are uniformly dispersed on the RGO surfaces (Figure 2.4a).[72] When they were 

used as anodes for SIBs, these as-synthesized RGO-SnSb nanocomposite anodes 

delivered a high initial reversible capacity of 407 mA h g−1, stable cyclic retention 

for more than 80 cycles and excellent cycle stability at ultrahigh charge/discharge 

rates up to 30 C (Figure 2.4b). The significantly improved performance can be 

attributed to the synergetic effects of RGO−based flexible framework and the 

nanoscale dimension of the SnSb alloy particles. The SnSb core/carbon-shell 

nanocables composed of carbon nanotubes (CNTs), which were anchored on 

graphene sheets (Figure 2.4c).[73] The carbon coating and the encapsulation of SnSb 
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is effective for alleviating the volume-change problem in SIBs. The optimized 

coaxial SnSb/carbon nanocable/GS nanostructure can retain a capacity of 360 mAhg-

1 for up to 100 cycles, which is 71% of the theoretical capacity (Figure 2.4d).  

2.3.2 Phosphorus based anodes 

    Phosphorus (P) has the highest theoretical capacity of 2596 mA h g-1 according to 

the formation of Na3P.[50,51] Meanwhile, its redox potential of about 0.4 V vs. Na+/Na 

is appropriate for an anode in SIBs. The volume change between P and Na3P is huge 

(490 %), however. P has three main allotropes: white, red, and black, but only Red P 

(RP) and Black P (BP) are suitable as electrode materials for battery application. RP 

is amorphous and commercially available, although RP has low electronic 

conductivity (~1 × 10-14 S cm-1). Thus, a secondary matrix with high conductivity is 

necessary to achieve high performance and stable cyclability.[81-87] Graphene 

nanosheets[85-87] were utilized as the conducting matrix to improve the electrical 

conductivity of red phosphorus and alleviate the volume changes during the 

sodiation/desodiation process. For example, Song et al. fabricated a novel 

phosphorus/graphene nanosheet hybrid through ball milling (Figure 2.5a).[85] The 

graphene stacks are exfoliated to form nanosheets that chemically bond with the 

surfaces of phosphorus particles. As anode for SIBs, the phosphorus/graphene 

nanosheet hybrid delivers a high reversible capacity of 2077 mA h g-1 with excellent 

cycling stability (1700 mA h g-1 after 60 cycles) and high Coulombic efficiency (> 

98%) (Figure 2.5b). Moreover, P-G composites with a well-designed structure of 

nanosized phosphorus particles encapsulated in graphene scrolls were fabricated in 

Chen‘s group (Figure 2.5c).[86] The graphene scrolls in P-G can not only offer an 

interconnected conductive network, but also buffer the large volume changes and 
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maintain the integrity of the electrode. As SIB anode, the P-G composite with 

phosphorus content of 52.2% showed the best performance, delivering a high 

reversible capacity of 2355 mAh g-1 and good capacity retention of 92.3% after 150 

cycles (Figure 2.5d). More recently, a flexible paper made of nitrogen-doped 

graphene and amorphous phosphorus was developed (Figure 2.5e). The restructured 

anode exhibits ultra-stable cycling performance and excellent rate capability (809 

mAh g-1 at 1500 mA g-1).[87] 

 

Figure 2.5 (a) Schematic illustration of the synthesis of a phosphorus/graphene 

nanosheet (P/G) hybrid; (b) cycling stability and Coulombic efficiency of the P/G 

hybrid anode at a current density of 260 mA g-1. (c) schematic illustration of the 

synthesis of P-G composite; (d) cycling performance of the three P-G composites at a 

current density of 250 mA g-1 (inset: cycling performance of the P-G composites 
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based on the total mass of the composite). (e) cross-sectional SEM image of P@GN 

paper, with the inset showing the designed novel ―bread and butter‖-like anode 

structure, consisting of amorphous P layers sandwiched with N-doped graphene 

frameworks; (f) cycling performance and Coulombic efficiency of P@GN at 200 mA 

g-1 and 800 mA g-1, respectively.  

 

    Orthorhombic black phosphorous (BP, layered crystal structure in Figure 2.6a) is 

thermodynamically the most stable allotrope, and it is nonflammable and insoluble in 

most solvents. BP is very similar to graphite in terms of appearance, structure, and 

properties. Indeed, single layer 2D BP, called ―phosphorene‖, can be exfoliated just 

like graphene from graphite.[88] The BP/C nanocomposite synthesized by a particular 

ball milling unit has been investigated as SIB anode.[89] It was found that the 

composite can display impressive initial capacity at the level of approximately 1300 

mA h g-1 (per total weight of the composite). Nevertheless, the capacity gradually 

deteriorates when the cycling is performed within the potential window of 2.0–0.01 

V vs. Na/Na+. In contrast, attractive stable cycling performances at the level of 350–

400 mA h g-1 can be observed if the potential window is restricted to 2.0–0.33 V vs. 

Na/Na+. The post-cycling SEM studies reveal that electrodes gradually disintegrate 

and delaminate from their current collectors when the electrochemical testing is 

conducted within wider potential windows. Such an effect is absent for the restricted 

potential windows, leading to stable cycling performances in these potential windows.  
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Figure 2.6 (a). Structure of black phosphorus. (b) TEM image of the phosphorene–

graphene hybrid. Scale bar, 2 μm. (c) Cross-sectional HRTEM image of the 

phosphorene–graphene hybrid (the turned-up right edge in (b). Scale bar, 2 nm. (d). 

Reversible desodiation capacity and Coulombic efficiency for the first 100 

galvanostatic cycles of the phosphorene/graphene (48.3 wt% P) anode tested at 

different current densities. (e). Structural evolution of the sandwiched phosphorene–

graphene structure during sodiation.  

    Most recently, Cui et al. demonstrated a BP/graphene nanostructured composite, 

fabricated as a sandwich-structure comprising a few phosphorene layers alternating 

with several graphene layers (Figure 2.6b,c).[90] This phosphorene/graphene 

structure delivers an extremely high capacity of 2440 mA h g-1 at 50 mA g-1 and 

features 83% capacity retention for 100 cycles (Figure 2.6d). They discovered that 
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the graphene layers not only function as an electrical conductor but also serve as an 

elastic buffer for accommodating the volume expansion during cycling (Figure 2.6e). 

    Moreover, other alternatives are P based binary alloy compounds such as NiP3,[91] 

FeP,[92] CoP,[93] and Sn-P (Sn4P3, SnP3).[74-79] It was demonstrated that the full 

sodiation of M-P (M = Ni, Co, Fe) electrode leads to the formation of Na3P electrode 

embedded with inactive M nanoparticles. Fast capacity fading was observed for these 

three samples, however, which was attributed to the agglomeration of active 

elements and the continuous pulverization of alloy anodes during the repeated 

sodiation/desodiation cycles because of the volume changes. If these elements can 

reform the starting compounds after Na extraction, the pulverization can be partially 

repaired, and the accumulation of pulverization can be terminated. An excellent 

example is a layered structure material, Sn4P3,[74-78] which exhibited a high reversible 

capacity of 718 mA h g-1, with negligible capacity fading over 100 cycles.[74] 

Mechanism studies showed that Sn4P3 was first converted into Na3P and Sn during 

sodiation through the conversion reaction, and the Sn was further sodiated to form 

Na15Sn4 after full sodiation through the alloy reaction. After desodiation, the Sn4P3 

was recovered through the reversible conversion reaction (Sn4P3 + 9Na ↔ 3Na3P + 

4Sn). The excellent electrochemical performance of Sn4P3 was attributed to 

synergistic reactions of the Sn and P components. On the other hand, the reversible 

reaction is critical for enhanced performance, because it repairs the cracks, damage, 

and aggregation of Sn particles that occur in the alloying process, 4Sn + 15Na ↔ 

Na15Sn4 during cycling, and hence terminates the pulverization.[77] Therefore, a so-

called "self-healing" mechanism is demonstrated.[77] More recently, a new "self-

healing" tin phosphide alloy, SnP3, which exhibits much higher theoretical mass 
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capacity (1616 mA h g-1) than the previously reported Sn4P3 (1133 mA h g-1), has 

now been reported.[79] It provides a high capacity of ~810 mA h g-1 (~2820 mAh cm-3 

for the composite including carbon) at 150 mA g-1, maintains the same capacity for 

150 cycles, and can retain 400 mA h g-1 even at 2560 mA g-1.[79] 

2.4 Conversion materials 

    In addition to carbon-based and alloy anode materials, conversion-type materials 

have also been studied as candidates for SIB anodes due to their high theoretical 

specific capacities. The conversion materials, usually including metal oxides and 

sulphides, can store Na+ ions through a conversion reaction, or by a combined 

conversion reaction and Na-alloy reaction. In this section, we mainly focus on the 

typical application of two-dimensional (2D) active nanosheets and graphene-

supported active materials as anodes in sodium storage.   

2.4.1 Metal oxides 

    Bare oxide anodes usually suffer from bad rate capability and poor cyclability 

because of their extremely large volume changes during the sodium insertion-

extraction process. One remedy is to use 2D nanosheets, since the nanosheets could 

provide short paths for ion transport. For example, ultrathin NiO nanosheets (4-5 nm 

in thickness) were synthesized via a facile solvothermal process followed by 

annealing in air (Figure 2.7a).[94] For sodium storage, the NiO nanosheets deliver a 

high reversible specific capacity of 299 mA h g-1 at a current density of 1 A g-1, and 

the capacity still remains as high as 266 mA h g-1 after the 100th cycle (Figure 2.7b). 

Another strategy is to combine the oxide with graphene, which could enhance the 

electrical conductivity with its highly conductive network and accommodate the 
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volume changes to maintain the structural integrity. Various oxides, including 

Fe2O3,[95-97] Fe3O4,[98,99] Co3O4,[100] NiO,[101] CuO,[102] MoO3,[103] Mn3O4,[104] and 

SnO2,[105-111] have been combined with graphene to act as SIB anodes. Among them, 

SnO2 is attracting special attention owing to its high theoretical reversible capacity 

(~782 mA h g-1), moderate operating voltage, good performance, and low cost. For 

example, Wang et al. reported SnO2 nanoparticles (5 nm) anchored on 2D rGO 

frameworks via a simple hydrothermal method, and the composite electrode 

delivered a stable capacity of 302 mA h g-1 over 100 cycles at a current density of 

160 mA g-1.[107] More recently, Chen et al. demonstrated that 3D SnO2@G 

(SnO2@3DG) showed better sodium storage performance than its 2D equivalent 

(SnO2@2DG), which was attributed to the high surface area and 3D porous 

architecture.[110] They designed and achieved ultra-small SnO2 nanoparticles 

embedded in 3D graphene (SnO2@3DG) as anode for SIBs via assembling ice-

templated 3DG with a tin source in a hydrothermal process (Figure 2.7c). Compared 

to the SnO2@2DG anode, the SnO2@3DG anode showed a higher reversible 

capacity of 432 mA h g–1 after 200 cycles at 100 mA g–1 (Figure 2.7d).[110] 
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Figure 2.7 (a) High-resolution TEM (HRTEM) image of NiO nanosheets, with the 

inset the selected-area electron diffraction (SAED) pattern, (b) cycling performances 

of SIBs with NiO nanosheet electrode at 0.1 A g-1 and NiO microparticle electrode at 

0.2 A g-1. (c) TEM image of SnO2@3DG. Inset: The corresponding particle size 

distribution calculated from 100 particles, (d) cycling performances of SnO2@3DG 

and SnO2@2DG at the current density of 100 mA g-1.  

2.4.2 Metal sulphides 

    Compared to the metal oxide anodes, metal sulphide anodes have several potential 

advantages: (1) greater gravimetric energy density due to the lower weight of the S 

atoms; (2) better structural stability due to the smaller volume changes; (3) higher 

initial cycling efficiency resulting from the better reversibility of Na2S formed during 

sodiation than its counterpart oxide (Na2O). Various metal sulphides, such as 

FeS2,[112,113] FeS,[114] Ni3S2,[115] CoS,[116] MnS,[117] ZnS,[118] and Bi2S3,[119] have 
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shown attractive electrochemical performance in sodium batteries. Moreover, the 

discovery of the amazing properties of graphene has stimulated exploration of single- 

and few-layer structures of layered inorganic materials. Layered metal sulfides 

(MoS2,[120-132] SnS2,[134–140] SnS,[141–145] Sb2S3,[146-148] and WS2
[149,150]) have been 

extensively investigated as anode materials for sodium ion batteries. These layered 

metal sulfides typically have a unique layered structure with a large interlayer 

spacing, which makes them suitable for the intercalation of Na ions and allows 

compensation of the alloying/de-alloying volume changes. Nevertheless, the bulk 

materials still suffer from sluggish reaction kinetics and severe volume changes 

during the sodiation/desodiation process. Several strategies have been investigated to 

overcome these problems, including increasing the interlayer spacing, obtaining few-

layer nanosheets, and making hybrids with graphene flakes. 

    One way to accommodate Li/Na ions is to increase the interlayer spacing to 

facilitate ion transport by creating a lower energy barrier to ion movement through 

the interlayer space.[120-123] For example, Hu et al. synthesized graphene-like MoS2 

nanoflowers with expanded interlayers, which showed high performance as anode 

material for SIBs.[120] The expanded and gradually exfoliated interlayers contribute to 

a lowering of the Na+ insertion and extraction barrier, thus reducing the charge 

transfer resistance and providing more active sites for Na+ storage (Figure 2.8a,b). 

Li et al. expanded the interlayer spacing of MoS2 with insertion of an ionic conductor, 

polymer poly(ethylene oxide) (PEO), (Figure 2.8c).[121] The expanded interlayer 

PEO–MoS2 nanocomposites exhibited improvements in capacity, rate performance, 

and diffusivity as Na-ion battery anode materials (Figure 2.8d). 
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Figure 2.8 (a) HRTEM image of FG-MoS2, (b) rate performance of the as-prepared 

graphene-like MoS2 nanoflowers (FG-MoS2), well-crystallized MoS2 (labeled as CG-

MoS2), and bulk MoS2 (B-MoS2). (c) HRTEM image shows a cross-sectional view 

of the interlayer spacing in PEO2L–MoS2 sample, (d) typical cycling behavior of 

com-MoS2, re-MoS2, PEO1L–MoS2 and PEO2L–MoS2 at 50 mA g-1.  

    Another method is to obtain few-layer nanosheets, which facilitates the high-rate 

transportation of sodium ions due to the short diffusion paths provided by the 

ultrathin thickness. For example, ultrathin few-layer MoS2 nanosheets (~10 nm in 

thickness) have been prepared through a simple and scalable exfoliation technique 

(Figure 2.9a).[123] When applied as anode material in SIBs, the MoS2 nanosheet 

electrode demonstrated a high reversible specific capacity of 530 mA h g-1, good 

cyclability, and high-rate performance (Figure 2.9b). 2D SnS2 nanosheets (3-4 nm in 

thickness) were synthesized via a facile refluxing process and evaluated as an anode 
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material for SIBs (Figure 2.9c).[133] The SnS2 nanosheets delivered a high reversible 

specific capacity of 733 mA h g-1 at 0.1 A g-1, and still exhibited high capacity 

retention of 647 mA h g-1 during the 50th cycle at 0.1 A g-1 (Figure 2.9d). The 

excellent electrochemical properties observed on the few layer nanosheets could be 

ascribed to the ultrathin nanosheet architecture, which is beneficial for achieving fast 

sodiation/desodiation reaction kinetics and accommodating electrode volume 

changes. 

    Furthermore, nanocomposites of few-layer sulfide and graphene or reduced 

graphene oxide (rGO) flakes for use as SIB anodes have been developed. Normally, 

the excellent performance of a 2D sulphide/graphene hybrid can be attributed to the 

2D conductive channels provided by the graphene, the small lateral size and ultrathin 

nature of layered sulfide, the unique hybrid structure with enhanced electrolyte 

penetration, and the rapid Na-ion transport across the thin SEI layer. For example, 

Zhang et al. fabricated a unique plate-on-sheet structured SnS2/rGO nanohybrid 

consisting of ultrafine (< 10 nm), few-layered (≤ 7 layers) SnS2 and few-layered 

rGO (< 6 layers) (Figure 2.10a).[134] The charge capacity at 100 mA g-1 increased 

from 178 mA h g-1 for bare SnS2 to 649 mA h g-1 for SnS2/rGO due to the dispersive 

and conductive effects of rGO. Moreover, the hybrid could yield high charge 

capacities of 524, 501, and 452 mA h g-1, respectively, at high current densities of 

1.6, 3.2, and 6.4 A g-1 (Figure 2.10b). Our recent results showed that the hexagonal-

SnS2 phase can also be transformed into the orthorhombic-SnS phase after an 

annealing step in argon atmosphere, and the thus transformed SnS shows sodium-ion 

storage performance that is enhanced over that of the original SnS2.[142] As shown in 

Figure 2.10c,d, the SnS@graphene hybrid nanostructured composite, built from 
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two-dimensional SnS and graphene nanosheets as complementary building blocks, 

delivers an excellent specific capacity of 940 mA h g-1 and impressive rate capability 

of 492 and 308 mA h g-1 after 250 cycles at the current densities of 810 and 7290 mA 

g-1, respectively, which is much better than the performance of the SnS2@graphene 

hybrid.  

    More recently, our group successfully designed ultrafine SnS/SnO2 

heterostructures, where an interfacial amorphous carbon layer anchored SnS/SnO2 

heterostructures directly to graphene nanosheets.[145] When evaluated as an anode 

material for sodium-ion batteries, the C@SnS/SnO2@Gr sample (where Gr is 

graphene), featured excellent performance and outstanding cycling stability at high 

rates, so that it had much superior performance compared to C@SnO2@Gr, 

C@SnS@Gr, or a mechanical mixture of them. The boosted charge transfer in 

SnS/SnO2 heterostructures is attributed to the heterostructure interface effect, which 

induces an electric field within the nanocrystals, giving them much lower ion-

diffusion resistance and facilitating interfacial electron transport. 

 



 

30 

 

Figure 2.9 (a) Lattice resolved HRTEM image of MoS2 nanosheet; (b) comparison 

of cycling performances of bulk and exfoliated MoS2 nanosheet electrodes at 40 mA 

g-1 current density. Inset of (a) is the crystal structure of MoS2 viewed along the b–

axis. (c) HRTEM image of SnS2 synthesized at 160 ℃, (d) Cycling performances of 

the cells with samples synthesized at 140 ℃ (140SS), 160 ℃ (160SS), and 180 ℃ 

(180SS), respectivelyu, at  0.1 A g-1. Inset of (d) is the Coulombic efficiency (CE) of 

the three cells.  
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Figure 2.10 MoS2–graphene composites for Na ion battery applications. (a) HRTEM 

image of graphene-like MoS2 (FG-MoS2) prepared by a hydrothermal method and 

having expanded interlayer distances. (b) SIB rate performance of FG-MoS2, well-

crystallized MoS2 (CG-MoS2) and bulk MoS2 (B-MoS2). (c) Cycling properties of 

the FG-MoS2 material at different current densities. (d) SEM image of the 3D MoS2–

graphene microspheres prepared via ultrasonic spray pyrolysis. Rate capability (e) 

and cycling properties and Coulombic efficiencies (f) of the 3D MoS2–graphene 

composite at 1.5 A g-1.  

2.5 Ti-based anode materials 

    With higher potentials for sodium insertion than those of carbon based materials, 

sodium plating can be avoided in Ti-based materials, which makes them also 

promising candidates for safe anodes in Li/Na-ion batteries. In the following sections, 

recent research achievements on titanium based anode materials are reviewed, with 

the focus on 2D architectures. 



 

32 

2.5.1 Conventional Ti-based materials 

    Various TiO2 polymorphs, including amorphous TiO2,[151] anatase,[152−157] 

rutile,[158,159] and TiO2(B),[160-162] have been introduced as efficient anode materials 

for Na ion storage. For example, Xiong et al.[151] investigated amorphous TiO2 grown 

on a 2D Ti substrate. Interestingly, capacity increased gradually with 

charge−discharge cycling, presumably owing to the amorphous structure. A recent 

study, however, showed that anatase TiO2 presented better capacity than mixed 

anatase/rutile TiO2 or amorphous TiO2@C.[156] It was revealed that the anatase TiO2 

crystal structure supplies 2D diffusion paths for Na-ion intercalation and more 

accommodation sites. The TiO2(B) has an open-channel structure and has been 

regarded as the most promising polymorph of TiO2 for LIBs due to its outstanding 

Li-ion mobility and superior electrochemical performance.[162] The reported 

electrochemical performance of TiO2(B) in SIBs is not as good as in LIBs, however, 

which is possibly due to the poor electrical and ionic conductivity of TiO2.[160-162] 

Enhancing the electrical conductivity of TiO2(B) will most likely lead to improved 

electrochemical performance in SIBs. More recently, Chen et.al reported Na+ 

intercalation pseudocapacitance in TiO2 (consisting of 76.9% TiO2(B) and 23.1% 

anatase TiO2)/graphene nanocomposite, which enabled high-rate capability and long 

cycle life in a sodium-ion battery. In their study, the hybridization of graphene with 

TiO2 nanocrystals provided a more feasible channel at the graphene–TiO2 interface 

for sodium intercalation/de-intercalation with a much lower energy barrier, thus 

leading to fast charge storage and long-term cyclability (Figure 11a-f).[163] 
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Figure 2.11 (a) High-resolution TEM image of TiO2/graphene composite, clear 

lattices with spacings of 0.62 and 0.35nm are assigned to the (001) plane of TiO2-B 

and (101) plane of anatase, respectively. (b) Illustration of the partially bonded 

graphene-TiO2-B (001) interface. (c) Top-view of a, illustrating the Na diffusion path 

along the [010] direction from Na1 to Na10 sites. (d) Migration activation energy of 

the Na+ ion diffusing along the [010] direction in bulk TiO2-B, fully bonded and 

partially bonded graphene-TiO2-B (001) interface calculated with DFT. (e) Rate 

performance at various current densities from 50 to 12,000 mA g-1. (f) Long-term 

cycling performance at a current density of 500 mA g-1 (~2 C).  

    Spinel-type Li4Ti5O12 (LTO) is well known as a ‗zero-strain‘ anode material for 

long-life stationary lithium-ion batteries [164]. Recently, the suitability of Li4Ti5O12 as 

an anode for Na-ion batteries has been revealed.[165-170] The intercalation mechanism 

has been proposed to involve three-phase separation, which is very different from 
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that observed in LIBs.[165] It was also reported that the sodium storage properties of 

LTO in SIBs are size- dependent, demonstrating that nanostructuring could lead to a 

significant increase in the specific capacity.[166] Recently, LTO nanosheets were 

fabricated via a simple hydrothermal reaction and found to deliver a reversible 

capacity of up to 145 mA h g-1 at 1 C, with 91% capacity retention after 400 

cycles.[168] Based on a scan rate-dependent cyclic voltammetry test, a 

pseudocapacitive charge storage mechanism has been proposed for Na-ion storage in 

pristine LTO electrode, which contributes to the excellent rate capacity and high 

cycling stability of LTO electrodes for SIBs. More recently, ultra-small MoS2 

quantum dots (QDs) were exploited as surface sensitizers to boost the 

electrochemical properties of 2D LTO nanosheets.[170] The LTO/MoS2 composite 

was prepared by anchoring ultra-small MoS2 QDs on 2D LTO nanosheets by using a 

simple and effective assembly technique (Figure 2.12a). Impressively, such zero-

dimensional (0D)/2D heterostructure composites possess enhanced surface-

controlled Na storage behavior. During sodiation, a high capacity of 91 mAh g-1 at 

the rate of 5 C and superior capacity retention, with 101 mAh g-1 after 200 cycles at 

the rate of 2 C, were achieved (Figure 2.12b,c). 
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Figure 2.12 (a) Schematic showing the synthesis of the heterostructure composite 

composed of ultrasmall MoS2 QDs and ultrathin LTO nanosheets. (b) Corresponding 

rate capabilities at different current rates from 0.1 C to 5 C for the LTO-MoS2-2 

composite and LTO nanosheets electrodes. (c) Long cycling performance of the 

LTO-MoS2-2 composite and LTO nanosheets as NIBs electrode at a rate of 2 C.  

    Sodium titanate (Na2Ti3O7), with a lower discharge plateau and abundant raw 

material resources, is another promising titanium-based anode material for SIBs.[171-

175] The Na2Ti3O7 structure consists of zigzag layers of titanium and oxygen 

octahedra, in which up to 3.5 Na ions per formula unit can be intercalated into the 

interlayer space and easily exchanged, leading to a capacity of 310 mA h g–1. Pan et 

al.[174] found that layered Na2Ti3O7 shows a reversible capacity of 85 mAh g-1 (0.5 C) 

after 100 cycles. At the same time, the Na2Ti3O7 also suffers from structural 
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distortion, which may account for the low Coulombic efficiency and continuous 

capacity fading of Na2Ti3O7 electrodes.[173,174] One strategy is to engineer Na2Ti3O7 

nanostructures to improve the conductivity and stability issues. It was reported that 

surface engineered Na2Ti3O7 nanotube arrays directly grown on Ti substrates showed 

enhanced performance.[175] The fabrication of the nanotube arrays involves the 

hydrothermal growth of Na2Ti3O7 nanotubes, surface deposition of a thin layer of 

TiO2, and subsequent sulfidation (Figure 2.13a,b). The resulting nanoarrays deliver 

high reversible capacities of 221 mAh g-1 at 0.2 C (with 1 C equal to 2 Na insertions 

into Na2Ti3O7 in 1 h, i.e., 177 mA g-1) and exhibit superior cycling efficiency and 

rate capability, retaining 101 mAh g-1 at 5 C (885 mA g-1) over 1000 continuous 

cycles (Figure 2.13c). The improved performance is associated with the lower 

charge transfer resistance and the better interfacial kinetics enabled by the surface 

modification. 

 

Figure 2.13 (a) Schematic illustration of the fabrication of surface engineered 

Na2Ti3O7 nanotube arrays grown on Ti foil. (b) SEM images of ST-NTO. (c) 

Comparison of cycling stability at a rate of 5 C.  
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    Transition metal phosphates, such as NaTi2(PO4)3 (NTP),[176-181] have also been 

studied so far. NTP has an open three-dimensional sodium superionic conductor 

(NASICON)-type framework structure and high Na+ conductivity, which are 

decisive advantages for electrochemical storage kinetics. Its low electronic 

conductivity has hindered practical applications by low capacity release and poor 

cycling stability. An effective conductive network created by combining NTP with 

electrically conductive materials will improve its performance, however. A novel 

architecture consisting of nanosized porous NTP particles embedded in a microsized 

3D graphene network has been designed by Wu et al. (Figure 2.14a-d).[178] Such 

architecture synergistically combines the advantages of a 3D graphene network and 

of 0D porous nanoparticles. It greatly increases the electron/ion transport kinetics 

and endows the electrode with structural integrity, leading to attractive 

electrochemical performance, as reflected by its high rate-capability (112 mAh g-1 at 

1 C, 105 mAh g-1 at 5 C, 96 mAh g-1 at 10 C, 67 mAh g-1 at 50 C) and long cycle-life 

(capacity retention of 80% after 1000 cycles at 10 C) (Figure 2.14e). It also should 

be noted that NTP has a relatively high voltage plateau at ~ 2.1 V vs. Na+/Na, which 

sacrifices energy density to some extent when compared to other anodes (e.g., hard 

carbon). This redox reaction takes place, however, at potentials that are much more 

positive than the H2 evolution potential of water in the Na2SO4 electrolyte (< -1.2 V 

vs. Ag/AgCl). Thus this disadvantage has turned into a benefit in neutral aqueous 

solutions, excluding the decomposition of water.[179-181] 
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Figure 2.14 (a) Crystal structure of the NTP phase. (b) Schematic illustration of 0D-

NTP⊂3D-GN, showing that 0D porous NTP nanoparticles are embedded in 3D 

graphene network. (c) Schematic synthesis of 0D-NTP⊂3D-GN, including the two 

steps of hydrothermal process and post heat treatment. (d) SEM images of NTP⊂GN, 

(e) Rate performance and capacity retention ability of the NTP⊂GN and NTP 

particle electrodes.  
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2.5.2 New Ti-based materials: MXene nanosheets 

 

 

Figure 2.15 (a) Schematic describing the synthesis process of MXenes from MAX 

phases. (b) Structure of MAX phases and the corresponding MXenes. Secondary 

electron SEM micrographs for (c) Ti3AlC2 particle before treatment, which is typical 

of unreacted MAX phases, (d) Ti3AlC2 after HF treatment, (e) Ti2AlC after HF 

treatment, (f) Ta4AlC3 after HF treatment.  

    Recently, a new group of 2D materials called MXenes (Mn+1XnTx: M = Ti, V, Nb, 

etc.; X = C, N; n = 1−3; Tx is the functional termination group) has been discovered, 

and their potential applications have been demonstrated in rechargeable batteries, 
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including sodium ion batteries.[182-187]  MXenes are produced by selective etching of 

the A element from the MAX phases (Figure 2.15 a,b). The latter are so-called 

because of their composition: namely, Mn+1AXn , where M is an early transition 

metal, A is mainly a group IIIA or IVA (i.e., groups 13 or 14) element, X is C and/or 

N, and n = 1, 2, or 3. The MAX phase structure can be described as 2D layers of 

early transition metal carbides and/or nitrides ―glued‖ together with an A element 

( Figure 2.15b). As example, the SEM image of Ti2AlC after the HF treatment 

(Figure 2.15d) confirms successful exfoliation of individual particles, which is 

similar to that of exfoliated Ti3AlC2  (Figure 2.15e) or Ta4AlC3 (Figure 2.15f), 

where the layers are clearly separated from each other compared to the unreacted 

powder (Figure 2.15c). Sonication of the treated powders resulted in the separation 

of 2D sheets. 

    These MXene nanosheets have rich surface chemistries and high electronic 

conductivities and exhibit prominent performances in many applications that range 

from sensors and electronic device materials to catalysts in the chemical industry, 

and electrochemical energy storage materials.[182] In particular, the family of MXene 

nanosheets is an emerging electrode material capable of the electrochemical reaction 

with various ions including sodium.[184-187] The screened MXene materials can 

provide a theoretical capacity of 190–288 mA h g-1 by accommodating two alkali 

ions per formula unit. They also exhibit an activation barrier of 0.1–0.2 eV for ionic 

motion, suggesting that this kind of material is promising for high-power 

applications. [184-185] In particular, the MXene Ti3C2Tx has been demonstrated as an 

anode material for sodium-ion batteries and found to show good capacity retention 

over 1000 cycles as well as excellent rate capability (Figure 2.16a-f).[186,187] Detailed 
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analyses demonstrate that Ti3C2Tx undergoes expansion of the interlayer distance 

during the first sodiation, whereby desolvated Na+ is intercalated/deintercalated 

reversibly. Meanwhile, the Na+ intercalation/deintercalation during the 

electrochemical reaction is not accompanied by any substantial structural change 

(Figure 2.16g).[187] Thus MXene Ti3C2Tx is very promising as SIB anode due to its 

structural stability and excellent performance. 

 

Figure 2.16 Optimized geometries of Ti3C2X (a) and NaxTi3C2X (b) from side view. 

(c) ABF image of Ti3C2X observed along the a/b axis, two C atomic layers (labeled 
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with purple arrows) interleave into three Ti-atomic layers (labeled with blue arrows) 

with a sequence of Ti(s)−C−Ti(c)−C−Ti(s), forming an edge-shared TiC6 octahedral 

stacking. (d) ABF images of Ti3C2X electrodes upon Na intercalation with cutoff 

potential of 0.0 V. The Ti3C2X nanosheets exhibit excellent rate performance (e) and 

long-term cycling stability (f). Schematic illustration for the proposed mechanism of 

Na+ insertion into Ti3C2X (g).  

2.6 Electrolytes 

    The electrolyte is a key component for battery, since it is directly associated with 

the formation of solid electrolyte interphase (SEI) films and electron transfer during 

the energy storage process.  

    Firstly, the electrolyte should be intrinsically safe, have as low toxicity as possible 

and meet cost requirements for the targeted applications. All these features are 

intrinsically dependent on the nature of the salts, the solvent(s) and the potential use 

of additives. As compiled for electrolytes, a good electrolyte should exhibit: (1) good 

ionic conductivity, (2) a large electrochemical window, (3) no reactivity towards the 

cell components, and (4) a large thermal stability window.  
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Figure 2.17 Schematic diagram showing the current and future technologies for 

batteries based on the main components. 

2.6.1 Solvents 

The solvents used in the electrolyte also need to comply with most of the 

prerequisites set for the salts.  

In addition, the presence of polar groups to dissolve sufficient amounts of salt is a 

compulsory feature. The families of organic solvents investigated are much the same 

as those used for LIBs. The electron acceptor/donor capability of a solvent is 

important as it will influence the electrochemical stability window. 

2.6.2 Additives 

    The limited amount of additives that are needed originates from the preferred 

reactions taking place at the electrolyte/electrode interfaces. Typical interface/surface 

actions of an additive are modifying the SEI, increasing the wetting of the surface, 
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and protecting against overcharging events by redox shuttles that can accommodate 

the overcharge.  

 

Figure 2.18 Schematic illustration of the SEI films and NaPF6−PC electrolyte 

visualized from the carbon anode surface: (a) without and (b) with FEC molecules.  

    Fluoroethylene carbonate (FEC) can be an efficient electrolyte additive to improve 

the SEI film formation in the battery system (Figure 2.18). To investigate the 

mechanism, atomistic reaction simulations in propylene carbonate (PC)-based 

electrolyte with and without FEC additives were performed, and they successfully 

reproduced experimental observations such as the smaller irreversible capacity and 

the smoother SEI film in FEC-added electrolyte.[188] The study showed that intact 

FEC molecules can improve SEI film formation so as to enhance the network 

formation of organic species, owing to the large electronegativity of their fluorine 

atoms.  
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Figure 2.19 First cycle coulombic efficiency of selected additives, used for PC based 

electrolytes, on carbon electrodes.[fluoroethylene carbonate (FEC), acrylic acid 

nitrile (AAN), vinyl ethylene carbonate (VEC), Tetrachloroethylene (TCE), 1,3-

propane sultone (PS), Methyl phenyl bis-methoxydiethoxysilane (MPBMDS), 

vinylene carbonate (VC), Fluoroalkyl (FA), allyl cyanide (AC), 1-butyl-2,3-

dimethylimidazolium bis(fluoromalonato)-borate (BDMIm BFMB), (4R,5R)-

dimethyl 2-oxo-1,3-dioxolane-4,5-dicarboxylate (ODC)]. [189] 

 

Figure 2.20 First cycle and afterwards cycle coulombic efficiency of selected 

additives used for the silicon electrode. 
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In addition to the film forming additives, there are other additives that protect the 

electrode under abuse conditions such as overcharging. In addition to overcharge, 

other safety issues include mechanical abuse, such as crushing and penetration, and 

thermal abuse, such as heat generation, combustion, and flame attack.[189] 

 

Figure 2.21 Summary of the properties of additives for anode materials. 

2.7 Summary and future prospects 

    Undoubtedly, the most difficult issue facing the demonstration of Na-ion batteries 

is how to achieve high capacity and good cycle life. With the ability to prepare 

various 2D nanosized materials, combined with advanced nanofabrication techniques, 

current research on the preparation of SIB anode materials depends on not only the 

choice of functional active material components, crystal phase, and structure, but 

also on the spatial organization/assembly, surface exposure, interaction between the 

individual components, and geometric properties of the composites. By using 2D 

nanomaterials with unique properties, planar hybrids, porous hierarchical 

architectures, and vertically stacked heterostructures have been prepared, which have 

shown impressive properties, enhanced functions, and improved performance. Even 
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so, there are still many tough challenges to overcome before high energy storage 

systems based on SIBs can be achieved in the future. 

     Firstly, it should be admitted that the study of 2D-based functional composite 

anodes for the sodium-ion battery is still in its infant stage. The underlying 

mechanisms of Na storage in 2D materials are still unclear, so more understanding 

with respect to the surface functionalities/defects, the hierarchical electrode 

structures, and kinetic transport at the electrode/electrolyte interface is needed to 

achieve better electrochemical performance. For example, the high surface area of 

graphene and its composites may lead to large irreversible capacity loss in the first 

cycle, and porous graphene-based composites exhibit small tap densities and 

consequently, an unfavorably low volumetric capacity. Secondly, the compatibility 

of each of the components in the 2D materials needs to be further improved, and 

heterostructure interface problems still exist due to the weak interaction forces in the 

hybrid structure, although not in heterostructures with crystalline bonding. 

Meanwhile, comparisons between amorphous and crystalline materials might prove 

to be an interesting area. The charge storage mechanism of such amorphous materials 

is still vague, and explanations are leaning more towards pseudocapacitive behavior 

instead. Thirdly, some special conditions are often needed to obtain novel 2D 

structures, which often lead to a high-cost synthesis. Thus, controlled low-cost and 

large-scale synthesis methods for novel 2D nanostructures need to be developed by 

integrating various advanced technologies, since the high cost of electrode materials 

significantly restricts scalable production and application. Fourthly, design of new 

and old high theoretical capacity electrode materials (e.g. alloy materials) in2D form 

is likely to be the next performance growth point for SIB anode materials. Since the 
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discovery of graphene, many other 2D materials have been coming into the spotlight. 

They form a very large family that includes hexagonal boron nitride, transition metal 

dichalcogenides, metal oxides, common clays, and the recently discovered transition 

metal carbides, as well as silicene, germanene, phosphorene, and stanene. All of 

them have great promise and will inevitably cause a new peak in SIB research. On 

the other hand, most of the materials used for hybridization with 2D anode materials 

are inorganic nanomaterials, such as alloy metals, metal oxides, and carbonaceous 

nanomaterials. One of the future directions lies in the combination of 2D anode 

materials with polymers to create 2D-based polymer composites for a wide range of 

applications. Finally, in addition to the materials, further studies are needed on 

electrolytes, additives, and binders, which can greatly influence the electrode 

performance. With continuous endeavors by all parties concerned, it is expected that 

the high performance 2D materials and composites can be applied in commercialized 

high-performance SIBs in the near future. 
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CHAPTER 3 EXPERIMENTAL METHODS 

 

3.1 Experimental procedures 

In this project, a series of the single-component layered materials and 

heterostructures based on two-dimensional layered materials with adjustable 

nanostructures will be designed to investigate their potential and feasibility for 

sustainable energy resources. An extensive research will be undertaken to enhance 

the charge transfer performance and environmental friendliness of the designed 

materials, followed by detailed reaction mechanism and calculations study. The 

research work in this thesis follows the procedures described in Figure 3.1. Various 

active anode materials were synthesized. Furthermore, different physical 

characterization techniques were carried out to confirm and observe the properties of 

the as-prepared samples.  
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Figure 3.1 Outline of experimental procedures and techniques conducted in this 

thesis. 
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3.2 Chemicals 

The chemicals used in this thesis are summarized in details in Table 3.1.  

Table 3.1 List of chemicals used in this thesis 

Chemicals Formula 
Purity 

(%) 
Supplier 

Carbon black C Super P Timcal, 
Belgium 

Acetone (CH3)2CO 99   Ajax 
Finechem 

Aluminium foil Al N/A Vanlead 
Tech 

Copper foil Cu N/A Vanlead 
Tech 

CR2032 coin cells N/A N/A China 
ChemsT 

Diethyl carbonate (DEC) C5H10O3 99+ 
Sigma 
Aldrich, 
Australia 

Ethanol C2H5OH Reagent Q-store, 
Australia 

Ethylene carbonate (EC) 
 

99 
Sigma 
Aldrich, 
Australia 

Fluoroethylene carbonate 
 

 
N/A 

Sigma 
Aldrich, 
Australia 

Graphite C N/A 
Sigma 
Aldrich, 
Australia 

Hydrogen peroxide H2O2 30 
Sigma 
Aldrich, 
Australia 

Single-wall carbon nanotubes 
(SWCNTs)  C 98 NanoAmor 

Multi-wall carbon nanotubes 
(MWCNTs)  C 95 NanoAmor 

N-methyl-2-pyrrolidone 
 

99.5 
Sigma 
Aldrich, 
Australia 

  Poly (acrylic acid)   
    (MW=130,000) 

 

N/A 
Sigma 
Aldrich, 
Australia 
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Polyvinylidene difluoride 
   (MW=543,000) 

 

N/A 
Sigma 
Aldrich, 
Australia 

Propylene carbonate 

 

99.7 
Sigma 
Aldrich, 
Australia 

Sodium carbonate Na2CO3 99 
Sigma 
Aldrich, 
Australia 

Sodium carboxymethyl cellulose 
(MW = 90,000) 

 

N/A 
Sigma 
Aldrich, 
Australia 

Sodium cubes (stored in mineral 
oil) Na 99.9 

Sigma 
Aldrich, 
Australia 

Sodium ingot Na 99.95 
Sigma 
Aldrich, 
Australia 

Sodium perchlorate NaClO4 98 
Sigma 
Aldrich, 
Australia 

Polyvinylidene difluoride (PVDF) (CH2CF2)n N/A 
Sigma 
Aldrich, 
Australia 

DI Milli-Q Water H2O 5 ppb 
(TOC) 

Millipore, 
USA 

Ethanol C2H5OH Reagent Q-store, 
Australia 

High pure ethanol C2H5OH 99.95% 
absolute 

Sigma 
Aldrich, 
Australia 

Polypropylene separator (C3H6)n Celgard 
2500 

Hoechst 
Celanese 
Corporation, 
USA 

Lithium foil Li 99.9 
Sigma 
Aldrich, 
Australia 

Tin chloride dihydrate SnCl22H2O 99 
Sigma 
Aldrich, 
Australia 

Potassium permanganate KMnO4 99+ 
Sigma 
Aldrich, 
Australia 
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Ammonium heptamolybdate 
tetrahydrate (NH4)6Mo7O24·4H2O, 99.98 

Sigma 
Aldrich, 
Australia 

Nitric acid HNO3 69 
Sigma 
Aldrich, 
Australia 

Tin (II) chloride dihydrate SnCl2 ∙2H2O 96 Fluka, 
Australia 

Potassium Hydroxide KOH 98 
Sigma 
Aldrich, 
Australia 

Urea NH2CONH2 Bioreagent Sigma 
Aldrich 

Potassium stannate trihydrate K2SnO33H2O 99.9 Sigma 
Aldrich 

Sulfur S 99.5+ Sigma 
Aldrich 

Acetic acid CH3COOH 99.7+ 
Sigma 
Aldrich, 
Australia 

Ethylene carbonate C3H4O3 99 
Sigma 
Aldrich, 
Australia 

Diethyl carbonate (DEC) C5H10O3 99+ 
Sigma 
Aldrich, 
Australia 

Lithium hexafluorophosphate LiPF6 99.99 
Sigma 
Aldrich, 
Australia 

Dimethyl carbonate C3H6O3 99+ Sigma 
Australia  

Glucose C12H22O11 99 
Sigma 
Aldrich, 
Australia 

Hydrochloric acid HCl 36.5 Sigma 
Aldrich 

Sulfuric acid H2SO4 98 
Sigma 
Aldrich, 
Australia 
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3.3 Methodology and theory of experiments 

3.3.1 Liquid exfoliation layering the bulk materials (Top-down approach) 

    Liquid exfoliation is a process of exfoliating layered materials into mono- or few-

layers by chemical reaction or intercalation (Figure 3.2). Such a technique involves 

introducing guest species in-between the gaps of the host layered materials then 

separating them. Specifically, graphene oxides were prepared by a modified 

Hummers‘ method. In addition, ultra-sonication is an important procedure for 

realizing better exfoliation and guaranteeing homogeneous dispersion. Meanwhile, 

centrifuging is a key step to remove un-exfoliated impurity. The development of 

layered materials is driven by fundamental interest and their potential applications. 

Layered materials provide a wide range of basic building blocks with unique 

electrical, optical, and thermal properties which do not exist in their bulk 

counterparts. These brand-new materials can bridge the microscopic superior 

electronic and magnetic features with the macroscopic ultrathinness and flexibility, 

thus definitely achieving a maximum functionality with a minimized size. In 

particular, along with the discovery of graphene, layered crystals have increasingly 

attracted fundamental research interest owing to their unique open morphologies and 

high electric conductivity and fast potassium diffusivity will significantly reduce the 

change transfer resistance, lower the polarization effect and thus achieve high 

electrochemical performance. Using layered materials as electrodes have been 

believed one of ideal strategies in maximize the interface and maintain the structure 

stability of electrode during charge transfer process.  
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Figure 3.2 Schematic illustration of exfoliation processes and synthetic methods for 

layered material production. 

3.3.2 Hydrothermal method 

    The hydrothermal method is a process to crystallize substances from high-

temperature aqueous solutions at high vapour pressures. This method is efficient for 

crystal growth and nanomaterials synthesis. As shown in Figure 3.3, the device 

consists of a vessel and a stainless steel protector. The composition, morphology, and 

crystal structure of the products is associated with several factors. The volume of the 

solvent is related to the pressure of the autoclave. The concentration of the precursors 

is responsible for the size and morphology of the final products. The temperature for 

hydrothermal synthesis is a key parameter as well, directly deciding the final 

resultant. Thus, the relevant parameters should be considered in order to fabricate 

target materials.   
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Figure 3.3 Schematic diagram of stainless steel autoclave. 

3.3.3 CVD  

    Chemical vapour deposition (CVD) is a chemical process used to produce high-

purity, high-performance solid materials (Figure 3.4). In a typical CVD process, the 

substrate is exposed to one or more volatile precursors, which react and/or 

decompose on the substrate surface to produce the desired deposit or react with 

substrate. Frequently, volatile by-products are also produced, which are removed by 

gas flow through the reaction chamber. The advantages of CVD include a high 
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deposition rate and high degree of control. Tuning the process is simply a matter of 

manipulating the vapour flows in the coating zone, and the coating layer can be very 

uniform. 

 

Figure 3.4 Schematic diagram of CVD apparatus. 

3.3.4 Nanocasting 

    Nanocasting (Figure 3.5) is a powerful method for creating materials that are 

more difficult to synthesize by conventional processes. Structure replication on the 

nanometer length scale allows materials' properties to be manipulated in a controlled 

manner, such as tunable composition, controllable structure and morphology, and 

specific functionality. The nanocasting pathway with hard templates opens the door 

to the design of highly porous solids with multifunctional properties and interesting 

application perspectives. 
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Figure 3.5 Nanocasting of mesoporous materials. 

3.4 Characterization and measurement methods  

3.4.1 X-ray diffraction  

    X-ray crystallography is a tool used for identifying the atomic and molecular 

structure of a crystal, in which the crystalline atoms cause a beam of incident X-rays 

to diffract into many specific directions. By measuring the angles and intensities of 

these diffracted beams, a crystallographer can produce a three-dimensional picture of 

the density of electrons within the crystal. From this electron density, the mean 

positions of the atoms in the crystal can be determined, as well as their chemical 

bonds, their disorder and various other information. [1] 

    In this thesis, powder samples are loaded onto a quartz holder, which is put on one 

axis of the diffractometer and tilted by an angle θ, while a detector rotates around it 

on an arm at a 2θ angle. The XRD devices used in this thesis were a GBC MMA 

diffractometer in ISEM, UOW. All the XRD devices use Cu Kα radiation, λ = 

1.54056 Å. 
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3.4.2 Scanning electron microscopy  

    The scanning electron microscope (SEM) is a type of electron microscope to scan 

a sample surface with a high-energy beam of electrons. The electrons interact with 

atoms in the sample, producing various signals that can be detected and that contain 

information about the sample's surface topography and composition. The electron 

beam is generally scanned in a raster scan pattern, and the beam's position is 

combined with the detected signal to produce an image. SEM can achieve resolution 

better than 1 nanometer. The morphology and structure of samples in this thesis were 

characterized with a field-emission scanning electron microscope (FESEM; JEOL 

7500 in EMC, UOW).  

3.4.3 Transmission electron microscopy  

    Transmission electron microscopy (TEM) is a microscopy technique in which a 

beam of electrons is transmitted through an ultra-thin specimen, interacting with the 

specimen as it passes through it. An image is formed from the interaction of the 

electrons transmitted through the specimen; the image is magnified and focused onto 

an imaging device, such as a fluorescent screen, on a layer of photographic film, or 

to be detected by a sensor such as a charge-coupled device. It is a technique to 

observe sample‘s morphology, lattice spacing, crystal orientation and electronic 

structure. TEM is capable of significantly higher resolution imaging than light 

microscopes. Selected area electron diffraction (SAED) is a crystallographic 

experimental technique, which is often complementary to TEM. TEM specimen 

stage designs include airlocks to allow for insertion of the specimen holder into the 

vacuum with minimal increase in pressure in other areas of the microscope.  [1]  

    Annular dark-field imaging is a method of mapping samples in a scanning 
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transmission electron microscope (STEM). These images are formed by collecting 

scattered electrons with an annular dark-field detector. An annular dark field detector 

collects electrons from an annulus around the beam, sampling far more scattered 

electrons than can pass through an objective aperture. An annular dark field image 

formed only by very high angle, incoherently scattered electrons - as opposed to 

Bragg scattered electrons — is highly sensitive to variations in the atomic number of 

atoms in the sample (Z-contrast images). This technique is also known as high-angle 

annular dark-field imaging (HAADF). [1] 

    The sample is placed on the inner meshed area, having a diameter of 

approximately 2.5 mm. The grid is placed on the sample holder, which is paired with 

the specimen stage. The samples for TEM in this work were dispersed in ethanol and 

then loaded onto a holey carbon support film on a copper grid. The TEM used in this 

thesis were TEM, JEOL 2011 and JEOL JEM-ARM200F. Elemental mapping was 

performed on the X-ray spectrometer attached to the TEM instrument.  

3.4.4 Energy-dispersive X-ray spectroscopy 

    Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS), sometimes called 

energy dispersive X-ray analysis (EDXA) or energy dispersive X-ray microanalysis 

(EDXMA), is an analytical technique used for the elemental analysis or chemical 

characterization of a sample. To stimulate the emission of characteristic X-rays from 

a specimen, a high-energy beam of electrons, X-rays or protons is focused onto the 

sample being studied. In this doctoral work, point and mapping analysis EDS 

spectroscopy was generally used in both SEM and TEM studies of the materials. [1] 
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3.4.5 Thermogravimetric analysis  

    Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of 

thermal analysis in which changes in physical and chemical properties of materials 

are measured as a function of increasing temperature (with constant heating rate), or 

as a function of time (with constant temperature and/or constant mass loss). TGA can 

provide information about physical phenomena, such as second-order phase 

transitions, including vaporization, sublimation, absorption, adsorption, and 

desorption. Commonly, it is used to determine selected characteristics of materials 

that exhibit mass loss or increase because of decomposition, oxidation, or loss of 

volatiles. In this work, TGA was used to determine the carbon contents in the carbon 

composite materials. TGA was carried out in air atmosphere using a SETARAM 

Thermogravimetric Analyzer (France) in ISEM, UOW or a PerkinElmer TG/DTA 

6300 in KETI.   

3.4.6 Brunauer-Emmett-Teller  

    Brunauer-Emmett-Teller (BET) method is an important analysis technique to 

explain the physical adsorption of gas molecules on a solid surface and measure the 

specific surface area of a material. BET analysis is conducted at liquid nitrogen 

temperature (77 K) over different relative pressures. Surface area of samples can be 

calculated using experimental points at a relative pressure of P/P0 = 0.05-0.25. Pore 

size distribution can be calculated by the Barrett-Joyner-Halenda (BJH) method, 

using the amount of nitrogen adsorbed at a relative pressure of P/P0 = 0.99. In this 

work, nitrogen sorption was measured by a Quanta Chrome Nova 1000 in ISEM, 

UOW. 
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3.4.7 Raman spectroscopy  

Raman spectroscopy is a spectroscopic technique for analysis of the vibrations of 

chemical bonds and symmetry of molecules, which is commonly used in chemistry 

to identify materials. In a Raman spectrometer, a laser light interacts with molecular 

vibrations, phonons, or other excitations of the sample, resulting in characteristic 

shifts in laser photons. The Raman spectra in this work were collected on a JOBIN 

Yvon Horiba Raman Spectrometer model HR800, employing a 10 mW helium/neon 

laser at 632.8 nm in ISEM, UOW. [1] 

3.4.8 X-ray photoelectron spectroscopy 

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

spectroscopic technique to measure the elemental composition, empirical 

formula, chemical state and electronic state of the elements within a material. The 

valence states of elements can be identified and the ratio of each valence state can be 

estimated from the spectra. In this work, XPS was carried out on a VG Scientific 

ESCALAB 2201XL instrument in ISEM, UOW, and a Thermo Scientific Sigma 

Probe instrument in KETI using Al Kα X-ray radiation and fixed analyser 

transmission mode. [1] 

3.4.9 Electron paramagnetic resonance  

    Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) 

spectroscopy is a method for studying materials with unpaired electrons. The basic 

concepts of EPR are analogous to those of nuclear magnetic resonance (NMR), but it 

is electron spins that are excited instead of the spins of atomic nuclei. EPR 

spectroscopy is particularly useful for studying metal complexes or organic radicals.   
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Continuous-wave electron paramagnetic resonance (EPR) experiments were carried 

out using a Bruker ELEXSYS E580 spectrometer operating in the X-band (9.4 GHz) 

mode and equipped with an Oxford CF935 helium flow cryostat with an ITC-5025 

temperature controller. The g tensors were calibrated for homogeneity and accuracy 

by comparison to a coal standard, g = 2.00285 ± 0.00005. The receiver gain and 

number of scans were adjusted to every spectrum of a particular sample to enable 

comparisons at a reasonable signal-to-noise ratio. 

3.4.10 Diffuse reflectance spectra 

    Diffuse reflection (Figure 3.6) is the reflection of light from a surface such that an 

incident ray is reflected at many angles rather than at just one angle as in the case of 

specular reflection. An illuminated ideal diffuse reflecting surface will have equal 

luminance from all directions which lie in the half-space adjacent to the surface 

(Lambertian reflectance). 

 

Figure 3.6 Diffuse and specular reflection. 

    A surface built from a non-absorbing powder such as plaster, or from fibers such 
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as paper, or from a polycrystalline material such as BaSO4, reflects light diffusely 

with great efficiency. Many common materials exhibit a mixture of specular and 

diffuse reflection. 

3.5 Electrode fabrication and cell assembly 

3.5.1 Electrode preparation 

    Mixtures were prepared by mixing the active materials, conductive reagents, and 

binder in specific ratios. After thoroughly mixed, an appropriate solvent was added 

into the mixtures. Homogenous slurry could be obtained after mixing. The slurry was 

then uniformly pasted onto current collectors by a doctor blade. The prepared 

working electrodes were dried in a vacuum. The dried electrodes were punched into 

discs after a press procedure. The discs were then ready to be assembled into a 

testing cell in an argon filled glove box. [1] 

3.5.2 Coin cell assembly 

    Cell assembly was carried out in an Ar-filled glove box using 2032-type coin cells.  

In the order of assembly shown in Figure 3.7, the cut Na/Li foil was first placed at 

the positive cap followed by dripping 2-3 drops of electrolyte; the separator was then 

evenly immersed in the electrolyte, and an extra 1-2 drops of electrolyte were added. 

The electrode disc was placed onto the separator followed by stainless steel spacer, 

spring, and positive cap subsequently. After tight sealing of the coin cell, the 

batteries were rested for overnight (>12 H) before electrochemical testing, in order to 

assure the full penetration of electrolyte into the electrodes and separator components.  
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Figure 3.7 Schematic diagram and order assembly of 2032-type coin cells. 

3.6 Electrochemical measurements 

3.6.1 Cyclic voltammetry  

    Cyclic voltammetry (CV) is an electrochemical technique to investigate the 

electrochemical reactions in a cell. CV is conducted by cycling the potential of a 

working electrode at a specified scan rate, and the response current is recorded. CV 

testing for coin cells is based on the two-electrode model, in which Na/Li foil act as 

both reference electrode and counter electrode. A peak would be observed in both 

anodic and cathodic curves when a redox reaction occurs. The CV data were 

acquired on a Biologic VMP-3 electrochemical workstation. 

3.6.2 Galvanostatic electrochemical testing 

    The electrochemical performance of a cell can be estimated by galvanostatic 

testing, in which the cell is charged and discharged during a certain cut-off voltage at 

a constant current mode. The charge and discharge capacity can be calculated based 

on the applied current and the total accumulated time for the full charge and 
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discharge process. This testing technique can also be used to evaluate rate capability 

by applying various current densities over a number of cycles. The instrument used 

here to obtain the data was a Land battery tester.  

3.6.3 Electrochemical Impedance Spectroscopy  

    Electrochemical Impedance Spectroscopy (EIS) is a common method to 

investigate the inner resistance of a cell. The impedance spectrum for active 

materials usually includes a high-frequency semicircle and a low-frequency linear 

tail. The semicircle is related to the kinetic processes reflecting the charge transfer 

resistance and the double layer capacitance. The linear tail reflects the solid-state 

diffusion of Na ions into the bulk of the active materials. In this thesis, EIS data were 

collected on a Biologic VMP-3 electrochemical workstation. 

3.6.4 Synchrotron in-situ X-ray powder diffraction 

    Batteries are used worldwide to power portable electronic devices. The technology 

has many benefits and considerable research is underway to further improve the 

electrochemical performance, particularly at the electrodes. In-situ X-ray powder 

diffraction (Figure 3.8) provides an opportunity to examine the reactions at the 

electrodes and gain a greater understanding of the mechanisms involved during the 

charge and discharge cycles. [1] 

 

 



 

85 
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Figure 3.8 The coin cell sample stage with a sample mounted. The hole, sealed using 

polyimide film, permits the diffracted X-rays to leave the cell. 
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CHAPTER 4 ENHANCED SODIUM-ION BATTERY PERFORMANCE BY 

STRUCTURAL PHASE TRANSITION FROM TWO-DIMENSIONAL 

HEXAGONAL SNS2 TO ORTHORHOMBIC SNS 

 

    Structural phase transitions can be used to alter the properties of a material without 

adding any additional elements and are therefore of significant technological value. It 

was found that the hexagonal-SnS2 phase can be transformed into orthorhombic-SnS 

phase after an annealing step in an argon atmosphere, and the thus transformed SnS 

shows enhanced sodium ion storage performance over that of the SnS2, which is 

attributed to its structural advantages. Here, we provide the first report on an 

SnS@graphene architecture for application as sodium ion battery anode, which is 

built from two-dimensional (2D) SnS and graphene nanosheets as complementary 

building blocks. The as-prepared SnS@graphene hybrid nanostructured composite 

delivers excellent specific capacity of 940 mAh g-1 and impressive rate capability of 

492 and 308 mAh g-1 after 250 cycles at the current densities of 810 and 7290 mA g-1, 

respectively. The performance was found to be much better than those of most 

reported anode materials for Na ion batteries. Based on combined ex-situ Fourier 

transform infrared spectroscopy, X-ray photoelectron spectroscopy, and ex-situ X-

ray diffraction, the formation mechanism of SnS@graphene and the synergistic Na-

storage reactions of SnS in the anode are discussed in detail. The SnS experienced a 

two-structural-phase transformation mechanism (orthorhombic-SnS to cubic-Sn to 

orthorhombic-Na3.75Sn), while the SnS2 experienced a three-structural-phase 

transformation mechanism (hexagonal-SnS2 to tetragonal-Sn to orthorhombic-

Na3.75Sn) during the sodiation process. The lesser structural changes of SnS during 

the conversion are expected to lead to good structural stability and excellent cycling 
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stability in its sodium ion battery performance. These results demonstrate that the 

SnS@graphene architecture offers unique characteristics suitable for high-

performance energy storage application. 
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4.1 Introduction 

    Bestowed by its similar chemical nature to Li, the Na-ion battery has recently 

again attracted increasing attention for large-scale energy storage in renewable 

energy and smart grid applications, because of both the low cost associated with its 

high natural abundance and the decent energy densities. [1-5] Many electrode 

materials for the Li-ion chemistry have been investigated as drop-in replacements for 

Na-ion batteries. [6] Most such efforts have been ineffective, however, as evidenced 

by low capacity utilization, inferior rate capability, poor cycling stability, or even 

complete electrochemical inactivity, for which the larger size of the Na-ion relative 

to the Li-ion is generally believed to be responsible.[7] 

    Among the limited number of Na-ion battery anode materials, tin (Sn) is a 

promising high theoretical capacity material with theoretical capacity of 847 mA h g-

1 (Na15Sn4).[8] The large volume expansion (~ 420 %) of Sn during sodiation, 

however, essentially prevents access to this capacity.[9, 10] To circumvent these issues, 

studies on the preparation of composites containing carbon based materials and other 

metals as well as tin were carried out. For example, Xiao et al. developed nanosized 

SnSb/C to dilute the opportunities for Sn aggregation, which achieved an 

unprecedented capacity of 435 mA h g-1.[11] Xu et al. have produced porous carbon in 

a composite with tin, and they have tested it as anode for both sodium and lithium 

ion batteries. [9] Recently, metal sulfides have been intensively studied as alternative 

candidates for commercial anode materials because of their higher capacities.[12-18] 

And it was found that the electrochemical properties of layered sulfides (SnS2, MoS2, 

WS2) can be further improved by integration with graphene [18-23]. Among the various 
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metal sulfide anodes, orthorhombic-SnS has a unique layered structure with a large 

interlayer spacing (c = 0.4330 nm, space group Pnma), so that this crystallographic 

feature makes it suitable for the intercalation of Na ions and compensation of the 

alloying/de-alloying volume changes.[24, 25] In addition, the arrangement of Sn atoms 

in SnS were much similar to that of cubic-Sn, which is the phase after sodiation, 

expecting a good structural stability and excellent cycling stability for the 

performance on the sodium ion battery. Moreover, the layered structure of SnS 

should also be viable for reversible Na+ storage. Exfoliation of these materials into 

layer sheets largely preserves their properties and also leads to additional 

characteristics due to confinement effects.[26-30] The intralayer Sn–S bonds are 

predominantly covalent in nature, whereas the layers are coupled by weak van der 

Waals forces, thus allowing the crystal to readily cleave along the layer surface.[31] 

Studies have shown that the analogous single layers are stabilized by the 

development of a ripple structure, as in the case of graphene.[32, 33] Furthermore, 

graphene sheets can easily self-assemble into conductive networks, not only offering 

a large number of accessible open pores to Na+ in the electrolyte, but also allowing 

for the growth and anchoring of functional inorganic nanomaterials at high loading.[9, 

34, 35] In addition to the composition and arrangement of atoms in materials, 

dimensionality also plays a crucial role in determining their fundamental 

properties.[36] This has been most strikingly highlighted over the past few years with 

two-dimensional (2D) graphene.[15-17, 37-39] For electrode materials, to completely 

utilize the 2D nature of graphene, an ideal second phase should be 2D as well, 

because the diffusion time (t = L2/D) of ions in electrode materials is proportional to 

the square of the diffusion length, L and inversely proportional to the diffusion 

coefficient, D, so that a filmy 2D structure with shorter diffusion length will 
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significantly improve the diffusion efficiency of alkali metal ions and thus enhance 

the rate performance of sodium/lithium ion batteries.[1, 35, 37, 40]  

    Herein, we demonstrate a simple hydrothermal and annealing approach to 

construct hybrid architectures by employing 2D nanosheets of SnS and graphene as 

complementary building blocks via their controllable assembly properties. The 

resulting SnS@graphene architecture offers unique characteristics needed for high-

performance electrodes. For electrical conductivity, such a structure enables locally 

intimate contact between the SnS and the graphene, which ensures excellent network 

conductivity throughout the whole electrode. For ion transport, the porous structure 

provides numerous channels that allow access to the electrolyte, while the active 

framework made from filmy 2D SnS nanosheets provides a shortened ion-diffusion 

length. For electrode stability, during the charge/discharge process, the SnS 

experienced a two-structural-phase transformation while the SnS2 experienced a 

three-structural-phase transformation mechanism. That could be largely improving 

the structural stability and excellent cycling stability of SnS for their performance in 

the sodium ion battery. And the graphene component, the SnS layer structure, and 

the porous structure help to buffer the volume changes and stress that are generated 

during charge and discharge, and thus maintain the structural stability of the whole 

electrode. As a consequence, the optimal SnS@graphene hybrid architecture exhibits 

a very high reversible capacity of 940 mAh g-1 and excellent high-rate capability for 

Na ion storage. After 250 cycles, the specific capacities are still 492 and 308 mAh g-1, 

as the current densities are increased to 810 and 7290 mA g-1, respectively.  
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4.2 Experimental methods 

4.2.1 Sample preparation 

    Natural graphite powder was oxidized to graphite oxide by the modified 

Hummers‘ method. The SnS@graphene hybrid architecture was prepared by a 

hydrothermal route. In a typical batch, hexadecyltrimethyl ammonium bromide 

(CTAB, 0.218 g, 0.6 mmol) was dissolved in deionized (DI) water, and the as-

prepared graphene oxide (GO, 4.0 mg mL-1, 10 mL, 40 mg) was added into the 

solution. The mixture was stirred for another 2 h to allow CTA+ adsorption on the 

GO surface by electrostatic interaction. After that, L-cysteine (0.500 g, 4.0 mmol) 

and K2SnO3•3H2O (0.300 g, 1.0 mmol) were dissolved into the mixture, and DI 

water was added to adjust the volume of the mixture to 40 ml. After ultrasonication 

and stirring for 20 min, the mixed suspension was transferred into a 50 mL Teflon-

lined stainless steel autoclave, sealed tightly, and heated to 200 °C for 24 h. After 

cooling naturally, the black solid product was collected by centrifugation, washed 

several times with DI water and ethanol, and dried in a vacuum oven at 60 °C for 24 

h. The as-prepared product was then annealed in a tube furnace at 600 °C for 2 h in 

flowing argon. For the control experiment, SnS2 was also prepared by the above 

procedure without the presence of GO nanosheets. 

4.2.2 Characterization 

    The crystalline structure of the as-prepared materials and ex-situ XRD were 

characterized by X-ray diffraction (XRD, MMA GBC). The morphologies and 

particle sizes of the samples were observed by field emission scanning electron 

microscopy (FESEM; JEOL-7500). The details of the crystal structure were further 

characterized by transmission electron microscopy (TEM), which was conducted on 



 

92 

a JEOL-2010 transmission electron microscope operating at 200 kV. Selected area 

electron diffraction (SAED) patterns were recorded using a Gatan charge coupled 

device (CCD) camera in a digital format. X-ray photoelectron spectroscopy (XPS) 

was conducted on a VG Multilab 2000. All of the binding energies were referenced 

to the C 1s peak at 284.8 eV of the surface adventitious carbon. Thermogravimetric 

analysis (TGA) was conducted on a TA 2000 Thermo-analyzer.  

4.2.3 Electrochemical measurements 

    The electrochemical tests were carried out via CR2032 coin type cells. The 

working electrodes were prepared by mixing the as-prepared materials, Super P, 

sodium carboxymethyl cellulose / polyacrylic acid (1:1) at a weight ratio of 70:20:10. 

The resultant slurry was pasted on Cu foil and dried in a vacuum oven at 150 °C for 

3 h, followed by pressing at 300 kg cm-2. The weight of the materials on individual 

electrodes was 1.0 ± 0.2 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 electrolyte consisted of a solution 

of 1 M NaClO4 in ethylene carbonate (EC) / propylene carbonate (PC) (1/1; v/v) 

with 5 wt% fluoroethylene carbonate (FEC). Electrochemical impedance 

spectroscopy (EIS) and cyclic voltammetry (CV) were conducted on a VMP-3 

electrochemical workstation at a scan rate of 0.1 mV s-1. The cells were 

galvanostatically charged and discharged over a voltage range of 0.01-3 V versus 

Na/Na+ at different constant current densities, based on the weight of the samples, on 

a Land CT2001A battery tester. At least five parallel cells were tested for each 

electrochemical measurement, in order to make sure that the results were reliable and 

represented the typical behavior of the samples. 
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4.3 Results and Discussion 

    The overall synthetic procedure for the hybrid SnS architecture involves two steps: 

(1) the preparation of the SnS2@graphene precursor under hydrothermal conditions 

(as shown in Figure 4.1); and (2) the subsequent structural phase transition process 

in argon in order to obtain the SnS@graphene hybrid architecture (as shown in 

Figure 4.3).  

    To understand the synthetic procedures, ex-situ Fourier transform infrared (FTIR) 

spectroscopy was conducted. Two peaks are found at 2914 and 2838 cm
-1

 in the 

FTIR spectrum of the SnS2@graphene nanocomposite [Figure 4.2(a)], which can be 

assigned to the C-H stretching vibrations of -CH3 and -CH2 in CTA
+
, respectively, 

indicating that the CTA
+
 has adsorbed on the GO surface. The adsorption of CTA

+
 

on GO is due to the electrostatic interaction between the cationic surfactant and the 

negatively charged GO,
[35]

 which imparts a positive charge to the GO to overcome 

the innate charge incompatibility between GO and SnO3
2-

. Consequently, SnO3
2-

 

could be attached to the CTA
+
-GO surface to form a SnO3

2-
-CTA

+
-GO complex. 

After that, L-cysteine is added into the suspension. L-cysteine is of particular interest 

to researchers due to its multifunctional groups (-SH, -NH2, and –COO
-
), which can 

be used for the conjugation of metallic ions or other functional groups.
[17, 41]

 The 

intensity of the characteristic N-H deformation and C=O stretching vibration of the 

amide bond observed at 1535 cm
-1

 and 1657 cm
-1

, respectively, for pure L-cysteine is 

weakened in the products, while the doublet peaks at 3350 and 3250 cm
-1

 from the 

symmetric vibration of peptide groups in L-cysteine merge into a broad band in the 

range of 3420-3200 cm
-1

, suggesting that the nitrogen atom of the amide bond is 

possibly coordinated to the SnO3
2-

 ion.
[16]
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                         (1) 

           (2) 

 

Figure 4.1 Schematic diagram illustrating the hydrothermal preparation of the hybrid 

tin sulfide and graphene architecture. Coordination: CTA+ adsorbed on the GO due 

to the electrostatic interaction between the cationic surfactant and the negatively 

charged GO, then, SnO3
2- could be attached to the CTA+-GO surface to form a 

SnO3
2--CTA+-GO complex. 2D Nucleation: In the presence of GO and L-cysteine, 

the crystal nucleated with the typical 2D nucleation-layer growth (atom color code: 

purple, Tin; yellow, Sulphur). Exfoliation: The excess L-cysteine can be negatively 

charged under alkaline solution and make the L-cysteine-capped SnS2 particles repel 

each other and promote the exfoliation. Assembly: Hybrid architecture formed by the 

self-assembly of flexible graphene and layered SnS2 nanosheets. 
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    In our synthetic procedures, L-cysteine not only plays the role of a reducing agent 

and sulfur donor, but also acts as a stabilizing agent during the whole hydrothermal 

process, in which the L-cysteine releases H2S as a sulfide source as well as a 

reducing agent [Equation (1)], resulting in the SnO3
2-

 precursor to SnS2 and the 

reduction of GO to graphene [Equation (2)]. The excess L-cysteine that remains in 

the solution as a stabilizing agent is a key factor that promotes the exfoliation of the 

hybrid precursor and enhances the stability of the colloidal dispersion. From the 

FTIR spectrum of SnS2@graphene precursor after 1h hydrothermal reaction [Figure 

4.2(a)], the peaks at 3124 and 3026 cm
-1

 for L-cysteine assigned to the N-H 

stretching vibration of the zwitterion (
-
OOC-C-NH3

+
) and the peak at 1713 cm

-1
 

assigned to the stretching vibration of the -COOH group of glycine residue, 

respectively, also disappear in the products, indicating that both the amino and the 

carboxyl groups of L-cysteine have been deprotonated, and the alkaline solution is 

generally believed to be responsible for this.
[42]

 This is because the L-cysteine can be 

negatively charged under alkaline solution and make the L-cysteine-capped SnS2 

particles repel each other.
43

  

    The intensities of the characteristic N-H deformation and C=O stretching vibration 

of the amide bond at 1535 cm-1 and 1657 cm-1, respectively, in pure L-cysteine were 

weakened in the products, while the doublet peaks at 3350 and 3250 cm-1 from the 

symmetric vibration of peptide groups in L-cysteine merged into a broad band in the 

range of 3420-3200 cm-1, suggesting that the nitrogen atom of the amide bond was 

possibly coordinated to the SnO3
2- ion. Two peaks were found at 2914 and 2838 cm-1, 

which are assigned to the C-H stretching vibrations of -CH3 and -CH2 in CTA+, 

respectively. All of these peaks from CTA+ and L-cysteine disappeared completely 

after heat treatment as a result of the carbonization. The peaks at 2330 and 2353 cm−1 
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were caused by CO2 absorbed in the samples. The IR results indicated that the CTAB 

and L-cysteine would play important roles in the hydrothermal synthesis.  

 

 
Figure 4.2 (a) FTIR spectra of SnS@graphene, SnS2@graphene, SnS2@graphene 

precursor after 1h hydrothermal reaction, and L-cysteine. (b) XRD patterns of a) 

SnS@graphene [orthorhombic SnS (JCPDS No. 39-0354)] and b) SnS2@graphene 

architectures, and c) pristine SnS2. The XRD pattern of the SnS2@graphene 

composite is similar to that of pristine SnS2 [hexagonal SnS2 (JCPDS No. 01-1010)], 

the intensity of (001) plane is much lower than in the case of pristine SnS2, indicating 

that growth of the SnS2 was inhibited in the hybrid due to the intervention of 
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graphene and that a layered/sheet-like structure of SnS2 was formed in the hybrid 

architecture. 

 

Figure 4.3 Schematic diagram (bottom) illustrating the phase transition process 

between SnS2 and SnS. The crystal structures of hexagonal SnS2 (a, b, c) and 

orthorhombic SnS (d, e, f) as shown in different sectional views (atom color code: 

purple, Tin; yellow, Sulphur). The formation of orthorhombic SnS phase may rely on 

the Sx depletion in a later stage of the phase transformation process. After annealing, 

the SnS2 dissociation occurs, S depletion and high temperatures promote dissociation 

processes. This route is based on the incongruent sublimation of the SnS2 and 
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proposes the direct formation of the SnS from SnS2 through the proposed reaction in 

the scheme. 
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Figure 4.4 Typical a) survey XPS spectra of the SnS@Graphene and 

SnS2@Graphene architectures. b) Sn 3d region XPS spectra, and c) S 2p region XPS 

spectra.  

The subsequent structural phase transition process in argon would finalize the 

synthesis of the SnS@graphene architecture. The possible dissociation reaction at 

high temperature is proposed in the equation shown in Figure 4.3.
[15, 44]

 Figure 4.2(b) 
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shows a representative X-ray diffraction (XRD) pattern of pristine SnS2. All of the 

diffraction peaks can be indexed to hexagonal SnS2 (JCPDS No. 01-1010) [Figure 

4.3 a,b and c], indicating that pure, single-phase, and well crystallized SnS2 has been 

obtained. The XRD pattern of the SnS2@graphene composite is similar to that of 

pristine SnS2, except for the (001) plane of the SnS2 [Figure 4.2b (b, c)], the 

intensity of which is much lower than in the case of pristine SnS2, indicating that 

growth of the SnS2 (001) plane was inhibited in the hybrid due to the intervention of 

graphene and that a layered/sheet-like structure of SnS2 was formed in the hybrid 

architecture.
 [14]

 As shown in Figure 1(b), after annealing, an entirely new and well 

crystallized phase of orthorhombic SnS (space group Pbnm (62), JCPDS No. 39-

0354) can be observed from the XRD pattern [Figure 4.3 d, e and f]. The formation 

of this phase may rely on the S depletion in a later stage of the phase transformation 

process. Two intermediate processes could be involved in the synthesis of SnS 

[Figure 4.3]. Initially, in the high S availability regime, the SnS2 dissociation occurs. 

After that, S depletion and high temperatures promote dissociation processes. The 

chalcogen depletion occurs mainly by localized film segregation and by condensation 

in other parts of the furnace and exhaust system.
[45]

 This route is based on the 

incongruent sublimation of the SnS2 and proposes the direct formation of the SnS 

from SnS2 through the following reaction:
[46]

 

       (3) 

where x = 2 − 8, which represent the various S species that can be formed during this 

process. In order to measure the content of graphene in the as-synthesized 

SnS@graphene composite, thermogravimetric analysis (TGA) was carried out from 
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50 to 800 ° C in air (Figure 4.5). From the TGA curve, the major weight loss from 

450 to 600 ° C was due to the removal of graphene by the oxidation process, and it 

can be calculated that the SnS@graphene composite contains 13.8% graphene.  
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Figure 4.5 TGA curve of as prepared SnS@Graphene from 50 to 800 ° C in air. 

From the TGA curve, the major weight loss from 450 to 600 ° C was due to the 

removal of graphene by the oxidation process, and it can be calculated that the 

SnS@graphene composite contains 13.8% graphene. 

 

   XPS analysis was also conducted to investigate the surface electronic states and the 

chemical composition of the as-synthesized sample (Figure 4.4). Compared with the 

spectra of SnS2@Graphene, the Sn 3d peaks of SnS@Graphene are shifted toward 

lower binding energy by 0.7 eV (3d5/2) without any obvious change in the spectral 
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shape. This phenomenon results from the large difference in electronegativity 

between coordinating groups, which confirms that the evolution of the process goes 

through a transformation from the SnS2-ligand complexes to SnS. From Figure S1(c), 

it can be seen that the asymmetrical S 2p spectrum for the SnS2@Graphene, can be 

divided into three peaks, indicating that there are three chemical environments. The 

peaks at 162.3 eV and 163.7 eV could be attributed to the binding energies of S 2p3/2 

and S 2p1/2 [34]. The other peak at 165.1 eV could be assigned to the binding energy 

of sulfur in the thiol group, which is in agreement with the above FTIR analysis [41]. 

 

 

Figure 4.6 SEM image of hybird SnS2@graphene (a); (b, c) typical SEM images of 

SnS@graphene architecture at different magnifications, which reveal the porous 

structure and thin walls containing both SnS and graphene nanosheets. (d) Element 

mapping images of the SnS@graphene with corresponding SEM image.  
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Figure 4.7 Representative TEM images of (a) SnS2@graphene and (b) 

SnS@graphene. (c) HRTEM image of SnS with the resulting FFT pattern (inset), and 

(d) the corresponding SAED pattern, which can be indexed to SnS (100). The inset 

between (c) and (d) shows the atomistic model of the SnS (100) surface. 
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    The morphology and microstructure of the as-prepared SnS2@graphene and 

SnS@graphene composites were investigated via field emission scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). The GO sheets 

serve as the substrate for the nucleation and growth of SnS2 into a layered structure, 

due to the interaction between the GO with functional groups and the SnO3
2-

 

precursor. On the other hand, GO in the composite also could restrain the stacking of 

SnS2 in the c-direction to promote the formation of SnS2 sheet-like structures.
[14, 47, 48]

 

With no GO in the synthetic process, the pristine SnS2 materials mainly consist of 

irregular nanoparticles with a small quantity of sheet-like structures (Figure 4.8). 

Abundant SnS2 nanosheets are clearly obtained after GO is included in the synthetic 

process [Figure 4.2(a) and Figure 4.3(a)]. From SEM observations, we found that 

the SnS nanosheets [Figure 4.6 (c)] are more rigid than the graphene nanosheets.
[38] 

As shown in the SEM [Figure 4.6 (b, c)] and TEM [Figure 4.7 (b)] images, the as-

prepared SnS@graphene architecture possesses a hybrid structure with 

interconnected pores, ranging from several nanometers to several micrometers in size. 

Moreover, the thin and rigid SnS nanosheets can be clearly observed and are 

homogeneously confined in the framework, which efficiently hampers their 

aggregation and restacking, as we expected. The partial overlapping or coalescing of 

flexible nanosheets is likely to have originated from the cross-linking of the 

functional groups in the graphene sheets, and thus, the SnS nanosheets are much 

easier to efficiently combine with graphene. Importantly, only 2D nanosheets were 

observed in this sample, indicating a nearly complete 2D morphological yield. Wide 

area energy dispersive spectroscopy (EDS) analysis indicated a nearly 1:1 atomic 

ratio of Sn to S (52 % Sn, 48 % S) for SnS and 1:2 for SnS2 (35 % Sn, 65 % S), 
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confirming the SnS and SnS2 stoichiometry (Figure 4.9). Analysis of an individual 

sheet by selected area electron diffraction (SAED) [Figure 4.7 (d)] indicated that it 

is single-crystalline and can be indexed to the (100) plane of SnS.
[31]

 The high 

resolution TEM (HRTEM) image of the nanosheets [Figure 4.7 (c)] confirms their 

single-crystalline nature. Measurements of the reciprocal space distances between the 

fast Fourier transform (FFT) diffraction spots [inset image in Figure 4.7 (c)] were 

quantitatively consistent with those of the SAED pattern. The interatomic distances 

were determined to be 3.98 and 4.34 Å, respectively, corresponding to the (010) and 

(001) planes, and they match well with the b and c lattice constants of orthorhombic 

GeS-type SnS [inset image between Figure 4.7 (c) and 4.7 (d)] (b = 3.98 Å, c = 4.33 

Å). Element mapping of the SnS@graphene composite demonstrates that the carbon, 

tin, and sulphur are homogeneously distributed in the sample and that the 2D SnS 

nanosheets have been very effectively combined with the graphene nanosheets 

[Figure 4.7 (d)]. 
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Figure 4.8 SEM images of SnS2 prepared without GO by the hydrothermal method. 

With no GO in the synthetic process, the pristine SnS2 materials mainly consist of 

irregular nanoparticles with a small quantity of sheet-like structures. 
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Figure 4.9 EDS spectra of SnS2@Graphene (top) and SnS@Graphene (bottom). 

Wide area EDS analysis indicated a nearly 1:2 atomic ratio of Sn to S SnS2 (35 % Sn, 

65 % S) and 1:1 for (52 % Sn, 48 % S) for SnS, confirming the SnS and SnS2 

stoichiometry. 
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Figure 4.10 Electrochemical performance of SnS@graphene hybrid architecture for 

high-performance sodium storage. (a) Cyclic voltammograms for the first 3 cycles of 

SnS@graphene electrode at a scanning rate of 0.1 mV s-1. (b) Galvanostatic 

discharge–charge profiles for selected cycles of SnS@graphene electrode at a current 

density of 30 mA g-1. Comparisons of (c) rate capabilities and (d) cycling 

performances of SnS@graphene, SnS2@graphene, and SnS2 electrodes, and (e) long 

cycling performances of SnS@graphene electrode at different current densities.  
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Figure 4.11 Galvanostatic discharge–charge profiles for selected cycles of 

SnS2@graphene electrode at a current density of 30 mA g-1. 

 

 

Figure 4.12 Cyclic voltammograms for the first 2 cycles of SnS2@graphene 

electrode at a scanning rate of 0.1 mV s-1. 
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    The sodium ion storage behaviour of the composites was first characterized by 

cyclic voltammetry (CV) [Figure 4.10 (a)]. During the first negative scan, a strong 

reduction peak appeared at ~0.74 V and disappeared at the second negative scan, 

corresponding to the decomposition of electrolyte to form the solid-electrolyte 

interphase (SEI) film. Thus, after the first cycle, three pairs of oxidation/reduction 

peaks at 0.08 V/ 0 V, 0.24 V/ 0.15 V, and 0.70 V/ 0.66 V clearly emerged and then 

remained steady, representing the Na alloying/de-alloying reactions.
[49]

 The peaks at 

1.32 V/ 1.15 V in the CV curves can be attributed to the conversion reaction with 

sulphur atoms in the material, and the obvious platform represented by the charge-

discharge plateaus also could confirm that the reaction between SnS and Sn is 

reversible. There is no obvious loss of area in the successive cycles, proving the good 

cycling stability of the composite. In the CV curves, it is worth noting that all the 

redox peaks of SnS@graphene composite are well matched to the charge-discharge 

plateaus [Figure 4.10 (b)]. And the SnS2@graphene were much different from that 

of SnS@graphene, there is no plateau around 1.32 V/ 1.15 V in the curves of 

SnS2@graphene, suggest that the reaction between SnS2 and Sn is irreversible 

[Figure 4.11 and 4.12]. The basic reversible reactions of the composite are 

elucidated by Equations (4) and (5). 

      (4) 

    (5) 

    The electrochemical performance of the hybird SnS@graphene architecture was 

systematically evaluated by galvanostatic discharge-charge measurements. 

Remarkably, a very high capacity of 1437 mAh g
-1

 is achieved in the initial cycle at a 
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current density of 30 mA g
-1

, in the case of the SnS@graphene architecture [Figure 

4.10 (c, d)]. Even after 50 cycles, both the discharge and the charge capacities of this 

architecture are stable at about 940 mAh g
-1

, delivering 92.4% of the 2
nd

 cycle 

capacity (1037 mAh g
-1

) [Figure 4.10 (d)]. It should be noted that a large capacity of 

nearly 1400 mA h g
-1

 is obtained for the SnS@Graphene electrode during the first 

discharge and charge processes. This may be partly attributed to both the presence of 

defects in the graphene and the disorder of the unique 2D structure of SnS. Moreover, 

the reversible formation/decomposition of the polymeric gel-like film on the surface 

of the active materials also contributed to the extra capacity, as reported elsewhere.
 

[37, 39, 48]
 And in addition to the capacity comes from the alloying process of Sn, the 

reversible reaction between SnS and Sn also contributed to the capacity. (It is an 

interesting point as well for future studies to understand the reasons why extra 

sodium ions could be inserted into this hybrid material, and the relevant work is in 

progress.) These results are in stark contrast to the pure SnS2 and the SnS2@graphene 

architecture, which show continuous and progressive capacity decay as cycling 

progresses. More importantly, the as-prepared SnS@graphene architecture exhibits 

good high-rate performance. On increasing the current density to 810 and 7290 mA 

g
-1

 [Figure 4.10 (e)], the specific capacities at these current densities are still 492, 

and 308 mAh g
-1

 after 250 cycles, respectively. It is instructive to compare the 

performance of the SnS@graphene electrodes with the best systems reported in 

scientific literature. Table 4.1 compares our results with the state-of the art in 

previously published research on Carbon, Sn, SnO2, SnS2, Sn4P3and MoS2-based 

sodium ion battery anode materials. The performance of our prepared 

SnS@graphene architecture was found to be much better than those of most reported 

anode materials for Na ion batteries. 
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Figure 4.13 Ex-situ XRD patterns of the SnS@graphene electrode collected at 

various points as indicated in the corresponding voltage profile: (a) fresh electrode, 

(b) after 1st discharge to 0.5 V, (c) after 1st discharge to 0.01 V, (d) after 1st charge to 

1.0 V, and (e) after 1st charge to 2.2 V. 

    In order to further clarify the structural changes upon sodiation/desodiation, ex situ 

XRD analysis of the SnS@graphene was performed, and it revealed that the 

reversible sodiation/desodiation of SnS proceeded in a two-phase reaction, as shown 

in Figure 4.13. The uncharged anode showed a clear XRD pattern of the SnS lattice 

[Figure 4.13 (a)]. Upon sodiation to 0.5 V, the intensity of the XRD peaks 

corresponding to SnS decreased [Figure 4.13 (b)], while the main reflections of Sn 

were observed, implying that the SnS lattice had transformed to metallic Sn and 

Na2S phases at an initial stage of the Na insertion reaction, although no obvious Na2S 

peaks were observed, which indicates that an amorphous Na2S phase was formed 
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during sodiation, while nanocrystalline NaxSn was not detectable by XRD owing to 

its very small crystallite size. When completely charged to a terminal potential of 

0.01 V [Figure 4.13 (c)], the Na2S signal became stronger, and the Sn signal 

disappeared, indicating that all of the Sn can participate in the Na-alloying reaction 

by the end of charge process. On desodiation, the intensity of the XRD peaks 

corresponding to Sn gradually increased [Figure 4.13 (d, e)], indicating that the 

conversion reaction of Sn to Na2S and NaxSn was reversible.  

 

 

Figure 4.14 Schematic illustration of the structure evolution of orthorhombic-SnS 

and hexagonal-SnS2 during the sodiation. 

    By combining the charge-discharge profiles [Figure 4.10 (a, b, d) and Figures S5 

and 4.12] and the ex-situ X-ray diffraction study (Figure 4.13), we here propose a 

mechanism to illustrate the discharge process of SnS, which differs from that 

reported for SnS2.[19]
 During discharging, the SnS anode is first reduced by Na ions 

through a conversion process, as described in Equation (4), resulting a flat plateau at 

1.1 V (vs. Na). Alongside the S removal, the orthorhombic structure turns into a 

face-centered symmetry and forms alpha-Sn. [50]
 On further discharging to 0.7 V (vs. 
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Na), sodium ions intercalate into the Sn structure through a two-phase reaction and 

occupy the 4c site, which was the original site for S, forming an orthorhombic 

structure of NaxSn alloy, which is isostructural to the original SnS, and the two-phase 

reaction results in a short plateau at around 0.7 V (vs. Na). As discharging continues 

down to 0.01 V (vs. Na), sodium ions occupy the other 4c sites via a solid-solution 

reaction, forming a sloping plateau-like feature.[8]
 The Na intercalation induces 

internal atomic rearrangement to minimize the strain and gradually form a huge 

orthorhombic structure, as recorded in ICSD#105168. On the other hand, hexagonal-

SnS2 transforms into beta-Sn with tetragonal structure and is followed by another 

two-phase reaction,[50] changing into orthorhombic Na3.75Sn, so that it experiences a 

large lattice volume change (324% relative to SnS2). The major difference between 

the discharging of SnS and that of SnS2 is the formation of Sn after the conversion 

reaction. XRD patterns were obtained for SnS and SnS2 electrodes after 

discharge/charge cycles (Figure 4.15). The stronger peak at 2θ = 43° is attributed to 

the Cu foil electrode. The SnS2 shows peaks at 30.47 and 31.90 corresponding to 

the (200) and (101) planes of beta-Sn. The alpha-Sn becomes the dominant phase for 

the SnS, as shown in the XRD pattern of the cell after matching to the (111) and (220) 

planes of alpha-Sn (JCPDS No. 87-0794; a = 6.489 Å). It can retain its crystallinity 

over repeated cycles, contributing to the excellent cycling performance. The total 

energy (Etot, total energy of the most stable configuration of reaction products) 

difference between beta-Sn andorthorhombic-Na3.75Sn is 7.66 eV, higher than that of 

alpha-Sn (7.125 eV) (Figure 4.18).[50, 51]
 This is particularly important, as the 

alloying of Na with cubic-Sn (alpha) to form orthorhombic NaxSn is easier than for 

tetragonal-Sn (beta), allowing higher intercalation capacity [Figure 4.10 (d)] as well 

as better rate capability [Figure 4.10 (c)]. The whole discharging process involves 
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lattice volume change [242% relative to SnS, smaller than that of Sn (420%)]; the 

structural change during conversion is two-phase, and the solid-solution reactions are 

smooth, leading us to expect good structural stability and excellent cycling stability, 

which agrees well with Figure 4.10 (d). Compared to the Sn based anode materials, 

the potential advantages of SnS over Sn for Na insertion are: higher theoretical 

capacity than Sn because of the lower mass of the S atoms, as well as an expected 

improvement in mechanical stability due to smaller volume change during charge 

and discharge from the sulphides.52
 Moreover, sulphide formation is typically more 

reversible than oxide formation, resulting in a higher first cycle efficiency than for 

oxide materials. 
51

 From the perspective of structural stability during cycling, there is 

no doubt that SnS performs better than SnS2 and Sn as an anode in the sodium ion 

battery. 

 

Figure 4.15 XRD patterns of the (a) SnS2 and (b) SnS electrodes collected at after 

the 50th charge to 2.0 V. 
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Meanwhile, stable cycling of an electrode has strict requirements in terms of 

structural stability at the particle level, because even small changes in particle 

morphology could accumulate across the thickness of the electrode and cause 

electrode-level cracking and failure. After 20 deep cycles at the current density of 

270 mA g
-1

, the morphology of the SnS@graphene was examined with SEM. As the 

SEM micrographs in Figure 4.16 demonstrate, intact graphene sheets with SnS 

inside are clearly visible. There are two interdependent characteristics of the two-

layered compound design that enable superior battery performance. The first is the 

internally accommodated volume expansion and the structural compatibility within 

the two-layered hybrid SnS@graphene architecture, which retains the structural 

integrity of the secondary particles. The second characteristic is the porous 

SnS@graphene structure, which can effectively absorb the stress that is generated 

during charge and discharge. The reduced charge-transfer resistance compared to that 

of the SnS2@graphene and bare SnS2 electrodes is another factor, proving the high 

reactivity of the SnS@graphene electrode [Figure 4.17(a)]. This mechanism not only 

significantly stabilizes the mechanical, electrical, and electrochemical properties of 

the anode material, but also enables the inner void space to be retained.  

Investigation of isolated active materials is no longer sufficient to solve all the 

different kinds of challenges for the development of large-scale energy storage.
 [53]

 In 

this work, we have optimized the composite electrode by using high tensile-strength 

binders, polyacrylic acid (PAA) and sodium carboxymethyl cellulose (CMC), both of 

which were used to improve the cycling performance of the Li-ion battery electrode 

materials with large volume expansion.
[54, 55]

 Compared to the electrode using PAA-

CMC as binder, the electrode prepared with polyvinylidene difluoride (PVdF) 
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exhibited severe capacity fading, which gave it much poorer performance than the 

cycling performance obtained with PAA-CMC binder [Figure 4.17(b)]. Additives 

such as fluoroethylene carbonate (FEC), which is known for stabilizing the SEI film 

in Na ion batteries,
 [56]

 were also introduced into the electrolyte [Figure 4.17 7(c)] in 

order to further improve its electrochemical performance. 

 

Figure 4.16 Typical SEM images of SnS@graphene electrode before (a) and after (b, 

c, d) 20 cycles at the current density of 270 mA g-1. 
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Figure 4.17 (a) Nyquist plots of electrodes containing hybrid SnS@graphene and 

SnS2@graphene architectures, as well as bare SnS2, obtained by applying a sine 

wave with an amplitude of 5.0 mV over the frequency range of 100 kHz–0.01 Hz. 

Representative cycling performances of electrodes with hybrid SnS@graphene 

architecture (b) with different binders and (c) with or without FEC in the electrolyte.  
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Figure 4.18 Contour plots of the operando synchrotron data of the SnS in sodium ion 

battery. 

Table 4.1 Comparison of our best-performing materials with previously published 
Sn, SnO2, SnS2 and MoS2-based sodium ion battery anodes, as well as some carbon 
nanostructures, in terms of capacity and rate capability. 

 

Electrodes Cycling Capacity mAh g-1 

(current density, mAg-1) 

Rate Capability mAh g-1 

(current density, mAg-1) 

 

 

1st 

Cycle 

number 

10 th 

 

50 th 

  

SnS@Graphene 

(This work) 

1037 

30  

1003 

30  

940 

30  

492 

810  

After 250 cycles 

308 

7290  

After 250 cycles 

Hollow Carbon 

Nanowires[57] 

251 

50  

~250 

50  

~240 

50 

149 

5001  

n/a 
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Carbon 

Nanofibers[58] 

~200 

200  

~180 

200  

175 

200 

~80 

500 

~60 

2000  

Graphene Oxide[59] 270 

40  

~212 

40  

~207 

40  

171 

200  

~100 

1000  

Mesoporous C/Sn 

Composite[60] 

~300 

20  

~250 

20  

n/a 

 

~70 

800  

~60 

1000  

Tin-Coated Viral 

Nanoforests [61]  

~770 

50 

~580 

50  

~470 

50  

n/a 

 

n/a 

Sn @ Wood 

Fibers[62] 

~350 

84  

~220 

84  

~250 

84  

~75 

840 

n/a 

Sn/C 

Nanocomposite[63] 

470 

50 

270 

50  

n/a n/a n/a 

Sn-C Composite[64] ~240 

100  

~280 

100  

~220 

100  

~150 

800  

n/a 

SnO2@MWCNT 

Nanocomposite [65] 

~500 

(n/a) 

0.1C 

~450 

(n/a) 

0.1C 

~380 

(n/a) 

0.1C 

~310 

(n/a) 

0.5C 

n/a 

SnO2–RGO 

Nanocomposite [66] 

 

407 

100  

~500 

100  

~400 

100  

~200 

500  

~120 

1000  

SnO2@graphene[67] 741 

20  

~720 

20  

~700 

20  

302 

160  

143 

640  

Sn4P3
[68] 718 

100  

~700 

100  

700~ 

100  

n/a n/a 

Sn4+XP3 543 ~540 ~550 423.3 165 
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@Amorphous Sn-

P[69] 

100  100  100   500 5000  

Sn4P3/C 

composite[70] 

722 

100  

~600 

100  

~433 

100  

435 

500  

349 

1000  

SnS2@Graphene[71] 750 

20  

~700 

20  

670 

20  

369 

80  

152 

640  

SnS2@Graphene 

Oxide[72] 

645 

200  

654 

200  

628 

200  

500 

1000  

~475 

2000  

Sn-SnS-C 

Composite[73] 

~430 

100  

~425 

100  

~450 

100  

~350 

800  

n/a 

MoS2
[74] 190 

85  

~120 

85  

~100 

85  

n/a n/a 

MoS2@Graphene[75] 250 

25  

~240 

25  

n/a 180 

150 

150 

200  

MoS2 

Nanosheets[75] 

165 

20  

161 

20  

161 

20  

140 

400  

120 

800  

 

     

    After systematic design and optimization of the active materials, buffer layer, 

binder, conductive additive, and electrolyte, the capacity and high-rate performance 

of the SnS@graphene architecture are much better than for most reported anode 

materials for Na ion batteries. Such extraordinary performance and excellent capacity 

retention at high charge-discharge rates suggest that the hybrid SnS@graphene 

architecture has great potential for the anode material in Na-ion batteries. The 

unprecedented excellent electrochemical performance of SnS@graphene can be 
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attributed to the following reasons: (1) the structural compatibility within the two-

layered hybrid SnS@graphene architecture and the excellent conductive electronic 

properties of the graphene network lead to very stable composites; (2) the porous 

structure of the composite electrode provides numerous channels to give access to 

the electrolyte, and the active framework made from filmy 2D SnS nanosheets 

provides a shortened ion diffusion path length; (3) the porous SnS@graphene 

structure can effectively absorb the stress which is generated during charge and 

discharge, while the structural stability of SnS layer structure should also be viable 

for reversible Na
+
 storage, since in comparison to tin and other tin-based materials, it 

provides more buffering for the volume changes in Na-Sn reactions, so that acting 

together, they can perfectly maintain the structural stability of the whole electrode. 

4.4 Conclusions 

    In summary, a hybrid SnS@graphene architecture, employing 2D nanosheets of 

SnS and graphene as complementary building blocks via their controllable assembly, 

was fabricated by a hydrothermal and annealing approach. The well-developed 2D 

nanosheets of SnS and graphene, as well as the precise hierarchical control of various 

sublayers of the materials in the design are believed to function synergistically, so as 

to significantly stabilize the mechanical, electrical, and electrochemical properties of 

the anode material, despite its large volume changes with sodiation/desodiation 

during cycling. From the perspective of structural ability during cycling, the less 

structural changes of SnS after the conversion, expected a good structural stability 

and excellent cycling stability for the performance on the sodium ion battery. The 

resultant architecture can provide high reversible capacity and excellent high-rate 

capability. The superior cycling and rate performance, combined with the simplicity 
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of the optimized process, represents a promising strategy for the development of 

inexpensive and versatile synthesis techniques for energy storage and conversion 

applications. 
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CHAPTER 5 BOOSTED CHARGE TRANSFER IN SNS/SNO2 

HETEROSTRUCTURES: TOWARD HIGH RATE CAPABILITY FOR 

SODIUM-ION BATTERIES 

 

    Constructing hetero-nanostructure can endow nanomaterials fascinating 

performance in terms of high-speed electronics, optoelectronics and other aspects 

because of the built-in charge transfer driving force which is of benefit to the specific 

charge-transfer kinetics. Rational design and controllable synthesis of nano-

heterostructure anode materials with high-rate performance, however, still remains a 

great challenge. Here, ultrafine SnS/SnO2 heterostructures were successfully 

achieved and thus lead to boosted charge transfer within the nanocrystals. The 

mobility enhancement are attributed to reduction of the charge center scattering and 

interface effect of heterostructures, which induce an electric field within the 

nanocrystals, making them with much lower ion diffusion resistance, facilitates 

interfacial electron transport at the SnS/SnO2 heterointerfaces. The electrical 

integrity of the electrode via the interfacial amorphous carbon layer anchoring the 

SnS/SnO2 heterostructures directly to the graphene can be effectively retained. 

Enhancement in the electrochemical performance can be reflected by the excellent 

cycling stability (∼73% retention after 500 cycles at 810 mA g-1) and high rate 

capability (473 mA h g−1 at 2430 mA g−1) of the C@SnS/SnO2@graphene 

heterostructures. 
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5.1 Introduction 

    Rechargeable sodium-ion batteries have attracted a great deal of research interest 

as a promising alternative to lithium-ion batteries, owing to the low cost and 

abundant resources of sodium.[1-3] Inspired by the existing lithium ion battery 

technology, various attempts have been made to adapt anode materials for Li-ion 

chemistry to Na-based system. Unfortunately, most of the investigated anode 

materials suffer from lower specific capacity, poor rate capability and shorter cycling 

life, because Na+ ions feature a larger ionic radius and molar mass than Li+ ions.[4,5] 

    Currently, searching for a suitable anode material with excellent performance to 

meet the increasing demands for large-scale energy storage applications is still the 

major challenge. Although considerable research has been devoted to exploring new 

anode materials with high specific capacity or good cycling stability for application 

in Na-ion batteries,[6,7] rather less attention has been paid to the high-rate capacity 

which is a quite important aspect of performance for practical applications. Therefore, 

the rational design and controllable synthesis of anode materials with high-rate 

performance and superior cycle life are highly desirable. To obtain viable anode 

materials with high-rate capacity, it is particularly important to choose appropriate 

host materials with high theoretical sodium storage capacity as the building blocks. 

Among the limited number of Na-storage anode materials, SnO2 has been 

extensively investigated due to its high theoretical capacity (~667 mA h g-1) and 

abundance.[8,9] Practical applications of SnO2 materials are seriously limited, 

however, by its poor intrinsic conductivity, low initial coulombic efficiency and 

inferior cycling stability.[10-12] Besides SnO2, the unique layered structure with large 
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interlayer spacing and high reversible capacity of SnS make it another highly 

promising candidate,[13,14] Compared to metal oxide anodes, the corresponding metal 

sulfide possesses smaller band-gap energy and higher electrical conductivity, since 

the metal-sulfur bond is more covalent than the metal-oxygen bond.[15,16] 

Furthermore, SnS compound has higher reversibility than its equivalent oxide,[17,18] 

thus ensuring higher initial coulombic efficiency and reversible capacity.  

    Heterostructures have great potential applications ranging from high-speed 

electronics to optoelectronics devices because of their interface effects, giving 

unprecedented properties at interfaces.[19-21] It has been demonstrated that creating 

heterostructures by coupling nanocrystals with different band gaps will enhance the 

surface reaction kinetics and facilitate charge transport due to the internal electric 

field at heterointerfaces.[22] Wang et al. reported the ultrafast charge transfer in 

atomically thin MoS2/WS2 heterostructures.[23] Walukiewicz et al. investigated the 

charge transfer effects at the interfaces of CdO/SnTe heterostructures and found a 

large 4-fold enhancement of the electron mobility, which can be attributed to 

reduction of the charge center scattering.[24] Shao et al. designed a TiO2(B)/anatase 

mixed-phase system with high Li storage capacity and excellent high-rate cycling 

capability, benefiting from the synergistic effects of the TiO2(B)/anatase, which can 

enhance the Li+ diffusion kinetics and electronic conductivity.[25] 

    Thus, from the perspective of enhancing the electronic conductivity and sodium-

ion diffusion capability of anode materials, the skillful design and fabrication of a 

complex architecture by employing the SnS/SnO2 heterostructure, might be a feasible 

strategy for a built-in charge transfer driving force, which will facilitate ion/electron 

diffusion during the cycling process. Nevertheless, to the best of our knowledge, 
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there is no report regarding the synthesis of SnS/SnO2 hetero-nanostructures as anode 

material for Na-ion batteries. Herein, we proposed a unique architecture for 

amorphous carbon covered SnS/SnO2 heterostructures anchored to graphene, which 

exhibited a remarkable high rate capability and ultra-long cycle life as anode for 

sodium-ion batteries. 

5.2 Experimental methods 

5.2.1 Materials Synthesis 

5.2.1.1 Synthesis of C@SnO2@Gr 

    The graphite oxide was prepared by a modified Hummers‘ method. SnO2 

nanoparticles were grown onto the GO nanosheets by a hydrothermal method. In a 

typical process, 0.25g SnCl2·2H2O was firstly dissolved in 20 mL ethanol to yield a 

clear solution. Then, 20 mL ethanol solution containing 40 mg GO was added into 

the clear solution under magnetic stirring for 20 minutes. The resultant solution was 

then transferred to an autoclave, which was kept in an oven at 160 °C for 10 h. The 

resultant product was separated and washed several times by centrifugation with de-

ionized water after the autoclave was cooled down naturally. Subsequently, the 

products were dispersed in 20 mL de-ionized water via ultrasonication for 15 min. 

After the ultrasonication, 0.3 g glucose was added into the solution with a following 

vigorous stirring for 20 min. Then, the solution was transferred to an autoclave and 

kept in an oven at 160 °C for 10h. The product was obtained by centrifugation, with 

several washings in de-ionized water after the autoclave was cooled down. The 

resultant composite was dried at 70 °C under vacuum conditions for 12 h, followed 

by heating in a tube furnace under argon atmosphere at 500 °C for 5 h, yielding 

carbon-coated graphene tin oxide (C@SnO2@Gr). 
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5.2.1.2 Synthesis of C@SnS/SnO2@Gr 

    A simple sulfidation method was utilized to transform the surface SnO2 to SnS. 

For the sulfidation process, a small quartz crucible containing the obtained 

C@SnO2@Gr was loaded into a larger quartz boat. An excessive amount of thiourea 

was loaded onto the boat on the outside of the small quartz crucible for sulfidation of 

the SnO2. The loaded boat was put into a tube furnace and heated at 350 °C for 6 h 

under argon. When the temperature was increased to 350 °C, the thiourea powder 

was melted, which produced hydrogen sulfide gas. The flow rate of argon, which 

was used as the carrier gas, was 200 mL min-1. The final product was carbon-coated 

SnS/SnO2@Gr composite (C@SnS/SnO2@Gr). 

5.2.1.3 Synthesis of C@SnS@Gr 

    The SnS@Gr composite was firstly synthesized through a hydrothermal treatment. 

40 mg GO was dispersed in 40 mL ethylene glycol solution by ultrasonication for 2 h. 

Then 0.25 g tin chloride dihydrate and 0.084 g thiourea were dissolved in the above 

ethanol solution under magnetic stirring for 1 h. After that, the mixed solution was 

transferred to an autoclave and kept in an oven at 180 °C for 12 h. The product was 

obtained by centrifugation, with several washings in de-ionized water after the 

autoclave was cooled down. The C@SnS@Gr sample was prepared under the same 

procedure by coating a carbon layer on the SnS@Gr nanosheets. 

5.2.1.4 Synthesis of C@SnS+SnO2@Gr 

    The C@SnS+SnO2@Gr mixture was synthesized by mixing the as-prepared 

C@SnO2@Gr and C@SnS@Gr samples in a weight ratio of 1:1. 
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5.2.2 Materials Characterization 

    The crystalline structure of the as-prepared material was characterized by X-ray 

diffraction (XRD; GBC MMA diffractometer) with Cu Kα radiation at a scanning 

rate of 1° min-1. (Rigaku Mini Flex 600). The morphologies and particle sizes of the 

samples were observed by field emission scanning electron microscopy (FE-SEM; 

FEI-NOVA NanoSEM 450 and Magellan, FEI, USA). The details of the crystal 

structure were further characterized by transmission electron microscopy (TEM), 

which was conducted on a Philips Tecnai 20 TEM operating at 200 kV. The TEM 

was linked to an energy dispersive spectral analysis (EDS) system. X-ray 

photoelectron spectroscopy (XPS) was conducted on a VG Multilab 2000 (VG Inc.) 

photoelectron spectrometer using monochromatic Al Kα radiation under vacuum at 2 

× 10−6 Pa. All of the binding energies were referenced to the C 1s peak at 284.8 eV 

of the surface adventitious carbon. Raman analysis was performed with a JobinYvon 

HR800 Raman spectrometer. The thermal properties of the as-prepared samples were 

characterized by thermogravimetric analysis (TGA; TA Instruments 2000) under air 

over a temperature range of 50–800 °C  with a ramp rate of 10 °C min-1. 

5.2.3 Electrochemical measurements 

    The electrochemical tests were carried out via CR2032 coin-type cells. The 

working electrodes were prepared by mixing the as-prepared materials, Super P, and 

sodium carboxymethyl cellulose/poly(acrylic acid) (1:1) in a weight ratio of 80:10:10. 

The resultant slurry was pasted on Cu foil and dried in a vacuum oven at 80 °C for 

12 h, followed by pressing at 300 kg/cm2. The mass loading of the materials on 

individual electrodes was about 1.0 ± 0.2 mg cm-2. 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) film as the separator. The 

electrolyte consisted of a solution of 1 M NaClO4 in ethylene carbonate/ diethyl 

carbonate (1/1; v/v) with 5 wt % fluoroethylene carbonate. Electrochemical 

impedance spectroscopy and cyclic voltammetry were conducted on a VMP-3 

electrochemical workstation at a scan rate of 0.1 mV s-1. The cells were 

galvanostatically charged and discharged over a voltage range of 0.01–2 V versus 

Na/Na+ at different constant current densities, based on the weight of the samples, on 

a Land CT2001A battery tester. At least five parallel cells were tested for each 

electrochemical measurement, in order to make sure that the results were reliable and 

represented the typical behaviour of the samples. 

 

5.3 Results and Discussion 

    The formation procedure for the C@SnS/SnO2@Gr architecture (Gr=graphene) is 

shown in Figure 5.1. First, graphene oxide was synthesized by a modified Hummers‘ 

method. Second, tin oxide was grown onto the graphene by a hydrothermal 

method.[26] Subsequently, amorphous carbon was anchored to the SnO2@Gr surface. 

Finally, C@SnS/SnO2@Gr was obtained by a sulfidation process of as-prepared 

C@SnO2@Gr with thiourea at 350 °C under argon condition. 

    The purity and crystalline phase of the samples were analyzed by powder X-ray 

diffraction (XRD). Figure 5.2 a presents XRD patterns of the C@SnO2@Gr and 

C@SnS/SnO2@Gr powders. All of the diffraction peaks in pattern A of Figure 5.2 a 

can be indexed to tetragonal rutile SnO2,[26] indicating that pure and single-phase 

SnO2 was prepared. After sulfidation, apart from the SnO2 diffraction peaks, some 

entirely new peaks are observed (pattern B in Figure 5.2 a), which can be assigned 
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to the orthorhombic-SnS,[13] and no peaks for other impurities are found, revealing 

the coexistence of SnS and SnO2. Moreover, the broadened diffraction peaks in 

pattern B indicate that the ultra-small particle size was not increased after sulfidation.  
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Figure 5.1 Schematic illustration of the formation procedure of the 

C@SnS/SnO2@Gr architecture. 
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Figure 5.2 a) X-ray diffraction patterns of (A) C@SnO2@Gr and (B) 

C@SnS/SnO2@Gr. b) Room temperature Raman spectra of C@SnO2@Gr and 

C@SnS/SnO2@Gr samples. c) Typical XPS survey spectra and d) the corresponding 

Sn 3d XPS spectra of C@SnO2@Gr and C@SnS/SnO2@Gr.  

 

    Figure 5.2 b, and Figure 5.3 shows the Raman spectra of the as-prepared samples. 

As shown in Figure 5.2 b, three fundamental peaks can be observed at 472 cm-1, 631 

cm-1, and 774 cm-1 473, 627, 767 in Figure 5.2 b in both the C@SnO2@Gr and the 

C@SnS/SnO2@Gr materials, corresponding to the Eg, A1g, and B2g vibrations of 

SnO2.[27, 28] Moreover, three typical Raman scattering peaks at 161, 183, and 228 cm-

1 are identified for the C@SnS/SnO2@Gr sample, which can be attributed to the B3g, 

B2g, and Ag vibrational modes of SnS, respectively.[29, 30] These peaks further 

confirm the successful formation of SnS in the C@SnO2@Gr composite after the 



 

138 

sulfidation process. Note that the intensities of peaks from the SnO2 in the 

C@SnS/SnO2@Gr sample are reduced, owing to the interaction between SnO2 and 

the in-situ generated SnS, which may diminish both the excitation laser and the 

emitted Raman signals.[28] 

    X-ray photoelectron spectroscopy (XPS) was conducted to investigate the surface 

electronic states and chemical compositions of the synthesized samples (Figure 5.2 d, 

Figure 5.4). It can be seen that the C@SnO2@Gr sample (the top curve in Figure 

5.2 c) only contains the elements Sn, O, and C, with photoelectron peaks appearing 

at binding energies of 487 (Sn 3d5/2), 495 (Sn 3d3/2), 531 (O1s), and 285 eV (C1s), 

respectively.[30] Compared with the spectrum of C@SnO2@Gr, two additional peaks 

at 163 eV (S 2p) and 228 eV (S 2s) can be found in the survey spectrum of the 

C@SnS/SnO2@Gr sample, suggesting the successful incorporation of S into the 

C@SnO2@Gr hybrid.[13] As shown in Figure 5.2 d, the two peaks of Sn 3d for 

C@SnS/SnO2@Gr both shifted to lower binding energies, as a result of the coupling 

effect of SnO2 (Sn4+) and SnS (Sn2+) in the SnS/SnO2 heterostructures. The peaks of 

495.3 eV and 486.9 eV are ascribed to Sn 3d3/2 and 3d5/2 of Sn4+, respectively, while 

the peaks 494.3 eV and 485.9 eV should be assigned to Sn 3d3/2 and 3d5/2 of Sn2+, 

confirming the formation of the SnS/SnO2 heterostructures. Moreover, the Sn2+/Sn4+ 

ratio measured with XPS analysis is estimated to be around 1.1, which is consistent 

with the result of EDS spectrum (Figure 5.5). After the sulfidation reaction, the in-

situ formation of SnS with the lower chemical valence and lower electronegativity of 

S occurred in close contact with SnO2 at the boundaries, where the interaction 

between different orbitals of SnS and SnO2 will alter the electronic states and band 

structure because of the conduction band and valence band potentials.[22, 31] This 
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would be beneficial for the enhancement of charge-transfer kinetics in 

electrochemical reactions.[22, 24]  

 

 

Figure 5.3 Raman spectra of graphene oxide, C@SnO2@Gr and C@SnS/SnO2@Gr. 

Two obvious carbon bands, the D band and G band peaks, can be observed for all 

samples. The peak at about 1592 cm-1 (G band) is related to the vibration of sp2-

bonded carbon atoms in a 2-dimensional hexagonal lattice, while the 1334 cm-1 peak 

(D band) could be related to the defects and disorder in the hexagonal graphitic 

layers. The intensity ratio of the D to the G band (ID/IG) of GO is calculated as 1.13. 

For the C@SnO2@Gr and C@SnS/SnO2@Gr, however, the intensity ratios increased 

to about 1.51 and 1.52, respectively, demonstrating the GO reduction during the 

solvothermal process. 
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Figure 5.4 a) Sn 3d, b) S 2p and c) C1s region XPS spectrums of C@SnS/SnO2@Gr. 

The peaks of Sn 3d3/2 (495.3 eV) and 3d5/2 (486.9 eV) should be derived from SnO2, 

while the peaks 494.3 eV and 485.9 eV can be assigned to Sn 3d3/2 and 3d5/2 of SnS. 

The S 2p spectrum can be deconvolved into two peaks at 162.3 and 163.7 eV, which 

is attributed to the binding energies of S 2p3/2 and S 2p1/2, indicating the presence of 

SnS in the composite. The XPS spectrum of C 1s displays four fitted peaks at 284.9, 

286.2, 287.9, and 289.3 eV, respectively. 
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Figure 5.5 EDS spectrum of C@SnS/SnO2@Gr. Wide area EDS analysis indicated 

about 9.34 wt% O, 10.33 wt% S, and 70.21 wt% Sn. The Sn4+/Sn2+ ratio is about 1.1, 

indicating the generation of SnS/SnO2 heterostructures. 
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    From the TGA analysis (Figure 5.6), the amounts of graphene and carbon in the 

C@SnS/SnO2@Gr composite are about 8 wt % and 23 wt %, respectively. 
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Figure 5.6 TGA curves of the Gr@SnO2, C@SnO2, and C@SnS/SnO2@Gr. 

Considering that the C@SnO2@Gr was prepared by coating carbon on Gr@SnO2 

nanosheets and that the weight of SnO2 is 9 times that of the graphene, the amounts 

of amorphous carbon and graphene in C@SnS/SnO2@Gr are around 23 wt% and 8 

wt%, respectively. 

 

    The microstructure and morphology of the composites obtained were observed by 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

As shown in Figure 5.7, both C@SnO2@Gr (Figure 5.7 a) and C@SnS/SnO2@Gr 

(Figure 5.7 d) have a uniform morphology over the whole surface. A large number 

of tiny nanoparticles (ca. 5 nm in size) are evenly distributed on graphene nanosheets 

(insets in Figure 5.7 a,d), manifesting the stable structure of the C@SnO2@Gr 
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composite before and after the sulfidiation treatment, which is of great importance 

for the electrode materials in electrochemical testing. Figure 5.7 b,e, and Figure 5.8 

present representative TEM images of the C@SnO2@Gr and C@SnS/SnO2@Gr 

samples. It can be clearly observed that the few-layer graphene nanosheets have a 

great many ultrathin nanoparticles homogeneously anchored on them, which is 

consistent with the SEM images (Figure 5.7 a,d). Furthermore, the TEM images 

reveal that the C@SnS/SnO2@Gr and C@SnO2@Gr almost have the same 

morphology, which can further demonstrate the stability of the complex structure 

during the sulfidation reaction. The high-resolution TEM (HRTEM) image of the 

C@SnS/SnO2@Gr hybrid (Figure 5.7 f) demonstrates the formation of SnS/SnO2 

nano-heterostructures. The lattice fringes of about 0.335 nm and 0.265 nm, 

respectively correspond to the (110) and (101) planes of SnO2,[26] while the 

interatomic spacings of 0.293 nm and 0.322 nm correspond to the (101) and (021) 

planes of SnS.[29, 32] Both the SnS and the SnO2 nanoparticles are in tight contact with 

each other and form heterojunctions in the interfacial area, which can enhance 

electronic conductivity and rapid ion/electron transfer.[25] Moreover, it is also 

interesting to see that the few-layer graphene nanosheets support the SnS and SnO2 

nanoparticles, while the carbon layer forms a coating at the outer edge, which can not 

only provide an effective buffer matrix for the SnS/SnO2 nanoparticles to relieve the 

volume changes and maintain the structural integrity, but also improves the 

conductivity. The elemental mapping (Figure 5.7 h--k) unambiguously confirms the 

presence of C, O, S, and Sn elements in the C@SnS/SnO2@Gr. The S and O 

elements are homogeneously distributed, which illustrates the in-situ formation of 

SnS in the SnO2 matrix, resulting in the intimate contact of the two components and 

the formation of heterostructures. 



 

143 

 

 

 

Figure 5.7 a) SEM image and b,c) TEM images of the C@SnO2@Gr. d) SEM image 

and e,f) TEM images of the C@SnS/SnO2@Gr architectures. g-k) TEM image and 

element mapping images of the C@SnS/SnO2@Gr. 
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Figure 5.8 Scanning TEM (STEM) characterization of the C@SnS/SnO2@Gr and 

C@SnO2@Gr samples: (a) STEM – high angle annular dark-field (STEM-HAADF) 

image and (b) bright field TEM image of C@SnS/SnO2@Gr. (c) TEM image of the 

C@SnO2@Gr. 
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Figure 5.9 Cyclic voltammograms for the first 3 cycles of C@SnO2@Gr electrode at 

a scanning rate of 0.1 mV s-1. 
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Figure 5.10 Galvanostatic discharge–charge profiles for selected cycles of 

C@SnO2@Gr electrode at a current density of 30 mA g-1. 

 

    The sodium ion storage behaviour of the materials was first investigated using 

cyclic voltammetry (CV). (Figure 5.11 a, Figure 5.10). During the first reduction 

process, a clear reduction peak appeared at approximately 0.75 V, which disappeared 

in the following negative scan, a result of the formation the solid electrolyte interface 

film.[13] From the 2nd cycle, three pairs of oxidation/reduction peaks, localized at 

0.08 V/0 V, 0.23 V/0.15 V, and 0.73 V/0.68 V, appeared and remained stable, 

corresponding to the alloying/dealloying reactions.[13] The reduction peak at 

approximately 1.06 V in the CV curves can be ascribed to the conversion reaction of 

SnS, while the oxidation peak localized at about 1.15 V corresponds to the back-
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conversion of Sn and Na2S into the SnS phase. It is noteworthy that the CV curves 

almost overlap from the 2nd to the 5th cycles, reflecting the highly reversible nature 

of the electrochemical reactions in the C@SnS/SnO2@Gr anode and ensuring 

prolonged cycling stability. 

 

Figure 5.11 Electrochemical performance of C@SnS/SnO2@Gr sample for sodium 

storage. a) Cyclic voltammograms for the first five cycles of the C@SnS/SnO2@Gr 

electrode at a scanning rate of 0.1 mVs-1. b) Galvanostatic discharge-charge profiles 

for selected cycles of the C@SnS/SnO2@Gr electrode at 30 mAg-1. c) Rate 
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capabilities of C@SnS/SnO2@Gr, C@SnS@Gr, C@SnO2@Gr, and 

C@SnS+SnO2@Gr electrodes. d) Cycling performance of C@SnS/SnO2@Gr, 

C@SnS@Gr, and C@SnO2@Gr at 30 mAg-1, and e) long-term cycling performance 

of the C@SnS/SnO2@Gr electrode at different current densities.  

 

    The electrochemical performance of the electrodes was evaluated by galvanostatic 

discharge--charge measurements (Figure 5.12). The C@SnS/SnO2@Gr composite 

shows a first discharge capacity of 976 mAhg-1 and a charge capacity of 729 mA h g-

1 at 30 mA g-1 (Figure 5.11 b,c), corresponding to an initial coulombic efficiency of 

74.6 %. In contrast, the first cycle efficiency of the C@SnO2@Gr is only 41.3 %, and 

the C@SnS@Gr exhibited a stable capacity of 637 mA h g-1 after 10 cycles (Figure 

5.11 c,d). The C@SnS/SnO2@Gr anode displays a higher reversible capacity than 

the C@SnO2@Gr or C@SnS@Gr materials, which can be attributed to the 

synergistic effects of SnS/SnO2.[25] After 70 cycles, the C@SnS/SnO2@Gr electrode 

achieves a reversible capacity of 713 mA h g-1 with approximately 98 % capacity 

retention. Figure 5.11 c shows the rate capability of all the prepared electrodes from 

30 mA g-1 to 7290 mA g-1. As can be seen clearly, the C@SnS/SnO2@Gr electrode 

features superior high-rate performance. On increasing the current density to 810 and 

2430 mA g-1, the specific capacity at these current densities is still 520 and 430 mA h 

g-1, respectively, which is much higher than for the C@SnO2@Gr or C@SnS@Gr or 

a mechanical mixture of them (C@SnS+SnO2@Gr). Figure 5.11 e presents the long-

term cycling performance of the C@SnS/SnO2@Gr electrode when 

discharged/charged at high current densities. It can still deliver a discharge capacity 

of 409 mA h g-1 after 500 cycles at 810 mA g-1 (ca. 73 % retention), implying 

excellent cycling stability (Figure 5.13). More importantly, even after 500 cycles at 
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2430 mA g-1, a reversible capacity close to 360 mA h g-1(ca. 76 % retention) is still 

obtainable, indicating the superior high-rate cycling stability of C@SnS/SnO2@Gr 

(Figure 5.14). The significantly improved Na+ storage performance might be related 

to the synergetic enhancement of electron- and sodium-ion transport kinetics, 

benefiting from the internal electric field within the nanoparticles.[22, 25] Furthermore, 

the in-situ generation of SnS nanoparticles in the SnO2 matrix can effectively 

immobilize the SnO2, thus reducing the self-agglomeration of SnO2 nanocrystals and 

maintaining good structural stability.[24] We also compare the rate performance of the 

C@SnS/SnO2@Gr electrode in this work with the state-of-the-art results in 

previously published papers on SnO2-, SnS-, SnS2- and Sn-based systems (Table 

5.1). The capacity and high-rate performance of the C@SnS/SnO2@Gr composite is 

greatly superior to those of most reported anodes for Na-ion batteries. Such excellent 

performance shows that the as-prepared C@SnS/SnO2@Gr composite has great 

potential as the anode in applications for Na-ion batteries. 
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Figure 5.12 Coulombic efficiency of the C@SnS/SnO2@Gr electrode at 810 mA g-

1for 500 cycles. 
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Figure 5.13 Coulombic efficiency of the C@SnS/SnO2@Gr electrode at 2430 mA g-

1for 500 cycles. 
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Figure 5.14 Nyquist plots of electrodes containing hybrid C@SnS/SnO2@Gr, 

C@SnS+SnO2@Gr, C@SnS@Gr, and C@SnO2@Gr, obtained by applying a sine 

wave with an amplitude of 5.0 mV over the frequency range of 100 kHz–0.01 Hz. 

 

 

 

Figure 5.15 Long-term cycling performance of the C@SnS+SnO2@Gr electrode at a 

current density of 2430 mA g−1. 
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    Electrochemical impedance spectroscopy (EIS) measurements were performed to 

research the kinetic differences between various electrodes. Both of the Nyquist plots 

shown in Figure 5.9 present depressed semicircles in the high-medium frequency 

region and an inclined line in the low frequency region.[26] Of note is that the 

semicircle diameter for C@SnS/SnO2@Gr is much smaller than that for 

C@SnO2@Gr, C@SnS@Gr, and C@SnS+SnO2@Gr, indicating enhanced electron- 

and sodium-ion transport after the formation of the SnS/SnO2 heterostructures. The 

reduced charge-transfer impedance will increase the electrode kinetics and 

consequently improve the high-rate performance of the C@SnS/SnO2@Gr 

electrode.Based on the above results, a possible mechanism for the enhancement of 

the Na+ storage performance was proposed, as shown in Figure 5.16. In our system, 

SnO2 is an n-type semiconductor with a wide band gap of 3.8 eV, while SnS works 

as a narrow-band-gap (1.3 eV) p-type semiconductor. Therefore, the SnS/SnO2 p--n 

heterojunctions that are formed will induce a built-in electric field on the 

heterointerfaces, which will greatly accelerate the charge-transfer kinetics and result 

in high-rate capability. This is confirmed by the much lower charge-

transport/diffusion resistance in the C@SnS/SnO2@Gr electrode (Figure 5.9). 

During the discharging process, the direction of the electric field induced by the p--n 

heterojunction will point to SnS from the SnO2 surface. Under this electric field, the 

charge accumulation layer at the interface is subjected to breakdown, and Na+ 

diffusion in the bulk will become much easier, thus helping the Na+ insertion.[34] 

After full sodiation, SnO2 is changed into NaxSn and Na2O, whereas SnS is 

converted into NaxSn and Na2S. During the charge process, SnS micro-domain can 

release much more Na+ owing to its higher reversibility than SnO2 micro-domain.[31, 
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32] In this case, a Na+-rich region will form in the SnS phase and a Na+-poor area in 

the SnO2 phase. Because of the potential difference, it will induce a new electric field 

at the interface with a direction from SnS to SnO2, which will facilitate Na+ 

migration, promoting Na+ extraction in the charge process. Furthermore, the 

structural and electrical integrity of the electrode via the interfacial amorphous 

carbon layer anchoring the SnS/SnO2 nanoparticles to the graphene also play 

important roles in improving the electrochemical performance. Therefore, the 

outstanding performance can be ascribed to the following reasons: 1) the charge-

transfer driving force originating from the SnS/SnO2 nano-heterostructures; 2) the 

higher initial coulombic efficiency and reversible capacity provided by the SnS 

nanoparticles; 3) the short ion-diffusion paths due to the ultra-small nanoparticles; 4) 

the good structural stability and excellent electrical conductivity ensured by the 

carbon layer and the graphene network. 
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Figure 5.16 Summary of the enhanced high-rate capacity mechanism of the 

C@SnS/SnO2@Gr in the Na-ion battery system. 
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Table 5.1 Comparison of electrochemical performance of C@SnS/SnO2@Gr in this 

work with previously published reports on SnO2, SnS, SnS2, and Sn-based sodium 

ion battery anodes. The capacity and high-rate performance of our obtained 

C@SnS/SnO2@Gr architecture was found to be much better than those of most 

reported anode materials for Na-ion batteries. 

 

Sample 

Cycling Capacity (mA h g
-1

) 

Current Density (mAg
-1

) 

Rate Capacity  

(mA h g
-1

) 

 1st  50th 300th 

C@SnS/SnO2@Gr 

(This work) 

730 

30  

715 

30  
618 

30  

409       

(500 

cycles) 

810  

360           

(500cycles) 

2430 
 

SnO2/N-doped Gr[35] 

339  

20  

305 

20  

283      

(100 

cycles) 

20  

170  

640  

n/a 

SnO2–rGO[36] 

406.9  

100  

~380  

100  

330      

(150 

cycles) 

100  

~170  

500  

125 

1000  

SnO2/graphene 

aerogel[37] 

451  

20  

~330  

20  

322      

(100 

cycles) 

20  

172        

640  

168           

1000  

SnO2/graphene[38] 
741  

20  

660  

20  

638      

(100 

cycles) 

143           

640  

n/a 
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20  

SnO2@MWCNT[39] ~500 

50  

~380  

50  

n/a 260 

250  

n/a 

SnO2-C[40] 412  

50  

~250  

50  

n/a 192  

500  

n/a 

SnO2@PANI 

composite[41] 

~667.8 

300  

~190  

300  

213       
 

~130  

800  

110 

1000  

MWNTs@SnO2@C[42] 452  

50  

300  

50  

200     

150  

213  

500  

110  

1000  

SnO2–Fe2O3 

composite[43] 

227.6  

50  

223 

50  

n/a 154.6 

200  

n/a 

SnS[44] 

~500  

125  

370    

(30 

cycles) 

125  

n/a 390  

500  

300 

1000  

SnS@rGO[45] 

 

~350  

100  

410  

100  

386      

(100 

cycles) 

100  

240  

400  

n/a 

SnS-C[46] 

~466  

500  

433  

500  

n/a 455         

(10 

cycles) 

1000  

415            

(10 cycles) 

3000  

SnS–C[47] 568  

100  

540  

100  

n/a 452 

800  

n/a 

SnS/C[48] 340 

1000  

~310 

1000  

266     

1000  

334 

500  

310 

1000  

Sn–SnS–C[49] 

416  

100  

~450  

100  

407      

(150 

cycles) 

100  

348 

800  

n/a 
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SnS2/C 

Nanospheres[50] 

660  

50  

~600  

50  

570      

(100 

cycles) 

50  

~380  

800  

360 

1000  

SnS2-rGO[51] 

630  

200  

∼630  

200  

628      

(100 

cycles) 

200  

∼570      

(10 

cycles) 

1000  

∼530         

(10 cycles) 

2000  

SnS2-graphene[52] 725  

20  

670  

20  

n/a 463 

640  

n/a 

SnS2/rGO[53] 

∼430  

200  

∼570 

200  

509     

200  

400       

(500 

cycles) 

800  

n/a 

Tin-Coated Viral 

Nanoforests[54] 

~770  

50  

~580  

50  

~405   

(150 

cycles) 

50  

n/a n/a 

carbonized paper 

Sn@C[55] 

231  

10  

150    

(20 

cycles) 

10  

n/a n/a n/a 

Sn Nanofibers[56] 

 

816  

84.7  

~780  

84.7  

776      

(100 

cycles) 

84.7  

784.53    

(10 

cycles) 

847  

650            

(10 cycles) 

1694 

Sn@C[57] 

 

447  

500  

~440  

500  

440      

(200 

cycles) 

500  

~415     

(500 

cycles) 

1000  

n/a 
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5.4 Conclusions 

In conclusion, an effective approach, involving an interfacial amorphous carbon 

layer anchoring SnS/SnO2 heterostructures directly to graphene nanosheets, has been 

developed. The formation of the SnS/SnO2 heterostructures has been verified by 

HRTEM, Raman, and XPS analysis. When evaluated as an anode material for 

sodium-ion batteries, the C@SnS/SnO2@Gr features excellent performance and 

outstanding cycling stability at high rates, which is much superior to the performance 

of C@SnO2@Gr, C@SnS@Gr, or a mechanical mixture of them. The boosted 

charge transfer in the heterostructures is demonstrated by the EIS measurements. The 

resulting improvement of Na-ion diffusion capability and electronic conductivity is 

mainly responsible for the extraordinary performance of the C@SnS/SnO2@Gr 

electrode. The superior high-rate capability and ultra-long cycle life, accompanied by 

the simplicity of the synthetic process, make this approach a promising strategy for 

the development of simple and universal synthesis methods in applications for 

energy storage and conversion. 
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CHAPTER 6 SURFACE ENGINEERING AND DESIGN STRATEGY FOR 

SURFACE-AMORPHIZED TIO2@GRAPHENE HYBRIDS TOWARDS 

HIGH POWER LI-ION BATTERY ELECTRODES 

 

    Surface-amorphization provides unprecedented opportunities for altering and tuning 

material properties, including through its effect on the surface atomic arrangement or 

surface electric-field distribution, so that surfaces and structures can be engineered with 

increased populations of active sites, which is a cross-cutting issue for energy conversion 

and storage. The rational design and controllable synthesis of surface-amorphized 

inorganic materials, however, still represent a long-standing challenge. Here, surface-

amorphized TiO2@graphene has been designed and synthesized using a low 

temperature-phase transformation technique. The as-prepared surface-amorphized (SA) 

microstructure was confirmed by high resolution transmission electron microscopy, as 

well as electron paramagnetic resonance and diffuse reflectance spectroscopy. The SA-

TiO2@graphene composite exhibits significantly improved cycling stability and rate 

capability compared to well-crystallized TiO2@graphene and bare TiO2 electrodes. 

These improvements can be ascribed to the electrically conductive framework 

constructed from graphene sheets and the surface-amorphization, which induces an 

electric field within the nanocrystals, endowing them with much lower lithium-ion 

diffusion resistance, facilitates lithium-ion transport in both insertion and extraction 

processes, and enhances electrolyte absorption capability. The concept of surface-

amorphization thus offers an innovative and general approach toward designing battery 

materials with enhanced performance. 
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6.1 Introduction 

    Electrode materials with battery-like high capacity and capacitor-like rate 

performance are highly desirable, since they would significantly advance next-

generation energy storage technology.[1] TiO2 has received increasing attention as an 

anode material for lithium-ion batteries (LIBs) due to its good reversible capacity 

and low volume expansion upon lithiation, as well as its low cost and safe lithiation 

potential.[2] The low lithium-ion mobility within the crystalline phase TiO2, however, 

together with its poor electrical conductivity, means that only a thin surface layer of 

the host material is available for Li intercalation at high rates.[3] These issues are still 

challenges that hinder the electrochemical performance of this material.  

    Several strategies have been proposed to address each of the issues mentioned 

above individually. The low lithium-ion mobility has been addressed by (i) 

decreasing the length of the lithium-ion diffusion pathways, for example, by using 

mesoporous,[3] nanostructured, or nanosized materials; or by (ii) facilitating the 

lithium-ion mobility, for example, by using less dense structural phases.[4] On the 

other hand, the conductivity has been improved by (i) coating TiO2 with carbon[5] or 

Al2O3,[6] or (ii) linking TiO2 with carbon nanotubes (CNTs) or graphene or other 

conductive networks,[7] or (iii) doping the TiO2. Traditionally, electrode materials 

have been sought that have well-crystallized phases, so that nearly all high energy-

density cathodes for rechargeable lithium batteries are well-crystallized materials in 

which lithium and other cations occupy distinct sites.[8] This ―ordering paradigm‖ 

may have led the community to overlook a large class of materials in which there are 

atomic arrangements with only short-range order that appear to exist in a random 

(disordered) fashion; some of these materials may offer higher capacity and better 
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stability relative to the well-crystallized phases.[9] Interestingly, very recent work has 

demonstrated that amorphous/disordered materials may form percolation pathways 

via the opening of active diffusion channels, which could not only potentially 

facilitate ionic and electronic diffusion, but also enhance mass transport within these 

phases.[10] The Li-ion diffusion in amorphous materials proceeds more rapidly than 

in crystalline materials with similar particle size and morphology.[9,11] For instance, 

Siegel et al. have shown that the ionic conductivity of amorphous Li2O2 is 2 × 10-7 

S/cm, which is 12 orders of magnitude larger than that in the crystalline phase.[12] In 

addition, defects induced by amorphous phases, such as dangling bonds and oxygen 

vacancies, typically lead to unexpected electronic states in the band gap that result in 

improved electrical conductivity.[13] Once a certain limit is reached, however, a 

change in the opposite direction is inevitable. Samuelis et al. found that amorphous-

rich material exceeding certain levels of oxygen vacancies is detrimental to the 

lithium ion diffusivity because they represent defects that hinder the mobility of 

lithium ions.[14] Therefore, the approach of introducing amorphous phases requires 

well-designed surface microstructures and combination with other strategies to 

further improve the electrochemical performance. 

    Fortunately, surface-amorphization (SA) provides unprecedented opportunities for 

altering and tuning material properties. SA could facilitate lithium diffusion into the 

bulk materials and alter the electrochemical reactivity to Li, thus increasing the 

accessible volume to near-full capacity. Based on these considerations, we propose a 

robust hierarchical network architecture with anti-aggregation properties through the 

assembly of graphene and SA-TiO2, which provides (i) large surface area and 

electrolyte absorption capability compared with other nanostructures, leading to 

adequate electrode-electrolyte contact; (ii) lower Li+ interfacial transfer resistance 



 

166 

due to close packing of the TiO2 and graphene, and (iii) improved electronic 

conductivity and rapid ion/electron transport pathways induced by the SA, which are 

of benefit to the high power performance. Inspired by these unique properties of SA-

TiO2, we can imagine that the lithium-ion storage properties of TiO2 electrodes could 

be further optimized by combining a hierarchical network architecture and with the 

surface amorphization of TiO2. 

    In this work, we report a unique SA-TiO2@graphene architecture with a 

remarkable high rate capability, achieved by coupling the advantages of the highly 

conductive network offered by graphene with the surface amorphization. The surface 

amorphization was achieved by a low temperature (65 ℃) phase transition using 

titanium glycolate as precursor. The low temperature drives the titanium glycolate to 

transform into anatase phase and allows a surface-amorphized layer to be generated 

under mild conditions during the phase transition. After that, a simple ultraviolet 

(UV)-assisted reduction technique was used to construct hybrid architectures 

combining SA-TiO2 with graphene as complementary building blocks. The resulting 

SA-TiO2@graphene architecture offers the unique characteristics needed for high-

power anode materials. As a consequence, the optimal SA-TiO2@graphene hybrid 

architecture exhibits substantial improvements in both cycling stability and rate 

capability. The composite electrode exhibits a high specific capacity of 103 mA h g-1 

at a rate of 50 C, 9.3 times higher than that of the reference TiO2. It also shows 

superior cycling capacity (~ 108 mA h g-1) over 1500 cycles at the high rate of 20 C, 

together with ~ 100% coulombic efficiency, proving its excellent tolerance of ultra-

fast insertion and extraction of lithium ions for long-life LIBs. 
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6.2 Experimental methods 

6.2.1 Materials Synthesis and Assembly 

6.2.1.1 Experimental materials and method for GO sheets 

    Natural graphite powder was oxidized to graphite oxide by the modified Hummers 

method. Specifically, graphite powder (0.04 g) was dispersed in 50 ml concentrated 

H2SO4 in an ice bath. 3.0 g KMnO4 was then added gradually. The mixture was 

stirred for 2 h and then diluted with deionized water. 10 ml of 30% H2O2 was then 

added to the solution until the color of the mixture changed to bright yellow. The 

graphite oxide (GO) prepared in this way was re-dispersed in deionized water and 

then exfoliated to GO sheets by ultrasonication. A brown homogeneous supernatant 

was obtained by repeated centrifuging and washing. Deionized (DI) ultrapure water 

(18 MΩ. cm-1) was used for solution preparation. 

6.2.1.2 Synthesis of Surface-Amorphized TiO2 Spheres 

    2 mL of Ti(OBu)4 was added to 10 mL of ethylene glycol (EG). This mixture was 

kept under vigorous stirring at room temperature for 12 h. This solution was then 

quickly poured into 100 mL of acetone. This mixture was kept under vigorous 

stirring at room temperature for another 2 h, yielding a white precipitate that was 

harvested by centrifugation. This solid, comprising titanium glycolate spheres, was 

washed several times with ethanol by successive rounds of centrifugation and 

removal of the supernatant. In the next step, the titanium glycolate product was 

added to 20 mL isopropanol and 10 mL H2O, and this mixture was stirred for 10 h at 

65 °C to produce the surface-amorphized-TiO2 spheres, which were isolated by 

centrifugation, washed with ethanol several times, and dried in an oven at 60 °C for 

24 h. 
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TiO2@graphene hybrid particles were prepared via simultaneous photoreduction of 

GO and TiO2 precursors. A typical GO reduction was carried out in a 80 mL vial 

containing an aqueous suspension of surface-amorphized TiO2 spheres (0.2 g) in the 

presence of 50 mL ethanol containing 1.0 mL of 4 mg mL-1 GO. The slurry was 

irradiated in ultraviolet (UV) light (λ ≤ 350 nm) using a 18 W light emitting diode 

(LED) lamp for 2 h. After irradiation, the particles were centrifuged and washed with 

DI water three times. The final products were dried in an oven at 60 °C before use. 

The reduced GO concentration was calculated to be ∼2.0 wt %. 

6.2.2 Characterization 

    The crystalline structure of the as-prepared material was characterized by X-ray 

diffraction (Rigaku Mini Flex 600). The morphologies and particle sizes of the 

samples were observed by field emission scanning electron microscopy (FEI-NOVA 

NanoSEM 450 and Magellan, FEI, USA). The details of the crystal structure were 

further characterized by transmission electron microscopy (TEM), which was 

conducted on a JEOL JEM-ARM200F transmission electron microscope operating at 

200 kV. Selected area electron diffraction (SAED) patterns were recorded using a 

Gatan charge coupled device (CCD) camera in a digital format. The TEM was linked 

to an energy dispersive spectrum analysis (EDS) system. The Brunauer–Emmett–

Teller (BET) specific surface areas of the samples were evaluated on the basis of 

nitrogen adsorption isotherms using a Micromeritics ASAP 2020MC gas adsorption 

apparatus (USA). X-ray photoelectron spectroscopy (XPS) was conducted on a VG 

Multilab 2000 (VG Inc.) photoelectron spectrometer using monochromatic Al Kα 

radiation under vacuum at 2 × 10
−6

 Pa. All of the binding energies were referenced to 

the C 1s peak at 284.8 eV of the surface adventitious carbon. The ultraviolet–visible 
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diffuse reflectance spectra (DRS) were measured using the diffuse reflectance 

method with a Shimadzu UV-2600 spectrophotometer using an integrating sphere 

accessory. BaSO4 was used as a reflectance standard in ultraviolet–visible diffuse 

reflectance experiments. Continuous-wave electron paramagnetic resonance (EPR) 

experiments were carried out using a Bruker ELEXSYS E580 spectrometer operating 

in the X-band (9.4 GHz) mode and equipped with an Oxford CF935 helium flow 

cryostat with an ITC-5025 temperature controller. The g tensors were calibrated for 

homogeneity and accuracy by comparison to a coal standard, g = 2.00285 ± 0.00005. 

The receiver gain and number of scans were adjusted to every spectrum of a 

particular sample to enable comparisons at a reasonable signal-to-noise ratio. 

6.2.3 Electrochemical measurements 

    The electrochemical tests were carried out via CR2032 coin type cells. The 

working electrodes were prepared by mixing the as-prepared materials, Super P, 

multi-walled carbon nanotube (MWCNT), and sodium carboxymethyl cellulose / 

polyacrylic acid (1:1) at a weight ratio of 70:10:10:10. The resultant slurry was 

pasted on Cu foil and dried in a vacuum oven at 150 °C for 3 h, followed by pressing 

at 300 kg cm
-2

. The loading of the materials on individual electrodes was 1.0 ± 0.2 

mg cm
-2

. Electrochemical measurements were carried out using two-electrode coin 

cells with Li metal as counter and reference electrode. Celgard (product 2400) was 

used as the separator for the lithium-ion battery. The cell electrolyte for the lithium-

ion battery was LiPF6 (1 M) in ethylene carbonate (EC) / diethylene carbonate (DEC) 

/ ethyl-methyl carbonate (EMC) [1:1:1 (v/v/v) with 5 wt% fluoroethylene carbonate 

(FEC)]. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) 

were conducted on a VMP-3 electrochemical workstation at a scan rate of 0.2 mV s
-1

. 
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The cells were galvanostatically charged and discharged at different constant current 

densities, based on the weight of the samples, on a Land CT2001A battery tester. At 

least five parallel cells were tested for each electrochemical measurement, in order to 

make sure that the results were reliable and represented the typical behavior of the 

samples. 

6.3 Results and Discusion 

    In order to prepare surface-amorphized TiO2, a low temperature phase 

transformation method was used in our work, because it offers the possibility of 

better controlling the reaction pathways on the molecular level.[15] It has been 

reported that the synthesis of TiO2 by conventional sol−gel methods is difficult to 

achieve, as the hydrolysis rates of the precursors are too fast, which, in turn, does not 

allow separation between the nucleation and growth stages. In order to overcome this 

problem, ethylene glycol (EG) was selected as a solvent as well as a reactant. 

Glycols are attractive, as when mixed with alkoxide, they are reactive enough to 

form glycolate precursors or mixed alkoxide/glycolate derivatives displaying much 

lower hydrolysis rates. They not only act as an oxygen-supplying agent for the metal 

oxide, but also strongly influence surface, particle size, morphology, and assembly 

properties. The slow hydrolysis rates, mainly a consequence of the moderate 

reactivity of the C–O bond, in combination with the stabilizing effect of the organic 

species, lead to the formation of low-crystallinity products that are often 

characterized by uniform particle morphologies and tunable crystallite sizes in the 

range of just a few nanometers.[15] Inspired by these advantages, uniform titanium 

glycolate spheres were prepared and chosen as precursor, because materials with a 

spherical morphology have high packing density and good particle mobility to form a 
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compact electrode layer, and actually exhibit the optimal material morphology in 

conventional electrode fabrication.[16] Our investigation of the synthetic processes 

indicated that the reaction temperature was the most important factor, because it 

critically influences the crystallization and the surface microstructure of the product. 

If the temperature was too low (room temperature), no anatase phase or crystalline 

product could be obtained. If the reaction temperature was too high (above 120 ℃), 

however, the rate of reaction and the crystallinity of the product were high, and there 

was no surface-amorphized layer generated under these conditions. During the phase 

transformation, the density difference between titanium glycolate and TiO2 results in 

cracks on the sphere‘s surface. Since the titanium glycolate spheres have low density, 

and the spheres are quite loose, H2O can penetrate through the cracks on the surface 

and enter the inner part of the titanium glycolate sphere (Figure 6.1 a). Thus, 

hydrolysis also occurs within the precursor spheres and leads to the formation of 

small TiO2 particles in the surface layer. These small TiO2 particles could act as 

nuclei for further growth. As the phase transformation proceeds, the TiO2 particles 

grow gradually into interconnected nanoparticles.[17] We found that at relatively low 

temperatures (65 ℃ ), the surfaces of the interconnected nanoparticles was 

constructed from even smaller primary TiO2 particles with only short-range order 

and unbonded atoms. The hierarchical nanoporous structure of TiO2 with a surface-

amorphized layer is thus formed under mild conditions during the phase 

transformation. 
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Figure 6.1 Schematic illustration of the preparation of SA-TiO2@graphene in two 

steps. a) Phase transformation between titanium glycolate and TiO2 results in 

nanoporous structure on the sphere‘s surface; the hierarchical nanoporous structure 

of TiO2 with a surface-amorphized layer is thus formed under low temperature 

during the phase transformation at a low hydrolysis rate. b) The UV-assisted 

reduction technique was used to construct hybrid architectures combining SA-TiO2 

with graphene as complementary building blocks. 
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Figure 6.2 Change in color of SA-TiO2 nanoparticles with GO before and after UV 

irradiation for 2 h. A suspension of SA-TiO2 nanoparticles is also shown for 

comparison. 

 

    After successful preparation of the SA-TiO2, we mixed it with graphene oxide 

(GO) in ethanol and subjected it to steady state UV irradiation. The total amount of 

GO used for assembly with TiO2 was 2.0 wt %. A change in color from light brown 

to dark brown to black can be observed as the reduction of GO proceeds (Figure 6.2 

in the Supporting Information). This color change has previously been suggested as 

reflecting partial restoration of the network within the carbon structure and has been 

witnessed through chemical reduction of the GO sheets. Since TiO2 particles carry 

surface charge in suspensions, they can be readily suspended in polar solvents. Thus, 

the SA-TiO2-GO composite becomes readily soluble in polar solvents. Upon UV 

irradiation of a de-aerated suspension of SA-TiO2, one observes charge separation. In 

the presence of ethanol, the holes are scavenged to produce ethoxy radicals, thus 

leaving the electrons to accumulate within the TiO2 particles, as described in 

Reaction (1).[18] The accumulated electrons then interact with the graphene oxide 

sheets and reduce the amounts of certain functional groups [Reaction (2)]. In the 

present experiments, graphene oxide, with its extended epoxy and carboxylate 
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groups, readily interacts with TiO2 particles and undergoes reduction under UV 

irradiation. The surface hydroxyl groups of TiO2 undergo charge transfer interaction 

with carboxylic acid functional groups on GO, and thus, the direct interaction 

between SA-TiO2 and graphene provides the basis to obtain SA-TiO2@graphene 

composite.  

   (1) 

  (2) 

 

 

 

Figure 6.3 EDS spectrum of SA-TiO2 nanoparticles. 
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Figure 6.4 TEM images of SA-TiO2@graphene (a) and  C-TiO2@graphene (b). 

 

    The morphology and microstructure of the SA-TiO2 on graphene sheets were 

investigated by transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM). It is interesting to see from the TEM images (Figure 6.5 a, b) 

that the nanospheres consist of closely interconnected nanoparticles forming a 

mesoporous network of TiO2, where the uniform TiO2 nanospheres have a size of ~ 

100 nm. This sort of porous structure could also offer excellent capability to 

accommodate strain and structural changes during battery cycling. The 

corresponding selected area electron diffraction (SAED) pattern (inset image in 

Figure 6.5 b) shows clear diffraction rings, and it, along with the EDS spectrum 

(Figure 6.3) recorded from the corresponding area, suggests the polycrystalline 

nature of the whole nanosphere, and matches well with tetragonal anatase. A high 

resolution TEM (HRTEM) image confirms the crystalline features of the closely 

interconnected TiO2 nanoparticles inside the nanospheres by clear lattice fringes 
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(Figure 6.5 c, Figure 6.4). The lattice fringes with a spacing of 3.5 Å can be 

assigned to the most stable and frequently observed anatase TiO2 (101) planes, 

although it is interesting to find from the HRTEM image (Figure 6.5 c) that the outer 

part of the nanoparticles consists of surface-amorphized structures forming an 

amorphous shell. The magnified TEM image shows that the thickness of the 

amorphous shell in Figure 6.5 e, g is about 3.0 nm. The structure diagram from the 

simulation of the corresponding surface-amorphized TiO2 shows that the amorphous 

shell could be constructed of TiO2 particles with only short-range order and 

unbonded atoms, and these disordered structures not only provide more entrances for 

Li ions, but also offer plentiful surface oxygen vacancies, significantly increasing the 

specific surface area and assisting the adsorption capability of the electrolyte (Figure 

6.5 f). A thick and milky diffraction background can also be observed in the SAED 

pattern beside the TiO2 diffraction rings, which suggests that the SA-TiO2 contains 

amorphous or disordered phases, consistent with the HRTEM observations. It is 

well-known that graphene fabricated by the UV-assisted technique has restored sp2 

networks and multiple available oxygen-centered surface groups, which will allow 

unified connection between the GO and the exposed oxygen atoms at the surface of 

the TiO2 nanoparticles. [18] The SEM images in Figure 6.5 d also clearly show that 

the uniform TiO2 nanospheres with a size of ~ 100 nm are well encapsulated by the 

graphene sheets.  
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Figure 6.5 Electron microscope characterization of the SA-TiO2 and SA-

TiO2@graphene samples: a) scanning transmission electron microscopy – high angle 

annular dark-field imaging (STEM-HAADF) and b) bright field TEM images of SA-

TiO2 with uniform sphere-like structure (with the inset in panel (b) the SAED pattern 

of the corresponding area). c) HRTEM image of the surface of a single SA-TiO2 

nanosphere, with the inset a magnified view of the region enclosed by the yellow box, 

which shows a clearly amorphous surface. d) SEM image of SA-TiO2@graphene 

shows that the uniform TiO2 nanospheres are well encapsulated by the graphene. e) 

Magnified STEM-HAADF image of the amorphous surface and f) Structure diagram 

from a simulation of the surface constructed from short-range-ordered TiO2 particles 

and unbonded atoms. g) Measurement of surface layer depth corresponding to the 

line in panel (e). 
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Figure 6.6 Raman spectra of SA-TiO2@graphene and C-TiO2@graphene. 

 

    The crystal structure and microstructure of the samples were further analyzed by 

X-ray diffraction (XRD). Figure 6.7 a compares the XRD patterns of SA-TiO2 and 

SA-TiO2@graphene. All samples show diffraction peaks at 2θ = 25.36, 37.90, 

48.15, 54.05, and 62.86, which can be indexed to the (004), (200), (105), (211), 

and (204) planes of anatase TiO2 (space group: I4 1 /amd, JCPDS No. 21-1272), 

respectively, confirming that the synthesized TiO2 is anatase. Besides the distinctive 

diffraction peaks of anatase TiO2, no obvious diffraction peak of graphene is 

observed for the SA-TiO2@graphene sample, suggesting that the stacking of the 

graphene sheets remains disordered. We further conducted Raman measurements 

(Figure 6.6). Two obvious carbon bands, the D band and G band peaks, could be 

observed for both samples. Compared to the crystallized-TiO2@graphene (C-

TiO2@graphene) samples, a peak at around 148.7 cm-1, corresponding to the 

characteristic vibrational modes of anatase with a large featureless background, was 

observed for the SA-TiO2@graphene samples, with the large background in the 
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Raman spectra suggesting that a thin amorphous phase/layer possibly exists on the 

surface of the SA-TiO2@graphene [20b]. Nitrogen isotherm adsorption-desorption 

curves together, with the pore size distribution for the SA-TiO2@graphene, are 

presented in Figure 6.7 b. For SA-TiO2@graphene, a type IV isotherm is observed, 

which is characteristic of mesoporous materials. Based on the Barrett–Joyner–

Halenda (BJH) equation, the main pore size (inset in Figure 6.7 b) in SA-

TiO2@graphene is 8 nm. The specific surface area of SA-TiO2@graphene is 326 m2 

g−1.  

 

 

Figure 6.7 a) XRD patterns of SA-TiO2@graphene (a) and SA-TiO2 (b). b) Nitrogen 

adsorption and desorption isotherms (inset: pore size distribution) of SA-

TiO2@graphene. c) EPR spectra for SA-TiO2@graphene and C-TiO2 (C-TiO2 heated 

in air, details in Supporting Information). d) Ultraviolet–visible diffuse reflectance 
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spectra of SA-TiO2@graphene, SA-TiO2, and commercial Degussa P25 TiO2 as 

reference. 

 

 

Figure 6.8 XPS spectra of SA-TiO2@graphene and C-TiO2@graphene. 

 

    In order to further confirm the existence of the amorphous surface layer of TiO2 in 

the samples, electron paramagnetic resonance (EPR) measurements and X-ray 

photoelectron spectroscopy (XPS) were conducted to investigate the surface and 

physical properties of TiO2. Compared to the heat-treated (600 ℃ in argon) C-TiO2 

samples, the appearance of an intense signal for the SA-TiO2@graphene can be 

ascribed to oxygen vacancies, which may due to the single electron trapped on the 

oxygen vacancy states in the EPR spectra (Figure 6.7 c). Notably, the creation of 

surface-amorphized TiO2 not only results in oxygen vacancy formation, but also 

creates Ti3+ interstitials in the TiO2 matrix. In both cases, Ti is in excess with respect 
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to O, and they both decrease the optical band gap of TiO2. Moreover, oxygen 

vacancies are not only the most important defects in TiO2, but also the most 

prevalent defects in many oxides, which greatly affect their chemical and physical 

properties. We have also studied the surface chemical bonding and valence bands of 

the samples with XPS. The binding energies from the samples were calibrated with 

respect to the C 1s peak from the carbon tape at 284.8 eV. Ti 2p and O 1s XPS peaks 

confirmed the formation of TiO2 (Figure 6.8). The oxygen vacancies close to the 

surface lead to shifting of the core level of O 1s and the valence band to higher 

binding energies. The broad and asymmetric nature of the peak is ascribed to the 

various coordinations of oxygen in the SA-TiO2. The O 1s XPS peak could be fitted 

into three peaks. The lowest binding energy peak located at 530.4 eV can be assigned 

to the lattice oxygen species. The highest binding energy peak at 533.9 eV is 

attributed to the near-surface oxygen, such as from surface hydroxylation, adsorbed 

H2O. In addition, a new peak located at 532.2 eV is observed in the SA-TiO2 sample, 

which can be assigned to oxygen vacancies.[19] There is no clear evidence, however, 

for Ti3+. This is because Ti3+ is susceptible to oxidation by O2 in air and cannot 

survive long.[20] The oxygen vacancies are more likely to be located in the disordered 

outer layer, considering that the crystalline phases are almost identical and large 

structural alteration was observed in this layer. The UV/visible (UV/Vis) 

spectroscopy of SA-TiO2 and SA-TiO2@graphene demonstrated higher absorbance 

over the full region (200 - 800 nm) than for the Degussa P25, and a steep increase in 

light absorbance is observed in both these two samples at wavelengths below 400 nm, 

which indicates that the photon trapping capacity of SA-TiO2 was significantly 

enhanced, so that it maintains a high level of absorbance throughout the entire region. 

UV/Vis spectroscopy was used to confirm the presence of oxygen vacancies. It was 
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reported that the SA-TiO2 spectrum features an increase in absorption between 400–

800 nm due to free electrons, local Ti3+ centers (a band at 620 nm), and oxygen 

vacancies (bands at 1060, 441, and 486 nm).[4a] From the UV/Vis reflectance spectra 

of SA-TiO2 (Figure 6.7 d), a significant increase in the absorbance compared to 

Degussa P25 in the visible light region for SA-TiO2 can be observed, which confirms 

the presence of oxygen vacancies. 

 

Figure 6.9 Electrochemical performance of SA-TiO2@graphene electrodes. a) 

Capacity retention through 100 cycles at 0.5 C for the samples. b) Cycling 

performance of as-prepared samples at various current rates. c) Galvanostatic 

charge/discharge profiles at various cycles. d) Potential profiles of the SA-

TiO2@graphene and C-TiO2@graphene for the cathodic cycle at the current density 

of 0.5C, with the inset showing the structures of the TiO2 particles; e) Long-term 
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cycling performance of SA-TiO2@graphene at the high current density of 20 C, 

showing the reversible capacity value of 108 mAh g-1 after 1500 cycles with 

coulombic efficiency of ~ 100%.  

 



 

184 

Figure 6.10 Cyclic voltammograms for the first 5 cycles of (a) SA-TiO2@graphene, 

(b) C-TiO2@graphene; and (c) 5th cycle CVs of both samples for comparison at the 

scan rate of 0.2 mV/s. 

 

Figure 6.11 (a) Charge and discharge curves of SA-TiO2@graphene at different 

current rates from 0.5 C - 50 C. (b) Potential profiles of the SA-TiO2@graphene and 

C-TiO2@graphene for the cathodic cycle at the current density of 2 C. 

 

    To demonstrate the effectiveness of the surface-amorphized structure of SA-

TiO2@graphene in improving rate-capacity, the lithium-insertion/extraction 

properties of SA-TiO2@graphene as anode were investigated by galvanostatic 
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charge-discharge measurements. Figure 6.9 a shows the discharge (Li+ insertion) 

and charge (Li+ extraction) curves of a SA-TiO2@graphene electrode at the rate of 

0.5 C (84 mA g−1). In a voltage window of 1−3 V, the discharge and charge 

capacities of the 1st cycle are 332 and 273.4 mAh g−1, respectively. Clearly, this 

electrode shows superior cyclic retention to 100 cycles. Both the SA-TiO2@graphene 

and the SA-TiO2 are found to be effective in improving Li-storage, showing a greatly 

enhanced discharge capacity after 100 cycles (205.1 mAh·g−1 for SA-

TiO2@graphene, and 141.7 mAh·g-1 for SA-TiO2), while only 61.8 mAh·g−1 was 

achieved with C-TiO2. In Figure 6.9 c and Figure 6.10, the SA-TiO2@graphene 

showed the typical electrochemical characteristics of anatase TiO2, exhibiting 

cathodic insertion of lithium at 1.75 V and anodic extraction of lithium at 1.95 V vs. 

Li/Li+. The better Li+ storage performance of the SA-TiO2@graphene in comparison 

with that of C-TiO2@graphene can be observed from the cyclic voltammograms 

(CVs) (Figure S6). The voltage difference between the anodic and cathodic peaks 

(ΔEp) reflects the degree of polarization of the electrode. SA-TiO2@graphene has a 

much lower ΔEp value than C-TiO2@graphene. Therefore, the SA-TiO2@graphene is 

less polarized and has faster electrochemical reaction kinetics. This result agrees well 

with the electrochemical performance results shown in Figure 6.9 b. The CV curves 

of both samples remained almost unchanged after three cycles, demonstrating that 

the electrochemical reaction was stable and reversible. More strikingly, with respect 

to the reference TiO2, the specific capacity of SA-TiO2@graphene is substantially 

increased at all investigated charge-discharge rates, as demonstrated in Figure 6.9 b 

and 6.9 d. Figure 6.9 b and Figure 6.11 illustrate the specific charge obtained at 

different C-rates (0.5 C, 1 C, 2 C, 5 C, 10 C, 20 C and 50 C, equal to 0.084, 0.168, 

0.336, 0.840, 1.680, 3.360 and 8.400 A g-1, respectively) as a function of the number 
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of cycles. For example, the specific capacity of SA-TiO2@graphene at the rate of 50 

C is as high as 103 mA h g−1, 9.3 times higher than that of the reference C-TiO2. 

Importantly, after the high rate measurements, the specific capacity of SA-

TiO2@graphene at 0.5 C can recover to the initial value, indicating its high 

reversibility. It also shows superior cycling capacity (~ 108 mA h g-1) over 1500 

cycles at the high rate of 20 C, along with ~ 100% coulombic efficiency, proving its 

excellent tolerance of ultra-fast insertion and extraction of lithium ions for long-life 

LIBs.  

 

 

Figure 6.12 Nyquist plots of electrodes containing hybrid SA-TiO2@graphene and 

C-TiO2@graphene, obtained by applying a sine wave with an amplitude of 5.0 mV 

over the frequency range from 100 kHz to 0.01 Hz. 
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Figure 6.13 Summary of the enhanced high rate performance mechanism of the SA-

TiO2@graphene in the Li battery system. The surface amorphous layer (Region A) 

with its narrow band gap (~1.0 eV) has plenty of oxygen vacancies and Ti3+ ions, 

which together with the crystalline structure inside (band gap, Eg = 3.2 eV) (Region 

B) induces an electric field during the charge/discharge process to facilitate deeper 

charge diffusion within the materials (Region C). In the meanwhile, the graphene 

matrix provides an effective and continuous electrically conducting network. The 

highly porous surface amorphous layer also helps in electrolyte absorption. 
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Figure 6.14 Cross-sectional (a, b, c) and top-view (d,e, f) SEM images of SA-

TiO2@graphene show that the uniform TiO2 nanospheres are well encapsulated by 

the graphene. 

 

Figure 6.15 Typical SEM images of SA-TiO2@graphene electrode before (a,b) and 

after (c, d) 10 cycles at the current density of 336 mA g-1. 



 

189 

 

    In a control experiment, C-TiO2@graphene was synthesized following the same 

procedures as for the synthesis of the SA-TiO2@graphene and then heat-treated in air 

at 600 ℃  to eliminate the surface-amorphized layer. The capacity for C-

TiO2@graphene is 139.7 mAh·g-1 (Figure 6.9a), which is lower than that of the SA-

TiO2@graphene (205.1 mAh·g−1) and higher than that of C-TiO2 (61.8 mAh·g−1). 

That is because the particle size and the surface-amorphized layer of TiO2 are of 

great importance for its electrochemical performance. The distance from the surface 

to the core drastically affects the ability to store charge at high C-rates. Because the 

surface atomic arrangement affects the specific charge at moderate C-rates, for 

example, from 0.5 to 50 C, the effective diffusion length for lithium ions is 24 nm 

under the charge/discharge rate of 0.5 C, and 3.2 nm under 50 C.[21] The lithium-ion 

mobility also becomes extremely low for lithium-ion content higher than that of 

Li0.5TiO2. [4a] Consequently, storing lithium ions beyond Li0.5TiO2 can only be 

achieved near the surface, and thus, higher specific charge capacities are obtained 

with increasing specific surface area. It has been demonstrated that ordinary 

crystalline anatase TiO2 gives only the orthorhombic Li0.5TiO2, while LixTiO2 (x > 

0.5) with higher lithium storage capacity can indeed be formed in ultra-small TiO2 as 

a result of the quantum-size confinement effect.[22] In our work, the thickness of the 

surface layer is ~ 3 nm. The amorphous-layer-induced defects such as dangling 

bonds and oxygen vacancies typically lead to unexpected electronic states in the 

band gap that result in improved electrical conductivity (Figure 6.12). The calculated 

band gaps for crystalline TiO2 and amorphous TiO2 are 3.2 and 1.0 eV, 

respectively.[13] The surface amorphous layer in our work is different from an 

amorphous structure with only poor crystallinity.[23] The surface amorphous layer 
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with its narrow band gap (~1.0 eV) has plenty of oxygen vacancies and Ti3+ ions, 

which together with the crystalline structure inside (band gap, Eg = 3.2 eV) induces 

an electric field during the charge/discharge process to facilitate deeper charge 

diffusion within the materials (Figure 6.13). We believe that the TiO2 with different 

band gaps creates an electric field effect for lithium storage that may occur in the 

deep region of TiO2 and thus increases the capacity to some extent. Below the 

plateau of phase transformation from tetragonal to orthorhombic (~ 1.75 V), a 

sloping curve appears, in which the capacity comes from the lithium-ion intercalation 

beyond Li0.5TiO2 (Figure 6.9 d). The capacity beyond Li0.5TiO2 for SA-

TiO2@graphene is about 137.7 mAh·g−1, which is nearly double that of C-

TiO2@graphene (60.6 mAh·g−1). The narrow band gap of the surface amorphous 

layer also improves the electronic conductivity and rapid ion/electron transport 

pathways, and it also has benefits for high power performance. Moreover, the 

amorphous layer with high surface area possesses better adsorption capability for 

ions and molecules to facilitate Li+ transfer across the electrolyte/TiO2 interface, due 

to the higher local concentration. In addition, the weak connections between the SA-

TiO2 nanospheres are responsible for the poor cycling and rate performance during 

lithium insertion/extraction processes. When the SA-TiO2 nanospheres are well 

encapsulated by the graphene, however, using a simple UV-assisted reduction 

technique, the graphene provides an interconnected conductive network which 

significantly improves the cycling and rate performances. The excellent high-rate 

performance is attributed to the substantial decrease in charge-transfer resistance due 

to the unique structure of the SA-TiO2@graphene.[24] The stable cycling of an 

electrode has strict requirements in terms of structural stability at the particle level, 

because small changes in particle morphology could cause electrode-level cracking 

mailto:SA-TiO2@graphene.[23]


 

191 

and failure. After 10 deep cycles at the current density of 336 mA g-1, the 

morphology of the SA-TiO2@graphene was examined with SEM and there is no 

obvious structural change after cycling. As the SEM micrographs in Figure S10d 

demonstrate, we can see a thin solid electrolyte interphase (SEI) film on the sample 

surface after 10 cycles. The partially reversible SEI formation might also contribute 

to the enhanced capacity. 

 

 

Figure 6.16 TEM and HRTEM images of SA-TiO2 (a, b) and C-TiO2 (c, d), 

respectively. 
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Figure 6.17 Summary of the enhanced high rate performance mechanism of the SA-

TiO2@graphene in the Li battery system. 
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6.4 Conclusions 

We have designed and successfully fabricated surface amorphized (SA)-

TiO2@graphene composites. A thin amorphous TiO2 layer was created on crystalline 

TiO2 nanospheres under mild conditions and assembled with graphene via a UV-

assisted reduction technique. We evaluated the SA-TiO2@graphene as an electrode 

material for lithium ion batteries and found that it exhibited greatly improved lithium 

insertion/extraction performance compared with crystalline TiO2. The optimal SA-

TiO2@graphene hybrid architecture exhibits a substantial improvement in lithium 

specific capacity from 0.5 C to 50 C. More strikingly, the specific capacity of the 

composite at the rate of 50 C is as high as 103 mA h g-1, 9.3 times higher than that of 

the reference TiO2. We attributed the greatly enhanced lithium storage properties of 

the SA-TiO2@graphene nanocrystals to the lower lithium ion diffusion and 

electronic conduction resistance, and better surface adsorption in the amorphous 

layer. These improvements benefit from the electric field introduced by the surface-

amorphization within the nanocrystals, which leads to much lower lithium-ion 

diffusion resistance, facilitates its transport in both insertion and extraction processes, 

and also enhances the electrolyte absorption capability. This concept thus offers an 

innovative and general approach toward designing battery materials with better 

performance. 
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CHAPTER 7 HIGHLY ORDERED DUAL POROSITY MESOPOROUS 

COBALT OXIDE FOR SODIUM ION BATTERIES 

 

    Highly ordered mesoporous cobalt oxide (Co3O4) has been synthesized and 

applied as an electroactive material in sodium ion battery anodes. Mesoporous silica 

was used as the template for the generation of dual porosity cobalt oxide with 

spherical mesopores and porous nanochannels. The most notable feature of our dual 

porosity mesoporous Co3O4 is that the highly ordered structure can provide much 

better transport pathways than the reference bulk Co3O4 derived nanostructure, 

because it can facilitate the mass transport of electrolyte in the larger pores and 

sodium ion diffusion in the smaller pores, and also provide a large electrode-

electrolyte interface for electrolyte adsorption due to the surface disorder of the 

Co3O4. The outstanding dual porosity mesopores in the cobalt oxide allow better 

transport pathways and thus lead to an initial capacity of 707 mAhg-1 at the current 

density of 90 mA g-1, with capacity of 416 mAh g-1 still retained after 100 cycles. 

The sodium uptake/extraction is confirmed to take place through a reversible 

conversion reaction, based on ex-situ characterization techniques, which identify 

dual porosity mesoporous Co3O4 as a high performance sodium ion battery anode 

material. 
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7.1 Introduction 

    In recent years, highly ordered mesoporous materials have received significant 

attention in the materials research community because of their special framework 

topologies, high surface areas, and controllable particle size, pore size, and pore 

volume, allowing them to play a key role in various fields such as adsorption, gas 

storage, catalysis, biochemistry, and electronics.[1] Recently, ordered mesoporous 

materials have gained much attention as promising candidate energy storage 

materials, since ordered mesoporous frameworks with uniform sizes on the nanoscale 

can offer opportunities to improve electrochemical performance.[2] The greatest 

advantage of ordered mesoporous materials in the electrode field is the presence of 

well-defined mesopores, which are believed to act as a kind of physical buffer for 

volume changes and as mass transport pathways during charge and discharge.[3] 

Sodium-ion batteries (SIBs) have recently again attracted increasing attention for 

large-scale energy storage in renewable energy and smart grid applications, because 

of both the low costs associated with the high natural abundance of sodium and the 

decent energy densities bestowed by its similar chemical nature to Li [4]. Many 

mature electrode materials for the Li-ion chemistry have been investigated as drop-in 

replacements for Na-ion batteries. Among them, Co3O4 is regarded as a promising 

active electrode material on the basis of its low cost, high specific capacitance, and 

environmental benignity[5]. For instance, Co3O4 is considered as a potential Li-ion 

battery anode material due to its theoretical capacity of ~ 890 mA h g−1, over twice 

that of graphite[5b]. Despite its great promise, however, there still are major 

challenges that need to be addressed for the practical application of Co3O4 in SIBs, 
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which include low electronic conductivity, as well as a slow charge-discharge rate 

and large volume changes during the Na+ insertion and extraction processes, 

resulting in poor cycling stability, for which the larger size of the Na-ion relative to 

the Li-ion is generally believed to be responsible.[5b, 5c, 6].  

    To circumvent these challenges, a variety of approaches have been attempted to 

improve the electrochemical properties of Co3O4, such as the fabrication of 

nanostructures with different morphologies[5b, 5d, 6-7], the fabrication of composites 

incorporated with conducting matrices [8], and porous-structure designs with high 

surface area[5b, 9] . One highly desirable and promising approach to address the 

aforementioned drawbacks is the rational design of mesoporous Co3O4 with well-

defined microstructures[9-10]. The obvious advantages of mesoporous microstructures 

are seen in the properties of their elegant architectures: (1) the interlaced networks of 

interconnecting mesopores can provide superior channels for high electrode-

electrolyte contact area and electrolyte penetration/adsorption; (2) the mesoporous 

architectures can supply an elastic space to buffer the large volume expansion during 

the Na+ insertion-extraction process, thus enhancing the cycling performance; (3) in 

addition, the secondary microstructures with high surface area can facilitate extra 

active sites for Na+ storage and a short Na+ diffusion distance among the primary 

nanoblocks[10a, 11]. These benefits are also critical and significant for optimizing the 

cycling and rate performance of sodium ion batteries[12]. 
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Figure 7.1 Schematic diagram of synthesis of mesoporous Co3O4 via the nanocasting 

route by using calcined 3D cubic Ia3d KIT-6 silica as a sacrificial template. 

 

    Herein, we demonstrate an efficient method for direct fabrication of highly 

ordered mesoporous Co3O4 (m-Co3O4) microspheres by utilizing cubic 

mesostructured silica (KIT-6) as a sacrificial template (Figure 7.1). The ordered 

mesoporous structure was used to accommodate the large volume changes during 

sodiation/desodiation. The large voids in the mesoporous structure appear to buffer 

the volume expansion/contraction during battery cycling, without active particle 

isolation. Dual porosity mesoporous Co3O4 (m-Co3O4) can provide much better 

transport pathways than the reference bulk Co3O4 (b-Co3O4) derived nanostructures, 

which can facilitate the mass transport of electrolyte in the larger pores and sodium 

ion diffusion in the smaller pores of m-Co3O4. Also, the surface disorder of the 

Co3O4 also provides a large electrode-electrolyte interface for electrolyte adsorption, 

which is beneficial for achieving a high power density. The ordered m-Co3O4 sodium 

storage material can deliver a reversible capacity of 416 mAh g-1, with excellent 

cycling stability. m-Co3O4 stores the Na ions through reversible Na de/intercalation 

reactions, as also confirmed by ex-situ X-ray diffraction (XRD) technique. 
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7.2 Experimental sections 

7.2.1 Synthesis of KIT-6 silica  

    Three-dimensional (3D) cubic Ia3d KIT-6 mesoporous silica materials were 

prepared according to the procedure described by Ryoo and co-workers.[14a] For a 

typical preparation procedure, 10 g of Pluronic P123 (EO20PO70EO20, Mw = 5800, 

Sigma-Aldrich) was dissolved in 350 g of 0.6 M HCl (Sigma-Aldrich, 36.5 - 38.0 %) 

solution under vigorous stirring in a closed Schott-Duran blue cap reagent bottle (500 

mL). Then, 10 g of 1-Butanol (Sigma-Aldrich, ≥  99.4 %) was added into the 

mixture and stirred at 35 °C  overnight. Subsequently, 20.8 g of tetraethoxysilane 

(TEOS, Sigma-Aldrich, ≥  99.0 %) was gently dropped into the homogeneous 

solution. This mixture was maintained at 35 °C  for 24 h under vigorous stirring and 

aged at 105 °C  for 24 h under static conditions in a Teflon-lined autoclave. The 

precipitate was filtered without washing and dried at 100 °C for 24 h. The KIT-6 

silica was obtained after calcination at 550 °C for 5 h under air atmosphere with a 

heating rate of 5 °C /min.  

7.2.2 Synthesis of mesoporous Co3O4 

    Mesoporous Co3O4 was prepared via the nanocasting route by using calcined 3D 

cubic Ia3d KIT-6 silica as a sacrificial template. Typically, 0.5 g of KIT-6 silica was 

dispersed in 20 mL ethanol. Afterward, 2.0 g of Co(NO3)2·6H2O (Sigma-Aldrich, ≥ 

98 %) was added into the glass container. This mixture was ultrasonicated for 1 h and 

stirred at 40 °C  in an uncapped condition to evaporate the ethanol. Then, the dried 

powder was calcined at 350 °C  for 3 h under air atmosphere with a heating rate of 

1 °C /min. The obtained product (1.0 g) was added into the solution containing 10 g 

of ethanol and 1.0 g of Co(NO3)2·6H2O, and stirred at room temperature to remove 
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the ethanol. Afterward, the resulting powder was calcined at 450 °C for 6 h under air 

atmosphere with a heating rate of 1 °C /min to form KIT-6/Co3O4 composite. The 

KIT-6 silica template was removed by treatment with 3 M NaOH (Sigma-Aldrich, ≥ 

98 %) solution at 70 °C for 12 h. This removal process was repeated twice. After a 

centrifugation and washing treatment, the mesoporous Co3O4 was obtained and dried 

at 60 °C overnight for further use.  

The reference bulk Co3O4 was prepared through sintering Co(NO3)2·6H2O at 450 °C 

for 6 h under air atmosphere. 

7.2.3 Structural and physical characterizations 

    The ordering of materials was characterized by small-angle X-ray scattering 

(SAXS) with a Nanostar U small-angle X-ray scattering system (Bruker, Germany) 

using Cu Kα radiation (λ = 1.54056 Å). The unit-cell parameter a0 was calculated by 

the following formulas: d211 = 2π/q211; and a0 =√6*d211. The wall thickness, w = 

a0/3.0919 - D/2 (where D represents the pore size distribution). The crystal structure 

and phase of products were characterized using wide-angle X-ray diffraction (XRD, 

Bruker D8, Germany) with Ni-filtered Cu Kα radiation (40 kV, 40 mA). The 

morphologies of samples were observed by field-emission scanning electron 

microscopy (FESEM, JEOL-7500). The microstructure details and chemical 

composition were further investigated by transmission electron microscopy (TEM, 

JEOL-2010), operated at an acceleration voltage of 200 kV. Nitrogen sorption 

isotherms were measured at 77 K with a Micromeritcs Tristar 3020 analyzer (USA). 

Before measurements, the samples were degassed under vacuum at 180 °C for 6 h. 

The Brunauer-Emmett-Teller (BET) method was utilized to calculate the specific 

surface areas (SBET), using adsorption data in a relative pressure range from 0.04 to 
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0.2. The pore volumes and pore size distributions were derived from the adsorption 

branches of isotherms using the Barrett-Joyner-Halenda (BJH) model. The total pore 

volume, Vt, was estimated from the amount adsorbed at a relative pressure P/P0 of 

0.995.  

7.2.4 Electrochemical characterizations  

    The electrochemical tests were carried out via CR2032 coin type cells. The 

working electrodes were prepared by mixing the as-prepared materials, Super P, 

sodium carboxymethyl cellulose / polyacrylic acid (1:1) at a weight ratio of 70:20:10. 

The resultant slurry was pasted on Cu foil and dried in a vacuum oven at 150 °C for 

3 h, followed by pressing at 300 kg cm-2. The loading of the materials on individual 

electrodes was 1.0 ± 0.2 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 electrolyte consisted of a solution 

of 1 M NaClO4 in ethylene carbonate (EC) / propylene carbonate (PC) (1:1, v/v) with 

5 wt% fluoroethylene carbonate (FEC). Electrochemical impedance spectroscopy 

(EIS) and cyclic voltammetry (CV) were conducted on a VMP-3 electrochemical 

workstation at a scan rate of 0.1 mV s-1. The cells were galvanostatically charged and 

discharged over a voltage range of 0.01-2.5 V versus Na/Na+ at different constant 

current densities, based on the weight of the samples, on a Land CT2001A battery 

tester. At least five parallel cells were tested for each electrochemical measurement, 

in order to make sure that the results were reliable and represented the typical 

behavior of the samples. 
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7.3 Results and discussion 

 

 

Figure 7.2 Characterization of physicochemical properties and morphology of m-

Co3O4. (a) SAXS and (b) XRD patterns of m-Co3O4 microspheres. (c) N2 sorption 

isotherms, and (d) corresponding pore size distribution curve of m-Co3O4 

microspheres. (e) FE-SEM images of three-dimensional cubic mesoporous silica 

KIT-6 templates. (f) FE-SEM, (g) TEM, and (h) HRTEM images of m-Co3O4 

microspheres. (i) EDS spectrum of m-Co3O4 microspheres. (j) Element mapping 

images of the m-Co3O4 with corresponding TEM image. 
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Due to the uncontrollable nature of the hydrolysis and assembly of cobalt 

precursor and surfactant, it is still difficult to prepare mesoporous Co3O4 with high 

structural ordering and well-defined morphology. It is clear that the nanocasting 

strategy provides a universal pathway to the synthesis of mesoporous metal oxides 

with highly defined pore systems and crystallization.[13] It is particularly worth 

noting that KIT-6 features an interpenetrating bicontinuous network of mesopore 

channels. Such highly branched and accessible features make it an excellent template 

for the nanocasting approach.[14] Therefore, herein, the mesoporous silica KIT-6 was 

selected as the hard template for the fabrication of m-Co3O4.  

 

 

Figure 7.3 Small-angle X-ray scattering (SAXS) pattern of three-dimensional cubic 

mesoporous silica KIT-6 template. 
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Figure 7.4 (a) N2 sorption isotherm and (b) corresponding pore size distribution 

curve of three-dimensional cubic mesoporous silica KIT-6 template. 

 

Figure 7.5 FE-SEM image of three-dimensional cubic mesoporous silica KIT-6 

template. 

 

Three-dimensional cubic mesoporous silica (KIT-6) was prepared according to 

previous reports, using triblock copolymer Pluronic P123 and 1-butanol as the 

structure-directing agents, and tetraethoxysilane as the silica source in a diluted HCl 

solution. The structural ordering of the prepared KIT-6 was characterized by small-
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angle X-ray scattering (SAXS), and three obvious peaks corresponding to (211), 

(220), and (332) reflections were observed, indicating the highly ordered Ia3d cubic 

structure (Figure 7.3). Moreover, the nitrogen sorption isotherms of KIT-6 show a 

representative type IV curve with a sharp capillary condensation step at high relative 

pressure and an H2-type hysteresis loop, suggesting uniformity of the mesopores 

(Figure 7.4). In addition, the prepared KIT-6 has a Brunauer-Emmett-Teller (BET) 

surface area of 387.3 m2g-1, a total pore volume of 0.46 cm3g-1, and a narrow pore 

size distribution centered at 8.9 nm.  

In this approach, Co(NO3)2·6H2O was employed as the cobalt source to be 

impregnated within the KIT-6 mesopore channels through the nanocasting method. 

To ensure well filled pores and complete nanocasting, this impregnation process was 

repeated, then followed by calcination in air. Finally, the mesoporous Co3O4 was 

obtained after removal of the KIT-6 hard template by leaching with 3 M NaOH 

aqueous solution. Significantly, this as-prepared mesoporous Co3O4 preserves the 

cubic Ia3d mesoporous structure, as revealed by the SAXS pattern. A sharp 

scattering peak at q = 0.68 nm-1 that corresponds to the (211) reflection can be 

observed (Figure 7.2 a). It is noteworthy that the scattering peak for the (211) 

reflection shifts to higher q-value in comparison with the original KIT-6 template (q 

= 0.66 nm-1). That is, the unit-cell parameter a0 decreases from 23.4 (KIT-6) to 22.6 

nm (mesoporous Co3O4), indicating a certain shrinkage of the mesostructure.  

The crystal and phase purity of mesoporous Co3O4 was characterized by wide-

angle X-ray diffraction (XRD). As revealed in Figure 7.2 b, all positions of the 

diffraction peaks can be assigned to the pure face-centered cubic (fcc) phase of 

Co3O4 (space group: Fd3m (227), JCPDS card no. 42-1467). The high intensity of 

the diffraction peaks implies a well-crystallized structure. In addition, the average 
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crystallite size is approximately 8.7 nm, as calculated by the Debye-Scherrer formula 

from the half-width of the diffraction peak in the XRD pattern corresponding to the 

(311) reflection. Moreover, the porosity and textural properties were measured using 

N2 sorption isotherms, which present a typical type IV curve with an H1 hysteresis 

loop, indicating a mesostructure with Ia3d channels (Figure 7.2 c). Accordingly, the 

BET surface area is 99.4 m2g-1, and the total pore volume is 0.12 cm3g-1. 

Simultaneously, this mesoporous Co3O4 exhibits a narrow pore size distribution 

centered at ~ 2.8 nm, based on the adsorption branch of the isotherm, as calculated 

by the Barrett-Joyner-Halenda (BJH) model (Figure 7.2 d). This result agrees very 

well with the wall thickness of the KIT-6 template (~ 3.1 nm), demonstrating the 

successful nanocasting process. Additionally, a broad peak centered at ~ 6.5 nm also 

can be observed, confirming the dual porosity.  

The morphology and microstructure of the obtained mesoporous Co3O4 were 

further observed by field-emission scanning electron microscopy (FE-SEM) and 

transmission electron microscopy (TEM). It was found that the KIT-6 template has 

an irregular morphology and is agglomerated, with a large number of spherical 

particles ~ 200 nm in diameter (Figure 7.5). Microspheres with ~ 1 μm in diameter 

appear for the mesoporous Co3O4 after this nanocasting process (Figure 7.2 e), 

however. Interestingly, these mesoporous Co3O4 microspheres are composed of 

neatly aligned tiny spherical nanoparticles with uniform size of about 8 nm (Figure 

7.2 f). This could be ascribed to the different interconnectivity between the two 

channel systems of the KIT-6 template, resulting in self-assembly to form large 

clusters with a dense coupled framework. Indeed, this well-ordered, interconnected, 

mesostructured network of mesoporous Co3O4 microspheres is clearly observed from 

the TEM and high-resolution TEM (HRTEM) images (Figure 7.2 g and 7.2 h). The 
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mean crystallite size is estimated to be ~ 8.5 nm, which is in good accordance with 

the FE-SEM image and the XRD results. Furthermore, the lattice interplanar spacing 

of 0.291 nm is clearly distinguishable and corresponds to the (220) planes of the 

mesoporous Co3O4 microspheres, demonstrating their high crystallinity (Figure 2h). 

Additionally, the energy dispersive spectroscopy (EDS) results and the elemental 

mapping images of the mesoporous Co3O4 microspheres show the presence of the 

elements Co and O, and the absence of Si element, suggesting the complete removal 

of the KIT-6 template from the mesoporous Co3O4 microspheres (Figure 7.2 i and 

7.2 j). Notably, the architecture of these unique microspheres with uniform mesopore 

channels, high surface area, and interconnected tiny nanoparticles is beneficial 

because it offers sufficient interface area between the electrolyte and the electrode 

material. 
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Figure 7.6 Electrochemical properties of m-Co3O4 in Na ion battery. (a) Cyclic 

voltammograms for the first five cycles of the m-Co3O4 electrode at a scanning rate 

of 0.1 mV s-1, (b) Galvanostatic discharge-charge profiles for selected cycles of the 

m-Co3O4 electrode at a current density of 90 mA g-1, (c) Nyquist plots of electrodes 

containing hybrid m-Co3O4 and b-Co3O4, obtained by applying a sine wave with an 

amplitude of 5.0 mV over the frequency rang ofe 100 kHz 0.01 Hz, (d) comparisons 

of rate capabilities of m-Co3O4 and b-Co3O4 electrode at different current densities, 

and (e) representative cycling performances of electrodes with m-Co3O4 and b-Co3O4 

with or without FEC in the electrolyte. 
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A series of comparative electrochemical measurements were performed to 

investigate the anode performance of m-Co3O4 and b-Co3O4 electrodes. Cyclic 

voltammetry (CV) curves are shown in Figure 7.6 a, in which one redox couple in 

the initial cycle is present at around 0 and 0.41 V in the cathodic and anodic 

processes, respectively. These peaks should correspond to the reversible reaction 

between Na+ ions and Co3O4, which is related to the reduction of Co3O4 to Co and 

the formation of Na2O. The other broad peak in the discharge voltage range (~ 0.86 

V) should be ascribed to the formation of an irreversible solid electrolyte interphase 

(SEI) layer. The organic SEI layer can be dissolved reversibly, which could 

contribute to the reversible capacity during the charge and discharge processes. In the 

subsequent cycles, only one broad cathodic peak can be observed at ~ 0.47 V for the 

m-Co3O4 and b-Co3O4 electrodes (Figure 7.9). The overlapping CV curves in the 2nd 

to 5th cycles indicate the stability of m-Co3O4 compared to the b-Co3O4. The CV 

measurements clearly illustrate the reversible Na storage capability of the m-Co3O4, 

and all the redox peaks of the m-Co3O4 are well matched to the charge-discharge 

plateaus (Figure 7.6 b). The reduced charge-transfer resistance compared to that of 

the b-Co3O4 electrodes is another factor proving the high reactivity of the m-Co3O4 

electrode (Figure 7.6 c). The electrochemical performance of the m-Co3O4 was 

systematically evaluated by galvanostatic discharge-charge measurements. 

Remarkably, a relatively high capacity of 782 mAh g-1 is achieved in the initial cycle 

at a current density of 30 mA g-1 in the case of the m-Co3O4 (Figure 7.6 d). More 

importantly, the as-prepared m-Co3O4 exhibits good high-rate performance. On 

increasing the current density to 810 and 2430 mA g-1, the specific capacities at these 

current densities are still 357 and 267 mAh g-1, respectively (Figure 7.6 d and 
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Figure 7.10). The irreversible capacity value obtained from the above-mentioned 

reactions is comparatively smaller than the observed irreversible capacity in the first 

discharge, indicating that the first cycle irreversible capacity mainly resulted from the 

reductive electrolyte decomposition and the formation of a SEI. Additives such as 

fluoroethylene carbonate (FEC), which is known for stabilizing the SEI layer in Na-

ion batteries, were also introduced into the electrolyte (Figure 3e) in order to further 

improve its electrochemical performance. The outstanding dual porosity m-Co3O4 

allows better transport pathways and thus leads to an initial capacity of 707 mAh g-1 

at the current density of 90 mA g-1, and after 100 cycles, capacity of 416 mAh g-1 is 

still retained. These results are in stark contrast to the b-Co3O4 and the m-Co3O4 

without FEC in the electrolyte, which show continuous and progressive capacity 

decay as the cycling progresses. 

 

Figure 7.7 Ex-situ XRD patterns of the m-Co3O4 electrode collected at various 

points as indicated in the corresponding voltage profile: (a) fresh electrode, (b) after 

first discharge to 0.5 V, (c) after first discharge to 0.01 V, (d) after first charge to 0.5 

V, (e) after first charge to 1.0 V, and (f) after first charge to 2.5 V. 
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Figure 7.8 Schematic illustration of the Na storage behavior in m-Co3O4 electrode: 

(a) summary of sodiation/desodiation cycle, (b) electron and ion transport in a 

microsphere during discharge. 
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Figure 7.9 Cyclic voltammograms for the first five cycles of the b-Co3O4 electrode 

at a scanning rate of 0.1 mV s-1. 

 

 

Figure 7.10 Galvanostatic discharge charge profiles for selected cycles of the m-

Co3O4 electrode at different current densities. 
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Figure 7.11 ex-situ XRD patterns of the m-Co3O4 electrode collected at fully 

discharge and charge state. 

 

Figure 7.12 Enlarged ex-situ XRD patterns of the m-Co3O4 electrode collected after 

first discharge to 0.01 V. 

 



 

215 

In order to further clarify the structural changes upon sodiation/desodiation, ex situ 

XRD analysis of the m-Co3O4 was performed on the electrodes after cycling. Figure 

7.7 presents the ex-situ XRD patterns of the fully discharged-charged electrodes for 

the first cycle. In the fresh electrode, the XRD pattern demonstrates that all the 

diffraction peaks are well indexed to the cubic Co3O4 phase (JCPDS no. 00-043-

1003), with a small unknown peak at around 32.7°. In the first cycle charge back to 

2.5 V, the ex-situ XRD pattern confirms the existence of the Co3O4 phase. 

Surprisingly, all the diffraction peaks for the Co3O4 phase tend to disappear, and a 

new phase of Na2O (JCPDS no. 00-003-1074) appears when the electrode is 

discharged to 0.01 V. At the same time there should also be evidence of Co phase 

formation. Unfortunately, there is a significant overlap of this peak with the copper 

current collector peak in the measured XRD patterns. On the other hand, when the 

electrode was charged back to 2.5 V, all diffraction peaks for the Co3O4 phase 

reappeared. These findings suggest that the conversion reaction is not completed in 

the first discharge to 0.01 V, so that the Co3O4 phase still exists in the first discharge 

and becomes visible again when the electrode is charged back to 2.5 V. It is 

anticipated that the discharge capacity will keep on increasing until all the materials 

become involved in the conversion reaction, and then the capacity will remain 

constant or may decline. Figure 7.8 a summarizes the sodiation/desodiation 

mechanism in the m-Co3O4 electrode. In the first discharge, Na ions are inserted into 

m-Co3O4 via surface reconstruction reactions. NaxCoyOz is then partially transformed 

into CoxO and Na2O through conversion reactions, accompanied by surface 

amorphization through further sodiation. In this process, Na ions are stored in the 

NaxCoyOz and Na2O phases, accompanied by capacitive reactions. The subsequent 

charge process involves Na de-intercalation reactions to form NaxCoyOz. The dual 
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porosity mesoporous structure can provide much better transport pathways than the 

bulk Co3O4 derived nanostructures, which can facilitate the mass transport of 

electrolyte in the larger pores and sodium ion diffusion in the smaller pores of the 

dual porosity material (Figure 7.8 b), and also provides a large electrode-electrolyte 

interface for electrolyte adsorption due to the surface disorder of Co3O4. 

 

7.4 Conclusions 

    The present work proposes a dual porosity mesoporous sodium insertion material, 

m-Co3O4, for NIBs. Mesoporous Co3O4 was prepared via the nanocasting route by 

using calcined 3D cubic Ia3d KIT-6 silica as a sacrificial template. The outstanding 

dual porosity of m-Co3O4 allows better transport pathways and thus leads to an initial 

capacity of 707 mAh g-1, which is reached at the current density of 90 mA g-1, with 

capacity of 416 mAh g-1 still retained after 100 cycles. Importantly, the as-prepared 

m-Co3O4 exhibits good high-rate performance. On increasing the current density to 

810 and 2430 mA g-1, the specific capacities at these current densities are still 357 

and 267 mAh g-1, respectively. The excellent Na-storage properties are due to the 

unique, highly ordered, dual porosity, mesoporous nanostructure in m-Co3O4, which 

provides much better transport pathways than the bulk Co3O4 derived nanostructures 

and can facilitate the mass transport of electrolyte in larger pores and sodium ion 

diffusion in smaller pores. It also provides a large electrode-electrolyte interface for 

electrolyte adsorption due to the higher surface disorder of the m-Co3O4. We further 

discovered through ex-situ techniques that the sodium uptake/extraction takes place 

through reversible conversion reactions. 
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CHAPTER 8 CONCLUSIONS AND OUTLOOK 

 

8.1 General conclusions 

    Undoubtedly, the most difficult issue facing the demonstration of Na/Li-ion 

batteries is how to achieve high energy density and long cycle life. With the ability to 

prepare various 2D nanosized materials, combined with advanced nanofabrication 

techniques, current research on the preparation of SIB anode materials depends on 

not only the choice of functional active material components, crystal phase, and 

structure, but also on the spatial organization/assembly, surface exposure, interaction 

between the individual components, and geometric properties of the composites. By 

using 2D nanomaterials with unique properties, planar hybrids, porous hierarchical 

architectures, and vertically stacked heterostructures have been prepared, which have 

shown impressive properties, enhanced functions, and improved performance. Even 

so, there are still many tough challenges to overcome before high energy storage 

systems based on SIBs can be achieved in the future. 

    For the first part, a hybrid SnS@graphene architecture, employing 2D nanosheets 

of SnS and graphene as complementary building blocks via their controllable 

assembly, was fabricated by a hydrothermal and annealing approach. The well-

developed 2D nanosheets of SnS and graphene, as well as the precise hierarchical 

control of various sublayers of the materials in the design are believed to function 

synergistically, so as to significantly stabilize the mechanical, electrical, and 

electrochemical properties of the anode material, despite its large volume changes 

with sodiation/desodiation during cycling. From the perspective of structural ability 



 

221 

during cycling, the less structural changes of SnS after the conversion, expected a 

good structural stability and excellent cycling stability for the performance on the 

sodium ion battery. The resultant architecture can provide high reversible capacity 

and excellent high-rate capability. The superior cycling and rate performance, 

combined with the simplicity of the optimized process, represents a promising 

strategy for the development of inexpensive and versatile synthesis techniques for 

energy storage and conversion applications. 

    Second, an effective approach, involving an interfacial amorphous carbon layer 

anchoring SnS/SnO2 heterostructures directly to graphene nanosheets, has been 

developed. The formation of the SnS/SnO2 heterostructures has been verified by 

HRTEM, Raman, and XPS analysis. When evaluated as an anode material for 

sodium-ion batteries, the C@SnS/SnO2@Gr features excellent performance and 

outstanding cycling stability at high rates, which is much superior to the performance 

of C@SnO2@Gr, C@SnS@Gr, or a mechanical mixture of them. The boosted 

charge transfer in the heterostructures is demonstrated by the EIS measurements. The 

resulting improvement of Na-ion diffusion capability and electronic conductivity is 

mainly responsible for the extraordinary performance of the C@SnS/SnO2@Gr 

electrode. The superior high-rate capability and ultra-long cycle life, accompanied by 

the simplicity of the synthetic process, make this approach a promising strategy for 

the development of simple and universal synthesis methods in applications for 

energy storage and conversion. 

    Followed by, we have designed and successfully fabricated surface amorphized 

(SA)-TiO2@graphene composites. A thin amorphous TiO2 layer was created on 

crystalline TiO2 nanospheres under mild conditions and assembled with graphene via 
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a UV-assisted reduction technique. We evaluated the SA-TiO2@graphene as an 

electrode material for lithium ion batteries and found that it exhibited greatly 

improved lithium insertion/extraction performance compared with crystalline TiO2. 

The optimal SA-TiO2@graphene hybrid architecture exhibits a substantial 

improvement in lithium specific capacity from 0.5 C to 50 C. More strikingly, the 

specific capacity of the composite at the rate of 50 C is as high as 103 mA h g-1, 9.3 

times higher than that of the reference TiO2. We attributed the greatly enhanced 

lithium storage properties of the SA-TiO2@graphene nanocrystals to the lower 

lithium ion diffusion and electronic conduction resistance, and better surface 

adsorption in the amorphous layer. These improvements benefit from the electric 

field introduced by the surface-amorphization within the nanocrystals, which leads to 

much lower lithium-ion diffusion resistance, facilitates its transport in both insertion 

and extraction processes, and also enhances the electrolyte absorption capability. 

This concept thus offers an innovative and general approach toward designing battery 

materials with better performance. 

    The last work proposes a dual porosity mesoporous sodium insertion material, m-

Co3O4, for NIBs. Mesoporous Co3O4 was prepared via the nanocasting route by 

using calcined 3D cubic Ia3d KIT-6 silica as a sacrificial template. The outstanding 

dual porosity of m-Co3O4 allows better transport pathways and thus leads to an initial 

capacity of 707 mAh g-1, which is reached at the current density of 90 mA g-1, with 

capacity of 416 mAh g-1 still retained after 100 cycles. Importantly, the as-prepared 

m-Co3O4 exhibits good high-rate performance. On increasing the current density to 

810 and 2430 mA g-1, the specific capacities at these current densities are still 357 

and 267 mAh g-1, respectively. The excellent Na-storage properties are due to the 
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unique, highly ordered, dual porosity, mesoporous nanostructure in m-Co3O4, which 

provides much better transport pathways than the bulk Co3O4 derived nanostructures 

and can facilitate the mass transport of electrolyte in larger pores and sodium ion 

diffusion in smaller pores. It also provides a large electrode-electrolyte interface for 

electrolyte adsorption due to the higher surface disorder of the m-Co3O4. We further 

discovered through ex-situ techniques that the sodium uptake/extraction takes place 

through reversible conversion reactions. 

8.2 Outlook 

    Firstly, it should be admitted that the study of 2D-based functional composite 

anodes for the energy storage is still in its infant stage. The underlying mechanisms 

of Na/Li storage in 2D materials are still unclear, so more and deep understanding 

with respect to the surface functionalities/defects, the hierarchical structures, and 

kinetic transport at the electrode/electrolyte interface is needed to achieve better 

electrochemical performance. For example, the high surface area of graphene and its 

composites may lead to large irreversible capacity loss in the first cycle, and porous 

graphene-based composites exhibit small tap densities and consequently, an 

unfavorably low volumetric capacity.  

    Secondly, the compatibility of each of the components in the 2D materials needs 

to be further improved, and heterostructure interface problems still exist due to the 

weak interaction forces in the hybrid structure, although not in heterostructures with 

crystalline bonding. Meanwhile, comparisons between amorphous and crystalline 

materials might prove to be an interesting area. The charge storage mechanism of 

such amorphous materials is still vague, and explanations are leaning more towards 

pseudocapacitive behavior instead.  
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    Thirdly, some special conditions are often needed to obtain novel 2D structures, 

which often lead to a high-cost synthesis. Thus, controllable low-cost and large-scale 

synthesis techniques for novel 2D nanostructures need to be developed by integrating 

various advanced technologies, since the high cost of electrode materials 

significantly restricts scalable production and application.  

    Fourthly, design and large scale synthesis of novel orexisting high theoretical 

capacity electrode materials (e.g. alloy materials) in 2D form is likely to be the next 

performance growth point for SIB anode materials. Since the discovery of graphene, 

many other 2D materials have been coming into the spotlight. They form a very large 

family that includes hexagonal boron nitride, transition metal dichalcogenides, metal 

oxides, common clays, and the recently discovered transition metal carbides, as well 

as silicene, germanene, phosphorene, and stanene. All of them have great promise 

and will inevitably cause a new peak in SIB research. On the other hand, most of the 

materials used for hybridization with 2D anode materials are inorganic nanomaterials, 

such as alloy metals, metal oxides, and carbonaceous nanomaterials. One of the 

future directions lies in the combination of 2D anode materials with polymers to 

create 2D-based polymer composites for a wide range of applications.  

    Finally, in addition to the materials, investigation of isolated active materials is no 

longer sufficient to solve all the different kinds of challenges for the development of 

large-scale energy storage. We have to optimize the electrode by using high tensile-

strength binders, conductive network etc. Further studies are also needed on 

electrolytes, additives, and binders, which can greatly influence the electrode 

performance. With continuous endeavors by all parties concerned, it is expected that 
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the high performance 2D materials and composites can be applied in commercialized 

high-performance energy storage system in the near future. 
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