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Abstract 

Human activity and energy supplies mainly rely on the consumption of non-

regenerative fossil fuels. With the gradual decrease of these carbon-based energy 

sources and the increase in environmental pollution, finding alternative green and 

sustainable energies has become critical. Therefore, innovative and renewable energy 

technologies must be developed to combat global warming and climate change.[1, 2] 

Extensive research has been performed on the development of solar cells,[3, 4] fuel 

cells,[5] lithium-ion batteries[6, 7] and supercapacitors[8, 9] to replace carbon-based 

energy.  

Graphene has been considered a promising electrode material for energy storage 

applications due to its ultrahigh surface area (2600 m2 g−1),[10] excellent electric 

conductivity,[11] and one-atom thick two-dimensional sp2 carbon arrangement.[12] 

However, the surface area of graphene nanosheets (GNS) is often dramatically reduced 

because monolayer GNS always stack to multilayer in the dry state. The stacking of 

GNS leads to unexposed surface area, which hinders the ion diffusion from the 

electrolyte to the electrode, resulting in a low electrochemical performance.  

To prevent the re-stacking of GNS, and thus maintain well-exposed surface area, 

nanocrystals can be inserted between graphene layers to form nanocomposite materials. 

With the above motivation, graphene-based nanocomposite materials have been 

intensively studied in this thesis. All the materials examined were prepared via different 

synthesis techniques and well characterized. Their electrochemical properties were 

evaluated for supercapacitors and/or lithium rechargeable batteries. Sn/GNS is shown to 

have a very high reversible specific capacity of 785 mAh g−1. Mn3O4/GNS shows a 

specific capacitance of 256 F g−1, almost double that of pure GNS. Of the examined 



 

 xix 

materials, Co3O4/GNS presents the highest supercapacitance of 478 F g−1 and a 

rechargeable specific capacity of 722 mAh g−1. S/GNS generates ultra-high specific 

capacity of up to 1580 mAh g−1 and excellent rate capability. SnO2 nanoparticles 

supported by GNS deliver a specific capacity of 830 mAh g−1 with well maintained 

cycling stability. CoS2/GNS yields high capacitances of 314 F g−1 in an aqueous 

electrolyte and 141 F g−1 in an organic electrolyte. The enhanced overall 

electrochemical performances of these nanocomposite materials can be attributed to the 

dual contributions of the decorating materials, creating enlarged interlayer spacing, and 

graphene itself, with its facility for flexible nanolayered structure. The results of this 

study of these graphene-based nanocomposite materials indicate their great potential for 

application to practical energy storage devices. 
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Chapter 1 — Introduction 

 

Supercapacitors and lithium rechargeable batteries are typical energy sources that can 

store renewable energy with increased energy density and power density over regular 

capacitors and batteries. It is believed they will contribute to altering current 

fuel-consumption patterns and serve in the realization of electric vehicles or hybrid 

electric vehicles.[13] The development of these energy systems so that they have 

improved electric performance and are commercially viable, requires highly 

electrochemically active electrode materials that are low cost and environment friendly. 

Graphene and its related materials offer lots of superior properties in materials science 

and are considered to meet all the critical requirements for a practical electrode material 

due to their unique 2D nanostructure. Therefore, worldwide research has been invested 

in the modification, decoration and doping of 2D carbon-ringed graphene nanosheets to 

further enhance the electrochemical performance of the electrode materials. In the work 

reported here, a few graphene-based nanocomposites have been systematically studied. 

The synthetic methods, along with the characterizations and the electrochemical 

properties in supercapacitors and lithium rechargeable batteries are detailed in each 

chapter. 

Chapter 2 explores the history and development of graphene, deals with the synthetic 

methods for graphene and the general properties of graphene. The applications of 

graphene and graphene-based materials in energy storage devices are intensively 

reviewed and the fundamentals of supercapacitors and lithium-ion batteries are also 

discussed. 
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Chapter 3 introduces experimental specifications that are related to the entire project. 

Various materials preparation methods are firstly introduced, followed by the physical 

characterization techniques, including X-ray diffractometry, Scanning Electron 

Microscopy, Transmission Electron Microscopy, Atomic Force Microscopy, Raman 

Spectroscopy, and Thermogravimetric Analysis. Electrode preparation, cell assembly 

and electrochemical testing techniques are also detailed. 

In Chapter 4, a general strategy is demonstrated for achieving optimum electrochemical 

performance by constructing a 3D nanocomposite architecture with the combination of 

nanosized Sn particles and GNS. The Sn nanoparticles act as spacers to effectively 

separate GNS. FE-SEM and TEM analysis revealed the homogeneous distribution of Sn 

nanoparticles (2–5 nm) in a graphene nanosheet matrix. CV measurement is used to 

prove the highly reversible nature of the reaction between Li+ and the Sn/GNS 

nanocomposite. The 3D nanoarchitecture gives the Sn/GNS nanocomposite electrode an 

enhanced electrochemical performance. As discussed in Chapter 4, this strategy can be 

extended to prepare other anode and cathode materials for advanced energy storage and 

conversion devices. 

Chapter 5 deals with Mn3O4/GNS nanocomposites synthesized by mixing a graphene 

suspension in ethylene glycol with MnO2 organosol, followed by subsequent 

ultrasonication processing and heat treatment. The as-prepared product consists of 

nanosized Mn3O4 particles homogeneously distributed on graphene nanosheets, which 

has been confirmed by FE-SEM and TEM analysis. AFM analysis further identified the 

distribution of dense Mn3O4 nanoparticles on graphene nanosheets. When used as 

electrode materials in supercapacitors, Mn3O4/GNS nanocomposites exhibited a high 

specific capacitance of 175 F g−1 in 1 M Na2SO4 electrolyte and 256 F g−1 in 6 M KOH 
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electrolyte, respectively. As discussed in Chapter 5, the enhanced supercapacitance of 

Mn3O4/GNS nanocomposites could be ascribed to electrochemical contributions of 

Mn3O4 nanoparticles, functional groups attached to graphene nanosheets, and 

significantly increased specific surface area. 

Chapter 6 focuses on Co3O4/GNS nanocomposite material, prepared by an in-situ 

solution-based method under reflux conditions. In the reaction progress, Co2+ salts were 

converted to Co3O4 nanoparticles that were simultaneously inserted into the graphene 

layers upon the reduction of graphite oxide to graphene. The prepared material consists 

of uniform Co3O4 nanoparticles (15–25 nm), which are well dispersed on the surfaces of 

graphene nanosheets. This has been confirmed through observations by FE-SEM, TEM 

and AFM. The prepared composite material exhibits an initial reversible lithium storage 

capacity of 722 mAh g−1 in lithium-ion cells and a specific supercapacitance of 

478 F g−1 in 2 M KOH electrolyte for supercapacitors. These values were higher than 

those previously reported for pure graphene nanosheets and Co3O4 nanoparticles. 

Co3O4/GNS nanocomposite material demonstrated an excellent electrochemical 

performance as an anode material for reversible lithium storage in lithium ion cells and 

as an electrode material in supercapacitors. 

Chapter 7 presents S/GNS nanocomposite material, which has been prepared by 

incorporating sulfur into the graphene frameworks through a melting process. FE-SEM 

analysis shows a homogeneous distribution of sulfur in the graphene nanosheet matrix. 

The S/GNS nanocomposite exhibits a super-high lithium-storage capacity of 1580 mAh 

g−1 and a satisfactory cycling performance in lithium-sulfur cells. The enhancement of 

the reversible capacity and cycle life could be attributed to the flexible graphene 

nanosheet matrix, which acts as a conducting medium and a physical buffer to cushion 
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the volume change of sulfur during the lithiation and delithiation process. As discussed 

in Chapter 7, graphene-based nanocomposites can significantly improve the 

electrochemical performance of lithium-sulfur batteries. 

Chapter 8 reports SnO2 nanoparticles dispersed on graphene nanosheets through a 

solvothermal approach using ethylene glycol as the solvent. The uniform distribution of 

SnO2 nanoparticles on graphene nanosheets has been confirmed by FE-SEM and TEM. 

The particle size of SnO2 was determined to be around 5 nm. The as-synthesized 

SnO2/GNS nanocomposite exhibited an enhanced electrochemical performance in 

lithium-ion batteries, compared with bare graphene nanosheets and bare SnO2 

nanoparticles. The SnO2/GNS nanocomposite electrode delivered a reversible lithium 

storage capacity of 830 mAh g−1 and a stable cyclability up to 100 cycles. As discussed 

in Chapter 8, the excellent electrochemical properties of this graphene-supported 

nanocomposite could be attributed to the insertion of nanoparticles between graphene 

nanolayers and the optimized distribution of nanoparticles on graphene nanosheets. 

In Chapter 9, CoS2/GNS nanocomposite prepared by a facile solvothermal method is 

described. FE-SEM and TEM analysis has confirmed that CoS2 nanoparticles with sizes 

of 5–15 nm are densely anchored on graphene nanosheets. The as-prepared 

nanocomposite was electrochemically tested as an electrode material for supercapacitors. 

The CoS2/GNS nanocomposite exhibited specific capacitances of 314 F g−1 in the 

aqueous electrolyte and 141 F g−1 in the organic electrolyte at a current rate of 0.5 A g−1 

with excellent cycling stabilities. As discussed in Chapter 9, the electrochemical 

performance of the nanocomposite is a significant improvement over that of bare 

graphene nanosheets and CoS2 nanoparticles. This could be credited to the 3D 

nanoarchitecture, in which CoS2 nanoparticles were sandwiched between graphene 
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nanosheets, and the additional electrochemical contribution of the decorating CoS2 

nanoparticles. 

A general summary is given in Chapter 10, containing an overview of the examinations 

of the selected nanocomposite materials in this thesis and an outlook to future 

development of graphene-related research in the energy field. 
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Chapter 2 — Literature Review 

 

The Nobel Prize in Physics 2010 was awarded jointly to Andre Geim and Konstantin 

Novoselov "for groundbreaking experiments regarding the two-dimensional material 

graphene". Graphene has drawn a broad spectrum of interests worldwide, since the first 

graphene material was extracted from graphite via a micromechanical cleavage method 

by Andre Geim, Konstantin Novoselov and their co-workers in 2004.[14] This chapter 

reviews the brief history and development of graphene, deals with its general properties 

and synthesis methods, and provides a few examples of graphene and graphene-based 

nanocomposite applications to energy storage devices, especially supercapacitors and 

lithium-ion batteries. The fundamentals of supercapacitors and lithium-ion batteries are 

also presented in detail. 

 

2.1 History and Development of Graphene 

Graphene is the name given to a single layer of carbon atoms in a closely packed 

honeycomb two-dimensional (2D) lattice, which is a basic building block for all other 

graphitic materials of various dimensionalities. Scheme 2-1 shows schematic sketches 

of mother graphene and the other carbon allotropes.[15] Graphene, as shown on the top 

left, consists of a 2D hexagonal lattice of highly ordered carbon atoms. The carbon 

atoms are covalently bonded to three others, leaving one valence electron unoccupied. 

The vacancy of the free electron makes graphene conduct electricity. Other forms of 

carbon allotropes all derive from graphene: graphite which can be considered as a stack 

of graphene layers (top right); carbon nanotubes, which are rolled sheets of graphene 
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Scheme 2-1 Graphene and other carbon allotropes: graphene (top left), graphite (top 
right), carbon nanotube (bottom left), buckminsterfullerene (C60, bottom right).[15] 

 

(bottom left); and buckminsterfullerene (C60), which consists of graphene balled into a 

sphere through introduction of some pentagons and haxagons into the lattice (bottom 

right). Since the discovery of this carbon building block by K.S. Novoselov and A.K. 

Geim in 2004,[14] graphene has attracted numerous investigations into its unique 

physical, chemical, and mechanical properties, and a new research area for materials 

science and condensed-matter physics has opened up, aiming for wide-ranging and 

diverse technological applications of graphitic materials.[16-20] Owing to the high 

quality of the sp2 conjugated bond in the carbon lattice, electrons were found to move 

ballistically in a graphene layer without scattering with mobility exceeding 

15000 m2 V−1 s−1 at ambient temperature. Furthermore, the charge carriers in graphene 
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crystals mimic relativistic particles with zero rest mass, and these particles were 

described as massless Dirac fermions.[16, 21] These characteristics drive the dreams of 

developing graphene based electronics. Although this has not yet been realized, there 

are real possibilities for a bright future.  

 

2.2 Preparation of Graphene 

"Graphene is a rapidly rising star on the horizon of materials science and 

condensed-matter physics." As A.K. Geim and K.S. Novoselov stated in their famous 

review article – The Rise of Graphene.[12] Graphene has shown great potential in 

various applications and therefore the preparation of high-quality 2D graphene crystals 

is the first and most crucial step, not only for fundamental research but also for device 

applications. 

The preparation of monolayer graphite can be dated back to as early as 1975, when 

mono- and multi-layered graphite were produced by B. Lang et al. via a thermal 

decomposition approach on single crystal platinum substrates.[22] Decades later, 

H. Shioyama, reported the cleavage of graphite to graphene in 2001.[23] However, the 

discovery by K.S. Novoselov et al. in 2004 was recognized as the first to show 

reproducible graphene product and lead to further development of new synthesis routes 

for graphene nanosheets.[14] The major synthesis routes of graphene are categorized 

and briefly reviewed below. 

 

2.2.1 Exfoliation and Cleavage 

As per K.S. Novoselov et al.'s report,[14] 5 μm deep mesas (of area 0.4 to 4 mm2) were 
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made initially by dry etching highly oriented pyrolytic graphite (HOPG) sheets (1 mm 

thick) in oxygen plasma. The mesas were then stuck to a photoresist under baking 

conditions. Subsequently, scotch tape was used to peel off layers from the graphite sheet. 

Thin flakes fell off the photoresist and transferred to a silicone substrate. These flakes 

were then identified to be single- to few-layer graphene sheets. Obtaining graphene 

using this process was found to be very reliable and easy. Later, further investigations 

involving some modifications of the original exfoliation were undertaken to optimize 

the quality of graphene. The graphene flakes obtained under controlled exfoliation were 

few-to-single graphene atomic layers, with remarkable large and flat layers and very 

few folds and pleats.[24] Then, large area (mm sized), few-layer graphene was achieved 

by exfoliating graphite from borosilicate glass (or potentially any insulating 

substrate).[25] New exfoliation approaches in liquid phase were also performed, such as 

in hydrazine hydrate,[26, 27] N-methyl-2-pyrrolidone,[28] and sodium dodecylbenzene 

sulfonate.[29] 

 

2.2.2 Chemical Method 

Micromechanical cleavage of bulk graphite can only produce graphene flakes in limited 

quantities. Furthermore, the entire process is hard to control. In response to the above 

problems of micromechanical cleavage, ultrathin epitaxial graphene was grown on 

single-crystal silicon carbide by vacuum graphitization. This approach allows the 

fabrication of a patterned graphene structure, which is desirable for electronic 

applications.[30-32] Recently, polystyrene-graphene based composite materials have 

demonstrated extraordinary room temperature electrical conductivity, leading to the 

development of a new class of composite materials with enhanced properties and 
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functionalities.[10] Graphene oxide papers exhibit high mechanical stiffness and 

strength, resulting from a unique interlocking-tile arrangement of the nanosized 

graphene oxide sheets.[33] Therefore, graphene has great potential to be massively used 

as an engineering material with the demand exceeding one million tons annually.[34] 

Micromechanical cleavage and ultrahigh vacuum graphization certainly cannot meet 

such a high demand in the future. 

A soft chemical synthesis route for production of large-sized graphene nanoplatelets can 

lead to high-quality graphene nanosheets.[35] In a typical synthesis process, natural 

graphite powders were oxidized to graphite oxide using a modified Hummers 

method.[36] One gram graphite powder and 0.5 g NaNO3 were poured into 70 ml 

concentrated H2SO4 (under an ice bath). Then 3 g KMnO4 was gradually added. The 

mixture was stirred for 2 h and then diluted with de-ionized (DI) water. After that, 

5% H2O2 was added into the solution until the color of the mixture changed to brilliant 

yellow. The as-obtained graphite oxide was re-dispersed in DI water and then exfoliated 

to generate graphene oxide nanosheets (GONS) by ultrasonication using a Brandson 

Digital Sonifier (S450D, 40% amplitude). The brown graphene oxide nanosheet 

dispersion was poured into a round-bottomed flask, to which hydrazine monohydrate (as 

reducing agent) was added. The mixed solution was then refluxed at 100 °C for 2 h, 

over which time the colour of the solution gradually changed to dark black as the 

graphene nanosheet dispersion was formed. The dispersion was further centrifuged for 

15 min at 3000 rpm to remove a small amount of precipitate. The supernatant of the 

graphene nanosheet dispersion was directly dried in a vacuum oven to obtain the bulk of 

the graphene nanosheet powder. 
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2.2.3 Electrolytic Exfoliation 

Highly efficient synthesis of graphene by electrolytic exfoliation from graphite has been 

reported,[37] which can be easily scaled up for large-scale production. The as-prepared 

graphene nanosheets are stable in aqueous solution, ready to be isolated as monolayer or 

multilayer graphene sheets. The capability to produce graphene in large quantity paves 

the way for versatile practical applications of graphene. 

High purity graphite rods (6 mm, 99.999%) were used as electrodes. 

Poly(sodium-4-styrenesulfonate) (PSS, Mw = 70000) was dissolved in DI water to form 

the electrolyte (0.001 M). In a typical synthesis, two graphite rods were placed in an 

electrolysis cell filled with the electrolyte. A constant potential of 5 V (DC voltage) was 

applied to the two electrodes (CHI660C, Electrochemical Workstation). After 20 min 

electrolysis, black product gradually appeared at the positive electrode (anode). The 

exfoliation continued for 4 h. Then the product (a dispersion) was taken from the 

electrolysis cell. The dispersion was centrifuged at low speed (1000 rpm) to remove 

large agglomerates. The top of the dispersion was then decanted. This graphene–PSS 

suspension is very stable. After 6 months storage, there is no precipitation. To obtain 

dry graphene powders, the dispersion was washed with DI water and ethanol, and then 

dried in a vacuum oven at 80 °C. The yield of graphene was estimated by weighting the 

dried graphene powders and the dried sediment. The electrolytic exfoliation method 

results in graphene being produced at a yield of about 15 wt%. Graphene paper was also 

made by vacuum filtration through an anodized aluminum oxide (AAO) membrane (47 

mm, 200 nm pore size). 
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2.2.4 Other Methods 

So far, many methods have been developed to produce graphene. These include 

chemical vapor deposition (CVD) growth of graphene either on nickel layers, with 

graphene nanaosheets being prepared with quite low sheet resistance and 80% optical 

transparency,[38] or, substrate-free by passing liquid ethanol droplets into a microwave 

plasma reactor.[39] A solvothermal synthesis combined with pyrolysis has also been 

proposed to synthesize gram-scaled fused arrays of graphene nanosheets by mild 

sonication with common reagents of ethanol and sodium.[40] 

 

2.3 Graphene and Graphene-based Materials for Energy Storage 

Applications 

As discussed earlier, graphene nanosheets have very promising electronic properties and 

the developed synthesis methods have made utilization of graphene viable. So far, the 

use of graphene has covered a broad range of areas. Examples are given as follows. 

Graphene has been used to detect step-like changes in resistance when a gas molecule 

attaches to or detaches from graphene's surface, due to the fact that graphene is an 

exceptionally low-noise material electronically.[20] A major contribution of quantum 

confinement could be made for electron transport in quantum dot devices carved 

entirely from graphene, especially for quantum dots smaller than 100 nm.[41] It might 

be possible to explore graphene field-effect transistors with shorter channel lengths and 

higher speeds to avoid the adverse short-channel effects, which restrict the performance 

of existing devices.[42] Nano-graphene oxide has been used for live cell imaging and 

loading doxorubicin, a widely used cancer drug, with antibody for selective killing of 



Chapter 2 Literature Review 

 15 

cancer cells in vitro.[43] Moreover, graphene has attracted worldwide attention for 

energy storage and conversion. Its potential applications in supercapacitors,[44] 

lithium-ion batteries,[35] lithium-sulfur batteries,[45, 46] and the latest developed 

lithium-air batteries,[47, 48] have also been intensively investigated.  

However, graphene produced from chemical methods are often stacked to multiple 

layers in the dry state and form irreversible precipitate agglomerates. This will result in 

almost no difference in the electrochemical behaviour compared to bulk graphite 

platelets, as the compressed graphene nanosheets have very low surface area. So the 

major challenge remains to create graphene with ultrahigh surface area, which advances 

the practical electronic applications, by minimizing the stack degree of graphene 

nanosheets or ideally preventing the stack when graphene is in the dry state. This can be 

achieved by inserting spacer materials between graphene nanosheets. Scheme 2-2 

shows a schematic illustration of nanoparticles functioning as spacers to prevent the 

stacking of graphene.[49] 

 
 

Scheme 2-2 Schematic illustrations of (a) dried graphene and (b) graphene with 
modified nanoparticles.[49] 
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Generally, the spacers could be any nanosized materials to separate graphene 

nanosheets and make both sides of the nanosheets accessible. However, considering the 

routes to introduce nanomaterials to the interlayers of graphene and the specific 

electronic applications, highly electrochemical active embedded nanomaterials are 

preferred. In fact, graphene can also be considered as conductive and buffer matrix to 

improve the performance of the electrochemically active materials. Therefore, this 

thesis focuses on investigating electrochemically active materials for decorating 

graphene nanosheets to enhance the overall electrochemical performance of the 

nanocomposite materials.  

In the following sections, the fundamentals of supercapacitor and lithium-ion batteries 

as energy storage devices are reviewed individually and the related electrode materials, 

including graphene and graphene-based nanocomposites, are briefly introduced for an 

overview of the up-to-date development of graphene-based nanocomposites. 

 

2.3.1 Supercapacitors 

2.3.1.1 History and Development 

Supercapacitors are also known as ultracapacitors, electrochemical capacitors or hybrid 

capacitors, and are a type of capacitor with higher energy densities (5 Wh kg−1) than the 

conventional capacitors. Unlike common capacitors, supercapacitors consist of special 

electrodes and a designated electrolyte to store energy in a very small package by ion 

adsorption (electrochemical double layer capacitance) or fast surface redox reactions 

(pseudocapacitance). Although supercapacitors have lower energy densities compared 

to popular lithium-ion batteries, they are capable of ultrafast charge/discharge processes 
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and therefore lead to quite high power densities (10 kW kg−1).[50] As a consequence, 

they can be used as backup energy sources and to replace or combine with batteries for 

specific energy applications. 

Supercapacitors were first brought into public view in 1957 when General Electric 

found out that this kind of capacitor could restore quite high capacitance by a double 

layer mechanism based on high surface area carbon and this discovery was filed as a 

patent by Becker.[51] Later in 1966, Stand Oil Company, Cleveland (SOIHO) invented 

the first supercapacitor device which stored energy at the double layer interface.[52] 

Five years later, in 1971,  NEC (Japan) developed the first supercapacitor device with 

an aqueous-electrolyte capacitor under SOIHO's license,[8] a device which is 

considered to be the first commercialized supercapacitor product. A recent example of a 

reported use of supercapacitors was in the emergency doors on an Airbus A380, proving 

the supercapacitor’s reliability and high performance for large-scale applications.[53] 

The US Department of Energy assigns equal importance to both supercapacitors and 

batteries, which again emphasizes the important role of supercapacitors for practical 

implementations of future energy storage systems.[54] Scientific research into 

supercapacitors has been carried out since the 1990s and much improvement has been 

obtained so far. 

 

2.3.1.2 Energy Storage Mechanism 

Double Layer Capacitance 

The energy storage mechanisms of supercapacitors can be grouped to two categories. 

One is called electrochemical double layer mechanism. The other is known as 

pseudocapacitive behaviour. The electrochemical double layer capacitors (EDLCs) store 
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energy by reversible ion adsorption from the electrolyte onto the active materials of the 

electrodes with electrochemical stabilities and high specific surface area (SSA). The 

model of energy storage could be defined by the following equation: 

E = ½ CV2   (Eq. 2-1) 

where E presents the entire energy delivered, C is the specific capacitance, and V is the 

potential window. The specific capacitance obtained with aqueous alkaline or acid 

electrolytes is often larger than in organic electrolytes. However, organic electrolytes 

can sustain a larger operating voltage range (1–3 V), and thus provide higher energy 

according to the above equation. 

Based on the charge storage mechanism, there are no faradic reactions involved in 

EDLCs. Only the electrostatic surface charge plays an important role in storing the 

energy. This mechanism allows fast energy uptake and delivery to achieve a better 

power performance. Unlike the electrodes used in lithium-ion batteries, the 

supercapacitor electrodes can theoretically survive millions of cycles compared to a few 

thousand cycles for batteries. This is due to the electrostatic charge storage mechanism 

eliminating volume expansion associated with charge/discharge processes in batteries, 

and leading to a more durable service life. One the other hand, the electrolyte used in 

EDLCs is not involved in the charge storage, offering a wide range of options for the 

selection of compatible electrolytes with high power performances. However, charge 

storage arising from ion desorption will limit the energy density and current research 

mainly focuses on improving the energy performance. The materials suitable for EDLCs 

are required to be highly conductive and have large SSA. Various forms of carbon, e.g. 

activated carbon, carbon nanotubes, and nanofibres, are considered to be best for 
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EDLCs. Their electrochemical properties will be reviewed intensively in the following 

sections of this chapter. 

 

Pseudocapacitance 

Supercapacitors defined as having pseudocapacitive behaviour differ from the 

electrochemical double layer mechanism supercapacitors because they take advantage 

of redox reactions at the surface of electrode materials to accumulate specific 

capacitance. This is similar to how a battery behaves. Pseudocapacitive behaviour of 

supercapacitors is caused by oxidation state changes of the metal cations during the 

intimate interactions of ions in the electrolyte with the surface of the active material 

particles.[53] Ruthenium oxide, RuO2, has been the focus of research attention for the 

past few decades as it has three distinct oxidation states below 1.2 V and provides very 

high specific capacitance in acidic solutions.[50] However, the high cost and low 

potential window render RuO2 useless in practical terms. Many less expensive transition 

metal oxides, e.g. MnO2, Co3O4, Fe2O3 and NiO, have been investigated as 

replacements for RuO2 but they never reach as high specific capacitance as RuO2 does. 

Metal hydroxides[55, 56] nitrides[57, 58] and sulfides[59-62] are also pseudocapacitive 

materials, which deliver pseudocapacitance by surface redox reactions. Conducting 

polymers have also been tested as supercapacitor electrode materials with 

pseudocapacitive behaviours, and they store charge by bulk processes through doping 

and undoping. Electrodes with pseudocapacitance are less dependent on the surface area 

and often deliver higher specific capacitance than regular carbon-based materials using 

double layer charge storage mechanism. Although surface reactions offer higher 
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capacitance and better electrochemical performance, they also cause failure of electrode 

stability during cycling.  

 

2.3.1.3 Electrode Materials 

Based on the electric storage mechanisms and the nature of the electrode materials, 

there are three main categories of electro-active materials used in research to fabricate 

supercapacitor electrodes. They are: (i) carbon-based materials; (ii) metal 

oxides/hydroxides/nitrides/sulfides, and (iii) conducting polymers. 

 

Carbon-based Materials 

Carbon materials are cheap, light and abundant in nature. They are also sufficiently 

electrochemically stable to be EDLC electrodes. Activated carbon materials have been 

reported as derived from natural carbon-rich organic precursors (coconut shells, wood, 

pitch or coal) or synthetic polymers. These precursors were heat treated in an inert 

atmosphere under selected conditions to introduce high surface area and pore 

volume.[53] The generated double layer capacitance could reach 100–120 F g−1 in 

organic electrolytes, and increase to 150–300 F g−1 in aqueous electrolyte at a lower cell 

voltage because of the limitation by water decomposition. However, there was no linear 

relationship between the specific surface area and the capacitance.[63-65] Some studies 

showed that pores smaller than 0.5 nm were not accessible to hydrated ions. The 

solvated ions present when an organic electrolyte is used are larger than 1 nm and are 

unable to access pores smaller than 1 nm. Thus, a pore size distribution of 2–5 nm was 

identified to be able to improve energy density and power capability.[53] However, only 
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moderate improvement on capacitance has been achieved with specific capacitance of 

100–120 F g−1 in organic electrolyte and 150–200 F g−1 in aqueous electrolyte.[66, 67] 

The developed theory of pore size and volume on activated carbons led to interest in 

application of templated mesoporous carbon, with pore size in the range of 2–50 nm 

according to the International Union of Pure and Applied Chemistry (IUPAC), to EDLC 

electrodes and to provide full access to the adsorbed ions.[68, 69] Three types of pores: 

micropores, structural mesopores and complementary mesopores were tailored in 

template mesoporous carbons with very high SSA of up to 1730 m2 g−1. Specific 

capacitances of 200 F g−1 for low current density (1 mA cm−2) and 110 F g−1 for high 

current density (150 mA cm−2) could be found and an energy density of 3 Wh kg−1 at a 

power density of 300 W kg−1 was achieved. Highly self-ordered mesoporous carbons 

(CMK-3) prepared from hexagonal self-ordered mesoporous SiO2 (SBA-15) have also 

been explored for supercapacitor applications and the exhibited double-layer 

capacitance was 60–90 F g−1 at low current rates.[70] The electrochemical performance 

was further enhanced by CO2 activation to increase the SSA and volume of both 

mesopores and micropores, and the obtained specific capacitance reached up to 223 F 

g−1 in 6 M KOH electrolyte, due to a very high SSA of 2749 m2 g−1, a large pore 

volume of 2.09 cm3 g−1 and well-balanced micro/mesoporosity.[71] 

 

Metal Oxides/Hydroxides/Nitrides/Sulfides 

RuO2 is a well studied material and its charge storage can be described as fast reversible 

electron transfer combined with an electro-adsorption of protons on the surface of RuO2 

particles, according to the following equation (where 0≤x≤2). The specific capacitance 

of amorphous RuO2 can reach up to 720 F g−1.[72] 
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RuO2 + xH+ + xe− ↔ RuO2-x(OH)2    (Eq. 2-2 [53]) 

Other transition metal oxide materials, including MnO2, Co3O4, NiO, etc., attract great 

attention in regard to their preparation and electrochemical performance for 

supercapacitors. For example, various nanostructured MnO2 materials yielded specific 

capacitances ranging from 72–168 F g−1 in 1 M Na2SO4 solution.[73] Mesoporous 

Co3O4 nanostructure with tunable morphology achieved a specific capacitance of 

85 F g−1 at a high current density of 20 mA cm−2 and maintained a good cycling 

retention of 93% in 3 M KOH.[74] Hierarchical porous NiO with superstructures was 

capable of delivering a very high specific capacitance of 710 F g−1 at 1 A g−1 and also 

maintained ~98% of its capacitance for 2000 cycles, showing great potential to replace 

RuO2 as the electrode material for supercapacitors.[75] 

On the other hand, nanolayered α-Co(OH)2 was reported to achieve a specific 

capacitance of 860 F g−1 for a 0.8 mg cm−2 deposition on a stainless steel substrate in 

1 M KOH electrolyte.[55] VN nanocrystals were able to maintain a high specific 

capacitance of ~400 F g−1 at a scan rate of 50 mV s−1 for up to 1000 cycles, due to the 

fast and reversible surface redox reactions.[57] CoS nanowires, prepared via a 

hydrothermal process, yielded a competitive capacitance of 508 F g−1.[60] The 

employment of hydroxides, nitrides and sulfides as electrode materials broadens the 

scope of the development of high-performance supercapacitors. 

 

Conducting Polymers 

Polyaniline, polypyrrole, polythiophene and their derivatives are typical electrode 

materials among many kinds of conducting polymers for supercapacitors.[76-78] A 
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polyaniline based supercapacitor was reported, which reached a specific capacitance of 

150 F g−1. The energy density and power density of the device were 5 Wh kg−1 and 

1200 W kg−1, respectively.[79] Polypyrrole electrodes were also investigated, exhibiting 

a very high specific capacitance of 480±50 F g−1 in 1 M KCl with a very stable cycle 

life. The excellent performance was due to the highly porous nanostructure.[80] The 

only drawback with the conducting polymer electrodes is their poor cycling stability, 

reducing the initial electrode performance.[8] Therefore, recent research on conducting 

polymers is directed towards hybrid supercapacitor systems following doping with 

metal oxides or other carbon materials for enhanced electrochemical performances. 

 

Graphene and Graphene-based Materials 

Technically, graphene is one of the carbon based materials with high SSA to deliver 

double layer capacitance. The unique 2D sp2 carbon arrangement makes graphene 

nanosheets accessible by active ions on both sides and also leads to the possibility of 

further modification on the vacancy sites to maintain a well exposed surface area for 

electric storage. Chemically-modified graphene was firstly reported in 2008 with 

surface functionalities, yielding specific capacitances of 135 F g−1 and 99 F g−1 in 

aqueous and organic electrolytes, respectively.[44] Graphene synthesized by hydrazine 

reduction also maintained well-separated graphene nanosheets, with a maximum 

specific capacitance of 205 F g−1.[81] Later, graphene nanosheets with mesopores were 

prepared to achieve a stable specific capacitance of 150 F g−1 for 500 cycles.[82] 

Morphology controlled graphene nanosheets have also been obtained with a curved 

single layer and mesopores.[83] This graphene-base supercapacitor achieved an 

ultrahigh energy density. The latest breakthrough is the successful synthesis of 
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chemically activated graphene nanosheets, which had a specific surface area of 

3100 m2 g−1 and delivered a specific capacitance of 166 F g−1 at various current rates in 

an organic electrolyte.[84] Recently, nitrogen doped graphene has also been introduced 

for high-performance supercapacitors.[85] All these modifications indeed improve the 

electrochemical properties of graphene. 

Another effective technique for preparing graphene-based supercapacitors is to prevent 

the re-stacking of graphene nanosheets by inserting nanocrystals between graphene 

layers to form composite materials. Many graphene-based nanocomposites have been 

reported, including decorations with Ni(OH)2 nanoplates,[86] Co(OH)2,[87] RuO2,[88] 

SnO2,[89] Co3O4,[90] and various MnO2 nanostructures.[91-98] All of these 

graphene-based nanocomposite materials yielded significantly enhanced specific 

capacitance over the modified graphene materials as presented above by taking 

advantage of the high specific surface area of graphene and the extra electrochemical 

contributions from the embedded nanosized materials. 

 

2.3.2 Lithium-Ion Batteries 

2.3.2.1 History and Development 

Lithium-ion batteries are a family of rechargeable batteries in which lithium ions move 

from anode to cathode on discharging and also reversibly diffuse from cathode to anode 

on charging. Unlike primary lithium batteries, where a lithium metal is used, lithium-ion 

batteries are made of lithium intercalated materials as the electrodes. As a dominant 

power source, lithium-ion batteries are widely used to support portable electronic 
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devices, such as mobile phones, laptops, digital cameras, etc, and are believed to be a 

green choice to combat global warming and reduce the emission of CO2 globally. 

The first lithium-ion battery was commercialized by SONY and Asahi Kasei in 1991, 

and, after a few decades' research, this renewable energy device has been well 

developed. The first-generation lithium-ion batteries used electro-active powders as 

electrode materials, which were in the micrometre size. As lithium ions have an intrinsic 

diffusivity of 10−8 cm2 s−1 in the solid state, the intercalation and deintercalation is quite 

limited, affecting charge/discharge rates and resulting in a low power density.[99] 

Nanosized electrode materials are believed to significantly impact the performance of a 

lithium battery because they offer reduced dimensions and shorter lithium diffusion 

paths for intercalation/deintercalation towards a high power density. Additionally, 

nanomaterials allow reactions to take place that cannot occur at the micrometre scale 

and also enhance electron transportation.[9] The large surface area of the nanomaterials 

provides a high contact area with the electrolyte for lithium-ion flux across the interface. 

Furthermore, the chemical potentials of the electrode can be modified,[100] and the 

strain caused by lithium intercalation can be better accommodated,[101] if nanosized 

materials are used.   

All these benefits result in the employment of nanomaterials as the electrode materials 

for enhanced performance in lithium rechargeable batteries, which are known as 

secondary generation lithium batteries. 
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2.3.2.2 Energy Storage Mechanism 

The first-generation lithium rechargeable battery is a lithium-ion battery, which, 

however, does not contain lithium metal. It is a device consisting of a graphite negative 

electrode (anode) and a layered LiCoO2 positive electrode (cathode) with a non-aqueous 

electrolyte. Scheme 2-3 shows a scheme to illustrate the energy storage involved in this 

rechargeable unit. 

Generally, on charging, lithium ions are deintercalated from the layered LiCoO2 at the 

cathode, diffuse through the electrolyte to the anode, and are intercalated to graphite 

between the layers. On discharging, the process reverses with lithium-ions transporting 

from the anode to the cathode. The secondary generation lithium rechargeable batteries 

have the same energy storage mechanism, but with nanomaterials as the electrode 

materials, as discussed in the previous subsection, for improved power density and 

higher charge/discharge rates. 

 

Scheme 2-3 Schematic illustration of the charge/discharge mechanism of a lithium-ion 
battery.[99] 
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2.3.2.3 Electrode Materials 

Anode Materials 

Micrometre sized graphite powders have been the most used anode material in 

laboratory for rechargeable lithium batteries for many years and are also an important 

counterpart in the commercial products.[102, 103] To further increase the lithium 

intercalation/deintercalation rate and thus the power of the battery, nanosized graphite is 

being investigated as a replacement. When lithium ions are inserted into graphite layers 

at a potential of less than 0.1 V (vs. Li/Li+), the electrolyte begins to reduce, 

accompanied by the formation of a passivating (solid electrolyte interface, SEI) layer on 

the graphite surface.[104-106] The formation of the SEI layer protects graphite 

electrodes from exfoliation. However, the cover of the SEI layer on such high 

surface-area graphite often results in the consumption of excessive charge, which is 

irreversible and causes energy loss from the cell. An associated safety concern has also 

been raised due to the deposition of highly reactive lithium ions on the graphite surface 

because of the SEI layer.[99] 

An alternative candidate, Li4Ti5O12, has been selected as lithium intercalation host to 

replace graphite with combined benefits of inherent protection against lithium 

deposition, low cost and low toxicity.[99] The lithium intercalation of Li4Ti5O12 takes 

place at a relatively higher potential, 1.5 V vs. Li/Li+, ensuring safer operation and 

alleviating the lithium deposition. However, the capacity of Li4Ti5O12 (150 mAh g−1) is 

lower than graphite (372 mAh g−1), leading to a reduced energy density. 

The intercalation/deintercalation of lithium-ions is restricted to only one, or at most two, 

lithium atoms per host. Considering the high activity of lithium, a few transition metal 

oxides have been reported to react with lithium, termed as conversion, to provide high 
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capacity for hundreds of cycles. These reactions are highly reversible and occur 

according to the general formula in the following, where M represents a certain metal: 

MO + 2 Li+ + 2e− ↔ Li2O + M0    (Eq. 2-3 [107]) 

These low cost transition metal oxides include the 3d metals with different oxidation 

states, such as Cu2O (one), NiO (two), Fe2O3 (three), RuO2 (four), etc. For instance, 

cubic shaped Cu2O particles have been shown to sustain their morphology upon cycling, 

showing an excellent cyclability at a 0.2 C rate with a capacity retention of 

390 mAh g−1.[108] Vertically aligned NiO nanowalls exhibited a capacity of 

638 mAh g−1 at a high current rate of 1.25 C with excellent cycling stability.[109] 

Templated synthesized α-Fe2O3 nanotube arrays delivered a highest specific capacity of 

1415 mAh g−1 with a retained capacity of 510 mAh g−1 (much higher than that of 

graphite) after 100 cycles.[110] RuO2 electrodes were reported to generate a high 

specific capacity of 1130 mAh g−1 with a nearly 100% coulombic efficiency at the first 

cycle, showing that almost all the inserted lithium-ions could be extracted.[111] It can 

be seen that all of these metal oxides show higher specific capacities and many 

advances over graphite. The developed conversion reaction has also reached to include 

a broad range of other materials as high-performance anode materials including sulfides, 

nitrides, fluorides, and phosphides.[112-117] Current research has been boosted to 

explore various nanomaterials as a replacement for graphite anodes. 

On the other hand, metal alloys, LixMy such as Li4.4Sn and Li4.4Si, are also promising 

candidates as anode materials to store high capacity of lithium, which exceeds the 

capacity of conventional graphite. The insertion and extraction of lithium come from a 

proccess called alloying-dealloying. However, to accommodate such high volume of 

lithium, these metal alloy anodes have to experience severe volume expansion and 
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contraction, resulting in the failure of the electrodes. To address this issue and retain a 

stable cycle life, nanosized metal alloys are used to replace bulk materials to render the 

phase transitions and reduce the cracking of the electrodes. In Chapter 4 and Chapter 8, 

investigations on Sn and SnO2  incorporated with graphene as anode materials are 

reported. 

 

Cathode Materials 

Similar to LiCoO2, lithium intercalation compounds are very attractive materials for use 

in cathodes of lithium rechargeable batteries, and include, for example, LiMn2O2, 

LiMnO2, LiNi0.5Mn1.5O4, LiFeSiO4 and Li2FeSiO4. Among them, nanoparticulate 

LiFePO4 has been intensively studied and has received special attention.[118] As a 

potential cathode material, it offers multiple advantages, such as low cost and high 

thermal and chemical stability. Additionally, LiFePO4 has a relatively lower voltage 

against Li/Li+ (3.4 V) compared to other cathode materials, leading to higher 

electrochemical stability and lower reactivity to the electrolyte. The intercalation 

mechanism of LiFePO4 is shown below in Scheme 2-4. 

First, on charging, lithium is extracted from LiFePO4 resulting in the formation of a 

FePO4 shell on the surface of the particles. On continuous charging, the boundary of the 

shell and the LiFePO4 core move through the particle. At a fully charged state, as 

lithium insertion commences, the LiFePO4 shell gradually forms and then becomes fully 

discharged LiFePO4 particles.[119] LiFePO4 has been proved to behave quite well with 

capacities close to its theoretical value.[120] However, the conductivity of the lithium 

intercalation compounds is extremely low. Coating with conducting carbon is often 

performed to improve the conductivity of these materials. LiFePO4/C has been prepared 
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via different methods and has achieved very good rate capability and excellent 

stability.[13, 121] 

 

Scheme 2-4 Schematic representation of the processes during charge/discharge of 
LiFePO4.[99, 119] 

 

Apart from the above mentioned compounds, there are also other materials that could be 

used as cathode materials. V2O5 is a low cost lithium intercalation host, which has a 

theoretical capacity of 437 mAh g−1. But its high toxicity renders it useless, practically. 

Elemental sulfur is a cheap product with a very high theoretical capacity of 

1675 mAh g−1 compared with other potential cathode materials. Considering its great 

potential, researchers all over the world have explored lithium-sulfur batteries as an 

alternative to lithium-ion batteries. The advantages and disadvantages associated with 

sulfur as a cathode material are discussed in detail in Chapter 9.  
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Graphene and Graphene-based Materials 

It is well recognized that the maximum specific lithium insertion capacity for graphite 

(3D network of graphene) is 372 mAh g−1, which corresponds to the formation of LiC6 

– a first stage graphite intercalation compound (GIC). During the intercalation process, 

lithium transfers its 2s electrons to the carbon host and is situated between the carbon 

sheets. High capacity carbon materials have also been reported. This can be mainly 

ascribed to (i) lithium insertion within the “cavities” in carbon,[122] (ii) lithium 

absorption on both sides of the carbon sheet,[123] and (iii) lithium binding on the so 

called “covalent” sites.[124] Owing to its large surface-to-volume ratio and highly 

conductive nature, graphene may deliver a high lithium storage capacity in lithium-ion 

batteries. Based on first principle calculations, lithium can be stably stored on both sides 

of graphene nanosheets, inducing a theoretical capacity of 744 mAh g−1, which is two 

times that of graphite.[125] 

In reports of the employment of graphene as an anode material, graphene has been 

shown to be capable of delivering large reversible lithium storage (540 mAh g−1 in the 

first cycle) with a retained capacity of 460 mAh g−1 in the 100th cycle; a much better 

performance than a graphite anode.[35] As discussed earlier, graphene nanosheets 

always naturally stack into multiple layers and this results in limited accessibility of the 

sheets to lithium, causing the real capacity to be much lower than the theoretical value. 

Graphene-based nanocomposites with jammed nanocrystals are therefore synthesized to 

prevent the re-stacking of graphene nanosheets. 

The metal oxide/graphene nanocomposites such as SnO2/GNS have been prepared by 

reassembling graphene monolayers in the presence of SnO2 nanoparticles[126] and by 

in-situ chemical reduction.[127] The SnO2/GNS nanocomposites from both methods 
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have been shown to have better lithium storage capacities than bare graphene 

nanosheets and excellent cycling stability. A super-paramagnetic composite such as 

Fe3O4/GNS was produced via a chemical deposition. This product was shown to have 

promising applications for lithium-ion batteries.[128] In the case of CuO/GNS, the 

material was prepared from CuO and graphene upon reduction using hydrazine 

vapor.[129] The formation of TiO2/GNS composite was reported to have been 

facilitated by SO4
2− surfactants, which acted as the stabilizer of the graphene 

monolayers in situ.[130] The prepared TiO2/GNS composite exhibited more than double 

the specific capacity of pure TiO2 phase at high charge rate. 

 

2.4 Summary 

An overview of graphene from its history, properties, and preparation to its application 

is briefly stated in this chapter. Graphene, since its discovery in 2004, has raised 

worldwide research interest. The synthesis of high-quality and large-scale graphene 

nanosheets has been developing well and there have been remarkable outcomes 

regarding applications of graphene nanosheets in energy storage devices, especially 

supercapacitors and lithium-ion batteries. Graphene represents a promising low-cost 

carbon material for a broad range of practical applications and its potential in 

electronics will be further developed in the near future. 
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Chapter 3 — Materials Characterization and Electrochemical 
Techniques 

 

To fulfill the research tasks, experimental work was performed in the laboratory, 

followed by characterizations of the obtained materials and evaluation of their 

electrochemical properties. In the following part of this chapter, experimental 

technicalities are presented, including the materials and chemicals used in the research 

project, typical materials synthesis methods, basic materials characterization techniques, 

electrode fabrication and cell assembly details, and electrochemical testing 

specifications. 

 

3.1 Materials and Chemicals 

A list of the names of materials and chemicals used in the research project, along with 

their formula, purity and supplier, is shown below in Table 3-1. 

 

Table 3-1 Materials and chemicals used in the research project. 

Materials and 
Chemicals Formula Purity Supplier 

1,2-Dimethoxyethane (DME, 
anhydrous) CH3OCH2CH2OCH3 99.5% Sigma-

Aldrich 

1,3-Dioxolane (DOX, 
anhydrous) C3H6O2 99.8% Sigma-

Aldrich 

Carbon black C 99% Lexel 

Citric acid HOC(COOH)(CH2COOH)2 99.5% Sigma-
Aldrich 

Cobalt(II) chloride 
hexahydrate CoCl2·6H2O 98% Sigma-

Aldrich 
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Cobalt(II, III) oxide (<50 nm) Co3O4 99.5% Aldrich 

Ethanol CH3CH2OH 99.5% Sigma-
Aldrich 

Ethylene glycol (EG, 
anhydrous) HOCH2CH2OH 99.8% Sigma-

Aldrich 

Graphite (natural flakes) C 75% Aldrich 

Hydrazine hydrate NH2NH2·xH2O 50–60% Sigma-
Aldrich 

Hydrochloric acid HCl 37% Sigma-
Aldrich 

Hydrogen peroxide solution H2O2 30–32% Sigma-
Aldrich 

L-cysteine HSCH2CH(NH2)CO2H 98% Sigma 

Lithium bis(trifluoromethane 
sulfon)imide (LiTFSI) CF3SO2NLiSO2CF3 99.95% Aldrich 

Lithium foil Li 99.999% 
Hohsen 

Corporation 
Japan 

Lithium perchlorate LiClO4 99.99% Aldrich 

Lithium-ion battery 
electrolyte (LB-303) 

1 M LiPF6 in ethylene 
carbonate (EC) and 

dimethyl carbonate (DMC) 
(1:1 w/w) 

– 

Guotai-
Huarong 

New 
Chemical 
Materials 
Co.Ltd, 
China 

N-Methyl-2-pyrrolidinone 
(NMP, anhydrous) C5H9NO 99.5% Sigma-

Aldrich 

Poly(vinylidene difluoride) 
(PVdF) (CH2CF2)n – Aldrich 

Potassium hydroxide KOH 90% Sigma-
Aldrich 

Potassium permanganate KMnO4 99% Sigma-
Aldrich 

Propylene carbonate (PC, 
anhydrous) C4H6O3 99.7% Sigma-

Aldrich 
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Sodium borohydride NaBH4 99.99% Aldrich 

Sodium nitrate NaNO3 99% Sigma-
Aldrich 

Sodium sulfate (anhydrous) Na2SO4 99% Sigma-
Aldrich 

Sulfur S 99.5% Sigma-
Aldrich 

Sulfuric acid H2SO4 95–98% Sigma-
Aldrich 

Tetrabutylammonium 
borohydride (TBABH4) 

(CH3CH2CH2CH2)4N(BH4) 98% Aldrich 

Tetraoctylammonium 
bromide (TOAB) [CH3(CH2)7]4N(Br) 98% Aldrich 

Tin Sn 99% Aldrich 

Tin(II) chloride dihydrate SnCl2·2H2O 98% Sigma-
Aldrich 

Toluene (anhydrous) C6H5CH3 99.8% Sigma-
Aldrich 

 

 

3.2 Materials Synthesis 

There have been a number of literature reports of synthesis techniques to produce 

graphene related nanocomposite materials. Below are some of the chemical methods 

used in this research project to successfully obtain the specified materials. 

 

3.2.1 In-situ Reduction 

The term “in-situ” means “in position” literally and represents “in the reaction mixture” 

in this thesis, when it is related to chemical reactions. In-situ reductions are carried out 



Chapter 3 Materials Characterization and Electrochemical Techniques 

 37 

with mixed reagents in a flask under reflux conditions in a water or oil bath. By heat 

treatment, the starting materials are reduced simultaneously to the final product; this 

technique is often used to prepare graphene-based nanocomposite materials with 

simultaneous reductions of GONS to GNS and metal cations to metal atoms. The metal 

atoms could then be oxidized again in air to metal oxides. Successful attempts at using 

in-situ reduction for preparing Sn/GNS and Co3O4/GNS are reported in Chapter 4 and 

Chapter 6 in this thesis. 

 

3.2.2 Co-precipitation 

Graphene nanosheets are often stacked in the dry state and are highly hydrophobic. The 

idea of co-precipitation is to prepare an aqueous or organo- solution, suspension or gel 

of the desired nanomaterial to mix with graphene organo-suspension thoroughly, 

resulting in well distributed nanocrystals between well-separated graphene layers in the 

mixture suspension, which is then simultaneously precipitated to form agglomerations 

as the final product. As a result, the nanocrystals will be jammed onto graphene 

nanosheets. Mn3O4/GNS has been prepared via this route and the experimental details 

are presented in Chapter 5. 

 

3.2.3 Hydrothermal and Solvothermal 

Synthesis using a “hydrothermal” or a “solvothermal” method is often performed in an 

apparatus called an autoclave to produce large-quantity, well crystallized, morphology 

controlled nanocrystals. The crystal is grown in hot solvent under high pressure, depending 

on the solubility of the precursors. A gradient of temperature is maintained at opposite ends 
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of the growth chamber, so that the hotter end dissolves the nutrient and the cooler end 

facilitates growth of the crystal seeds. A controlled calcination always follows to execute a 

transformation of the grown crystals to a designated phase or to further increase the 

crystallinity of the product. Hydrothermal synthesis uses DI water as the solvent, while 

solvothermal preparation involves organic solvents or a mixture of different organic or 

organic/aqueous solvents. 

SnO2/GNS and CoS2/GNS have been prepared via the solvothermal technique as 

presented in Chapter 7 and Chapter 9 respectively. The size of the decorated 

nanoparticles was very well controlled and the distribution of the nanoparticles is 

further improved.  

 

3.2.4 Simple Incorporation 

A sulfur imbibing process that takes advantage of the low melting point of sulfur can be 

used to prepare sulfur incorporated graphene nanosheets. Sulfur is mixed with graphene 

prior to a low temperature heat treatment. The sublimed sulfur can easily diffuse into 

the interlayer space of graphene nanosheets and accommodate itself there when it is 

cooled off. This simple incorporation can be done in a conventional oven at a mild 

temperature. The entire experimental details of the synthesis of S/GNS are given in 

Chapter 8. 
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3.3 Materials Characterization 

The following materials characterization techniques were implemented in the research 

project to identify the phases, present the textural features, and determine the 

compositions of the as-prepared materials. 

 

3.3.1 X-ray Diffractometry 

X-ray diffractometry is a non-destructive analytical characterization method to 

determine the crystal phase and structure. An X-ray diffractometer generates an X-ray 

beam hitting a sample as a function of incident and scattered angle, polarization, and 

wavelength or energy. A certain sample has a particular atom arrangement within the 

unit cell and this will lead to particular relative intensities of the recorded diffraction 

peaks upon X-ray hitting. Therefore, the unit cell size and geometry may be resolved 

from the angular positions of the X-ray diffraction results. The resultant diffraction lines 

with obvious peaks together are called an XRD pattern; it can provide information on 

crystal structure, chemical composition, and physical properties of materials and thin 

films. The basic use of XRD in this research project was to determine the actual phase 

of the as-prepared product by comparing the obtained XRD pattern to known standard 

diffraction lines in the Joint Committee on Powder Diffraction Standards (JCPDS) 

database. Fig. 3-1 shows an X-ray diffractometer (Siemens D5000) located at the 

Microstructural Analysis Unit (MAU), University of Technology Sydney (UTS) able to 

analyze up to 50 samples with a single loading. 
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Fig. 3-1 An X-ray diffractometer (Siemens D5000 model). (Image captured from the 
Science Faculty Resource Manage System, UTS) 

 

 

3.3.2 Scanning Electron Microscopy and Transmission Electron 

Microscopy 

Electron diffraction is a characterization technique used to study matter by firing a beam 

of accelerated electrons to a sample to obtain the interference pattern. Electron 

diffraction is usually performed in a scanning electron microscope (SEM) and a 

transmission electron microscope (TEM) to study the crystal structure of solids and 

examine their specific morphology.  
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An SEM images a sample by scanning it in a raster scan pattern with the excited 

electron beam. The atoms that make up the sample produce signals during each scan to 

deliver information about the sample's surface topography, composition, and other 

properties such as electrical conductivity. A Field Emission SEM (FE-SEM) is 

equipped with a field emission cathode in the electron gun to provide enhanced 

resolution and to minimize the charge issues and sample damage. Fig. 3-2 displays a 

typical FE-SEM facility (Zeiss Supra 55VP). 

 

 

Fig. 3-2 An FE-SEM facility (Zeiss Supra 55VP). (Image captured from the Science 
Faculty Resource Manage System, UTS) 
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The beam of electrons in a TEM, on the other hand, is transmitted through an ultra thin 

sample on a copper grid, interacting with the sample as the electrons pass through to 

generate images. TEMs are capable of imaging at a very high resolution to reveal 

information at nanometre scale, such as lattice planes, d-spacing, etc., so they have 

better resolution than SEMs. Generally, SEMs (FE-SEMs) are used for preliminary 

analysis while TEMs are on duty for in-depth investigations of lattice parameters and 

very fine nanostructures. Fig. 3-3, as shown below, presents a commercial TEM setup 

(JEOL 2011 model). 

 

 

Fig. 3-3 A commercial TEM setup (JEOL 2011 model).[131] 

 

 

3.3.3 Atomic Force Microscopy 

Atomic force microscopy is a very powerful high-resolution scanning probe microscopy, 

which was developed to overcome the drawback associated with Scanning Tunneling 
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Microscopy; Scanning Tunneling Microscopy only deals with conducting and 

semiconducting samples. Atomic Force Microscope (AFM) can examine almost any 

type of sample including ceramics, composites, polymers, as well as bio-samples in air 

or solutions with demonstrated nanoscaled resolution. AFM uses electric potentials to 

detect surface features by conducting cantilevers, which are equipped with 

high-resolution silicon tips to engage with the sample surface, moving along it in 

different modes and returning signals as electric potentials. In the research investigation 

reported in this thesis, AFM is used with a Tapping Mode to further confirm the 

existence of graphene and graphene-based nanocomposites. Graphene and the 

sandwiched nanocrystals can be easily identified and the sheet thickness and particle 

sizes can be evaluated by the relevant height differences upon scanning. Fig. 3-4 

illustrates one of the most advanced AFM (MFP-3D-SA model) manufactured by 

Asylum Research. 

 
Fig. 3-4 A MFP-3D-SA AFM facility manufactured by Asylum Research.[132] 

 



Chapter 3 Materials Characterization and Electrochemical Techniques 

 44 

3.3.4 Raman Spectroscopy 

Raman spectroscopy is a non-destructive spectroscopic technique used to study 

vibrational, rotational, and other low-frequency modes in a molecular system. The laser 

light in the Raman Microscope focuses on the test sample and interacts with its 

vibrations or excitations at a molecular level, generating shifted laser photons, which are 

immediately recorded on a Raman spectrum. The resolution of the Raman spectra can 

be enhanced by accumulated scans with a longer exposed time. 

In the study of graphene and graphene-related materials, carbon atoms are only bonded 

into a sp2 arrangement forming C-C single bonds, which infrared spectroscopy is unable 

to detect. This makes Raman Spectroscopy really helpful in determining ordered and 

disordered crystal graphitic structures as supporting evidence for the formation of 

graphene nanosheets and, also, to distinguish graphene from pristine graphite and 

graphene oxide. Fig. 3-5 shows a Renishaw inVia Raman Microscope. 

 

 

Fig. 3-5 A Renishaw inVia Raman Microscope. (Image captured from the Science 
Faculty Resource Manage System, UTS) 
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3.3.5 Brunauer-Emmett-Teller Surface Area and Barrett-Joyner-

Halenda Pore Size and Volume Analysis 

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) are analysis theories 

for determining surface area, pore size and pore volume of the desired materials. The 

abbreviated terms of BET and BJH are named from the initials of the family names of 

those developers. BET analysis examines the external area and pore area of the 

materials to determine the total specific surface area in m2 g−1 by nitrogen multilayer 

adsorption isotherms. BJH analysis can also be employed to determine pore area and 

specific pore volume using nitrogen adsorption and desorption techniques to 

characterize pore size distribution of the sample. Both BET surface area and BJH pore 

size distribution can be derived from the nitrogen adsorption and desorption isotherms 

obtained from a surface area analyzer as shown in Fig. 3-6. 

 

 

Fig. 3-6 A TriStar II Surface Area Analyzer.[133] 



Chapter 3 Materials Characterization and Electrochemical Techniques 

 46 

3.3.6 Thermogravimetric Analysis 

Thermogravimetric Analysis (TGA) is a type of measurement to determine the weight 

changes of samples associated with changes in temperature. This analysis accurately 

detects the weight of a sample as temperature elevates, drawing a continuous line to 

identify weight loss processes in relation to the chemical reactions occurring. TGA can 

be carried out in air or noble gases for different applications. In the case of 

graphene-based nanocomposite materials, TGA is often conducted in air as a 

quantitative method to determine the composition of graphene and the embedded 

nanoparticles. Fig. 3-7 shows a typical TGA instrument of TA Instruments. 

 

 

Fig. 3-7 A TGA/DTA Analyzer (SDT 2960 model, TA Instruments). (Image captured 
from the Science Faculty Resource Manage System, UTS) 
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3.4 Electrode Fabrication and Cell Assembly 

3.4.1 Electrode Fabrication 

The active materials (e.g. graphene-based nanocomposite materials in this study), 

carbon black and PVdF powders are pre-weighed before mixing them together. The 

weight ratio of carbon black often varies, in relation to the conductivity of the active 

materials. The three ingredients are ground thoroughly in a mortar followed by the 

addition of a small volume of NMP to form a slurry upon continuously grinding.  

For supercapacitors, the slurry is usually pasted on platinum foils for a three-electrode 

test cell with an aqueous electrolyte. Alternative substrates could be titanium and 

stainless steel plates. When an organic electrolyte is used, the slurry is usually pasted 

onto nickel foams, which will be assembled like a battery cell in the glove box. For 

lithium-ion batteries, the mixture is pasted on aluminum foils for cathode materials and 

copper foils for anode materials. The fabricated electrodes are immediately taken to an 

oven and dried under vacuum at around 100 °C overnight. 

 

3.4.2 Cell Assembly 

To assemble CR2032 type coin cells, the dried electrodes are weighed individually to 

identify the actual weight of active mixture pasted on the substrates. The weighed 

electrodes are pressed between two dies under a pressure of approximately 200 kg cm−2 

on a press machine and then transferred into an argon-filled glove box, where the 

oxygen and moisture levels are always controlled below 0.1 ppm. The glove box 

maintains an argon atmosphere at all times to avoid oxidation and the severe reactions 
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of lithium metal caused by moisture and oxygen, and ensures a safe operational 

environment. A typical glove box manufactured by MBraun, Germany is illustrated 

below in Fig. 3-8. 

 

 

Fig. 3-8 A Unilab glove box, manufactured by MBraun, Germany. 

 

For typical lithium-ion cells, the assembly is performed in the order of a battery shell, a 

working electrode with pasted mixture facing up, a few drops of the electrolyte, a 

polytetrafluoroethylene (PTFE) membrane separator, a few drops of the electrolyte, a 

lithium foil, a stainless steel gasket, a spring and a battery cover. This whole unit is then 

sealed completely by being crimped with a hand-operated crimping tool. The assembly 
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of a supercapacitor cell in a two-electrode configuration is very similar to that of a 

lithium cell, except that the two working electrodes face each other and a glassy fibre 

separator is sandwiched between the working electrodes. The details of the fabrication 

of a supercapacitor cell are discussed in Chapter 9. The assembled cells are then 

removed from the glove box and left for at least 12 h to allow the electrolyte to 

completely soak the electrode prior to any electrochemical measurements. 

For a supercapacitor test cell using a three-electrode configuration with an aqueous 

electrolyte, the dried electrodes are subject to similar weighing and press processes. 

Then, the test cell is fabricated with a working electrode facing a counter electrode 

(platinum foil) and a reference electrode (saturated calomel electrode, SCE), which is 

placed close to the working electrode. The three-electrode cell is also left for one or two 

hours before any electrochemical testing. 

 

3.5 Electrochemical Testing 

The assembled test cells were electrochemically tested for a systematic study of the 

electrochemical properties of the active materials. These electrochemical measurements 

often included Cyclic Voltammetry, galvanostatic charge/discharge and Electrochemical 

Impedance Spectroscopy, which will be discussed below. The overall electrochemical 

performance can be further evaluated from all these results. 

 

3.5.1 Cyclic Voltommetry 

Cyclic Voltammetry (CV) is a type of potentiodynamic electrochemical measurement, 

recording a relationship of current vs. voltage when the potential at the working 
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electrode is ramped linearly versus time (at a certain scan rate) to a set potential and 

reversed back to the original potential at the same sweep rate. CV is generally used to 

examine the electrochemical properties of an analyte in solution upon a single or a few 

scans. In the examining voltage range, an analyte can be reduced or oxidized on a 

forward scan as the scan proceeds, and then re-oxidized or re-reduced on the return scan, 

as a sign of highly reversible redox couples.  

For supercapacitors and lithium rechargeable batteries, the tests of CV reveal the 

specific reactions, which can be determined from the redox peak potentials, and further 

confirm the energy storage mechanism involved. CV curves can be also used to 

compute the specific capacitance of the active material using the relationship shown 

below. The area under the current–potential curve can be estimated by integration, and 

then the area is divided by the sweep rate (v, V s−1), the mass of active material of the 

electrode (m, g), and the potential window ((Va-Vb), V), giving a specific capacitance (C) 

in F g−1: 

𝐶 =  1
𝑚𝑣(𝑉𝑎−𝑉𝑏)∫ 𝐼(𝑉) 𝑑𝑉𝑉𝑏

𝑉𝑎     (Eq. 3-1) 

In the research project reported in this thesis, all CV tests were conducted on an 

electrochemistry workstation. Fig. 3-9 shows an electrochemistry workstation device 

(CHI660D model) serving in the lab of the Centre for Clean Energy Technology, UTS. 
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Fig. 3-9 An electrochemistry workstation (CHI660D model). 

 

3.5.2 Galvanostatic Charge/Discharge 

Galvanostatic charge/discharge tests are electrochemical tests in which constant current 

is applied through an electrolytic test cell. For three-electrode supercapacitor test cells, 

the galvanostatic charge/discharge performance is examined by a chromapermmtery 

technique on an electrochemistry workstation with an aqueous electrolyte in open 

circumstances. For a two-electrode configuration (both supercapacitor and lithium 

battery with an organic electrolyte) in a closely sealed coin cell, a battery tester is often 

used. Galvanostatic charge/discharge tests exhibit electrochemical information on 

charge/discharge profiles, Columbic efficiency, and long-term cycling properties. A set 
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of typical battery testers (Neware) with multiple channels is shown below in Fig. 3-10. 

Coin cells can be tested at the same time in different channels. 

 

 

Fig. 3-10 A set of Neware battery testers. 

 

3.5.3 Electrochemical Impedance Spectroscopy 

Electrochemical Impedance Spectroscopy (EIS), also called Alternating Current (AC) 

Impedance, was employed to characterize the dynamics of an electrochemical process in 

terms of an electrochemical cell's response to an applied potential at different 
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frequencies. The use of EIS in batteries and supercapacitors often provides an 

estimation of the internal resistance (electrolyte resistance and charge-transfer resistance) 

at an open circuit potential or under other conditions. The use of EIS tests to accompany 

other electrochemical results leads to a better understanding of the internal 

electrochemical processes. 
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Chapter 4 — Sn/Graphene Nanocomposite with 3D 
Architecture for Enhanced Reversible Lithium Storage in 
Lithium-Ion Batteries 

 

4.1 Introduction 

Sn and Sn based compounds have been extensively investigated as high capacity anode 

materials for lithium-ion batteries.[134] The reaction between lithium and Sn can be 

described as: 

4.4 Li+ + Sn + 4.4e− ↔ Li4.4Sn    (Eq. 4-1) 

The above reaction is reversible with a theoretical capacity of 994 mAh g−1, based on 

the mass of Sn, which is 2.67 times that of graphite. However, Sn atoms tend to 

aggregate during repeated cycling, inducing rapid loss of capacity of the electrode. 

Since graphene nanosheets are flexible and naturally corrugated, the deposition of 

nanosized Sn particles on graphene will form a 3D nanocomposite architecture, which 

not only can effectively prevent the re-stacking of graphene nanosheets, but also 

circumvent the aggregation of Sn atoms on cycling. Such a nanocomposite could deliver 

an enhanced electrochemical performance as an anode material in lithium-ion batteries. 

The synthesis of Sn/GNS nanocomposite and its electrochemical performance as an 

anode material in lithium-ion batteries is reported in this chapter. A general strategy is 

demonstrated here, to achieve optimum electrochemical performance by constructing a 

nanocomposite architecture from the combination of nanosized Sn particles and 

graphene nanosheets. 
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4.2 Experimental 

4.2.1 Material Synthesis 

Graphene oxide nanosheets (GONS) were synthesized from natural graphite powders by 

a modified Hummer's method.[36] In a typical synthesis of Sn/GNS nanocomposites, 40 

mg GONS was dispersed in DI water by ultrasonication. The dispersion was then mixed 

with 40 ml aqueous solution of SnCl2·2H2O (20 mg) and citric acid (20 mg). The 

mixture was transferred into a 250 ml round-bottomed flask. The flask was purged with 

high purity argon as a protecting gas. Fifty ml NaBH4 (200 mg) aqueous solution was 

gradually added to the mixture to reduce Sn2+ to Sn and GONS to GNS. The mixture 

was stirred at 0 °C (ice bath) for 3 h. The resultant black solid products were separated 

by filtration, washed with DI water, and dried in vacuum at 40 °C. To improve the 

crystallinity of Sn in GNS, the product was annealed at 200 °C for 15 h in argon 

atmosphere. Bare graphene nanosheet powders were also prepared using the same 

process. The weight content of Sn in Sn/GNS nanocomposite was quantitatively 

analyzed by chemical analysis. The composite was dispersed in diluted hydrochloric 

acid, through which Sn was dissolved. Then, the dispersion was filtered, washed by DI 

water, and finally dried in vacuum oven. The filtered material contained only graphene 

nanosheets. By weighing the dried material, the content of Sn was determined to be 35 

wt%. 

 

4.2.2 Materials Characterization 

The structure and morphology of the Sn/GNS nanocomposite was analyzed by XRD 

(Philips 1730 X-ray diffractometer), FE-SEM (JEOL 7001F), and TEM (JEOL 2011 
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TEM facility). AFM images of graphene nanosheets were taken in tapping mode using a 

SPM Dimension 3100 from Veeco. Room temperature Raman spectra of the 

nanocomposite were collected on a Jobin Yvon HR800 confocal Raman system with 

632.8 nm diode laser excitation on an 1800-line grating. 

 

4.2.3 Electrochemical Testing 

Sn/GNS powders were mixed with a binder (PVdF) at a weight ratio of 90:10 in NMP 

solvent to form a slurry. Then, the resultant slurry was pasted uniformly on copper foil 

substrates with a blade. These prepared electrode sheets were dried at 100 °C in a 

vacuum oven for 12 h and pressed under a pressure of approximately 200 kg cm−2. 

CR2032 type coin cells were assembled in a glove box for electrochemical 

characterization. The electrolyte was 1 M LiPF6 in a 1:1 mixture of ethylene carbonate 

and dimethyl carbonate. Li metal foil was used as the counter and reference electrode. 

The cells were galvanostatically charged and discharged at a current density of 

55 mA g−1 within the range 0.01 V to 3.0 V. CV curves were measured at 0.1 mV s−1 

within the range of 0.01–3.0 V using an electrochemistry working station (CHI660C). 

 

4.3 Results and Discussion 

Fig. 4-1(a) shows an XRD pattern of the as-synthesized Sn/GNS nanocomposite. The 

diffraction peaks of crystalline Sn nanoparticles are clearly distinguishable. All strong 

diffraction lines can be indexed to the tetragonal Sn phase, indicating the strongly 

crystalline nature of the Sn nanoparticles. The intensity of the diffraction line from the 
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Fig. 4-1 (a) XRD pattern of Sn/GNS nanocomposite. (b) Raman spectrum of Sn/GNS 
nanocomposite. 

 

 

graphene nanosheets is relatively weak. Raman spectroscopy further confirmed the 

crystalline structure of Sn/GNS nanocomposite (as shown in Fig. 4-1(b)), in which the 

Raman peaks of D line and G line of graphene can be easily distinguished. The G line is 
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assigned to the E2g phonon of sp2 carbon atoms, while the D line is a breathing mode of 

к-point phonons of A1g symmetry.[135, 136] The broadening of D and G bands and the 

strong D line are indicative of the smaller in-plane sp2 domains and partially ordered 

graphitic crystal structure of graphene nanosheets.[27] No other Raman peak appeared 

in the spectrum, indicating Sn nanoparticles surrounded by graphene nanosheets were 

not oxidized because SnO2 usually shows strong Raman peaks. 

The morphology of the Sn/GNS nanocomposite was observed by FE-SEM. Fig. 4-2 

shows a FE-SEM image of the Sn/GNS nanocomposite. In general, graphene 

nanosheets were crumpled to a curly and wavy shape, resembling flower petals. Tiny Sn 

nanoparticles are homogeneously distributed on the curly graphene nanosheets. The  

 

 

Fig. 4-2 FE-SEM image of Sn/GNS nanocomposite. The inset is the high magnification 
FE-SEM image, in which Sn nanoparticles are clearly visible. 
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inset in Fig. 4-2 shows a high magnification view of the Sn/GNS, in which Sn 

nanoparticles are clearly visible. Due to the corrugated nature of the graphene 

nanosheets, substantial voids exist between individual nanosheets. The deposited Sn 

nanoparticles could act as a spacer to prevent the re-stacking of individual graphene 

nanosheets. During the synthesis process, an aqueous solution of graphene oxide 

nanosheets was first prepared as the precursor for the deposition of Sn nanoparticles. It 

is well known that graphene oxide nanosheets contain carboxylic acid groups on the 

edge sites and epoxyl and hydroxyl moieties on the basal plane.[137] When Sn2+ ions 

were added into the graphene oxide nanosheet solution, the Sn2+ ions were attached to 

those functional groups.[138] On chemical reduction, graphene oxide nanosheets were 

converted to graphene nanosheets, and the anchored Sn2+ ions were reduced to Sn. The 

synthesis process here is different from previously reported techniques for the 

preparation of SnO2/GNS[126] and TiO2 nanocomposites,[139] in which nanoparticles 

were mechanically mixed with graphene nanosheets. By contrast, the process in this 

chapter involves, in the first step, attaching Sn2+ cations onto graphene oxide nanosheets 

that were homogeneously dispersed in water. Therefore, the mixing of Sn2+ and 

graphene oxide nanosheets can be considered as occurring at the molecular level 

(graphene oxide nanosheets can be considered macromolecules). In the second step, 

graphene oxide nanosheets and Sn2+ cations were reduced to graphene nanosheets and 

Sn nanoparticles respectively. This process ensures the in-situ formation of Sn 

nanoparticles and graphene nanosheets simultaneously, with the advantage that any 

serious stacking of graphene nanosheets is prevented. Scheme 4-1 is a schematic 

diagram of the formation process of the 3D Sn/GNS nanocomposite.[138] FE-SEM 

observation clearly confirmed the successful deposition of the Sn nanoparticles on 

graphene nanosheets. 
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Scheme 4-1 Schematic diagram of the synthesis of the Sn/GNS nanocomposite with a 
3D architecture. 

 

The crystalline structure of the Sn/GNS nanocomposite was further analyzed by TEM 

and high resolution TEM (HRTEM). Fig. 4-3(a) shows a low magnification TEM 

image of the Sn/GNS nanocomposite. Sn nanoparticles are distributed uniformly on a 

2D graphene nanosheet substrate. The inset in Fig. 4-3(a) is the corresponding selected 

area electron diffraction (SAED) pattern. All diffraction rings can be indexed to 

tetragonal Sn phase. A high magnification TEM image of Sn/GNS is shown in Fig. 4-

3(b), which even more clearly demonstrates the homogeneous distribution of the Sn 

nanoparticles. The average particle size of Sn is about 2–5 nm (more than 200 counts). 

Fig. 4-3(c) presents an HRTEM image of the Sn/GNS nanocomposite. Black spherical 

Sn nanoparticles are surrounded by flexible and curly graphene nanosheets 

(distinguishable as linear strips). A lattice resolved HRTEM image of the Sn 

nanoparticles and graphene nanosheets is presented in Fig. 4-3(d). The stacking of 

graphene nanosheets is about 2–4 layers with a (0 0 2) interplanar distance of 0.38 nm, 

which is significantly larger than that in pristine graphite (0.34 nm). The inset in 

Fig. 4-3(d) shows a lattice image of Sn nanoparticles, in which the (2 0 0) crystal planes 
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Fig. 4-3 (a) Low magnification TEM image of the Sn/GNS nanocomposite, showing the 
homogeneous distribution of the Sn nanoparticles on the graphene nanosheets. The inset 

is the SAED pattern. (b) High magnified TEM image of the Sn/GNS nanocomposite, 
from which the average particle size of Sn can be measured. (c) HRTEM image of the 
Sn/GNS nanocomposite, showing that the Sn nanoparticles are surrounded by wavy 

strips of graphene nanosheets. (d) Lattice resolved HRTEM image of Sn/GNS. The inset 
contains the lattice image of a Sn nanoparticle. 

 

of the Sn tetragonal structure can be identified with an interplanar distance of 0.291 nm. 

Thus, FE-SEM, TEM and HRTEM analysis clearly elucidate the 3D architecture of the 

Sn/GNS nanocomposite.  

Fig. 4-4 shows a zoomed AFM image of graphene sheets anchored with Sn 

nanoparticles. The line scan profile is shown at the bottom in Fig. 4-4. The peak marked 

in the profile corresponds to the height of Sn nanoparticle on graphene sheet (about 

3 nm). The stacking of graphene sheets is clearly visible. The line scan transects across 

the edge of two stacked graphene flakes, from which the height of the top graphene 

sheet was measured to be about 1.6 nm. The results of AFM observation are consistent 
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with that of TEM analysis. 

 

 

Fig. 4-4 AFM image of Sn nanoparticles anchored on graphene nanosheets. The line 
scan shows the peaks arising from Sn nanoparticles and the height of graphene at the 

edge of two pieces of stacked graphene sheets. 

 

The electrochemical reactivity of the Sn/GNS nanocomposite as an anode material in 

lithium-ion cells was initially examined by CV. Fig. 4-5(a) presents the CV curves of a 

nanocomposite electrode in the 2nd, 5th, and 10th scanning cycles. The major lithium 

insertion potential is close to 0.1 V vs. Li/Li+ reference electrode. Whereas, the potential 

for lithium extraction occur at 0.2 V, 0.55 V, 0.67, 0.76 V, and 0.82 V respectively, 
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which is associated with lithium extraction from graphene in the first step, and from 

LixSn alloys in the subsequent steps.[140] In addition, there is a small oxidation hump at 

 

 

Fig. 4-5 (a) Cyclic voltammograms of the Sn/GNS electrode. (b) Charge/discharge 
profiles of Sn/GNS electrode in lithium-ion cells. 
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1.2 V, which could be related to a reversible lithium reaction with trace SnO2 on the 

surface layer of Sn nanoparticles.[141] The CV measurement confirmed the reversible 

electrochemical reaction between lithium ions and Sn/GNS nanocomposite in lithium-

ion cells. The specific capacity and cyclability of Sn/GNS nanocomposite electrodes 

were determined via constant current charge and discharge cycling at a current density 

of 55 mA g−1. Fig. 4-5(b) shows the charge and discharge profiles in the 2nd, 30th, 60th, 

and 100th cycles respectively. 

The lithium insertion capacity (discharge) of Sn/GNS nanocomposite electrode vs. cycle 

number is shown in Fig. 4-6. In the first cycle, the Sn/GNS electrode delivered a 

discharge capacity of 1250 mAh g−1 and a reversible charging capacity of 810 mAh g−1. 

The irreversible capacity could be mainly ascribed to the formation of the solid 

electrolyte interphase (SEI) layers on the surface of the electrode. From the second 

cycle, the reversibility of the electrode was gradually improved on cycling, with an 

average columbic efficiency of 96.5%, up to 100 cycles. The electrode maintained a 

capacity of 508 mAh g−1 after 100 cycles. As a comparison, the cycling data of a bare 

graphene electrode and a microcrystalline Sn powder electrode are also presented in 

Fig. 4-6. The bare graphene electrode delivered a lithium storage capacity of 

255 mAh g−1 after 100 cycles, which is comparable to the previously reported 

Sn-hollow carbon spheres and nanostructured Sn–C composites.[142, 143] The cycling 

performance of the bare Sn electrode is very poor. After 10 cycles, the bare Sn electrode 

failed. Thus, the Sn/GNS nanocomposite exhibited an optimized electrochemical 

performance compared to bare graphene and bare Sn powders. 
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Fig. 4-6 Reversible lithium storage capacity vs. cycle number for Sn/GNS 
nanocomposite electrode, bare graphene electrode, and bare Sn electrode. 

 

If all graphene nanosheets are strictly monolayer, the maximum lithium storage capacity 

of graphene is 744 mAh g−1, corresponding to the formation of Li3C. The Sn/GNS 

nanocomposite contains 35 wt% Sn. Therefore, the theoretical capacity of Sn/GNS 

nanocomposite can be calculated as: 

Total capacity = Cgraphene × 65% + CSn × 35% = 744 × 0.65 + 994 × 0.35 = 

831.5 mAh g−1 (Eq. 4-2) 

Although graphene nanosheets in the nanocomposite are not entirely monolayer (2–4 

stacked layers, as observed by HRTEM and AFM), a reversible lithium storage capacity 

of 795 mAh g−1 has been achieved in the second cycle, which is comparable to the 

theoretical capacity. In addition, the voids existing in graphene nanosheets can 

effectively buffer the volume expansion of Sn (359%) when reacting with lithium. 

Consequently, cracking and pulverization of the electrode can be avoided, resulting in 
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an enhanced cycling stability. Further, graphene nanosheets provide a highly conductive 

matrix for electrons during the electrochemical reaction. Together, the small particle 

size of Sn (2–5 nm) and the cushioning effect of the graphene nanosheets facilitate 

maintenance of the integrity of the Sn/GNS electrode during long-term cycling.[126] 

 

4.4 Conclusions 

A synthetic approach has been designed to prepare a Sn/GNS nanocomposite with 3D 

architecture. FE-SEM, TEM, and AFM analysis revealed the homogeneous distribution 

of Sn nanoparticles (2–5 nm) on the graphene nanosheet matrix. CV measurements have 

proved the highly reversible nature of the reaction between Li+ and the Sn/GNS 

nanocomposite. The 3D nano-architecture gives the Sn/GNS nanocomposite electrode 

high reversible lithium storage capacity (795 mAh g−1 in the second cycle and 508 mAh 

g−1 in the 100th cycle), which represents a much-improved performance compared to 

bare graphene electrodes and bare Sn electrodes. This enhanced electrochemical 

performance could be further improved by tuning the composition and structures of the 

nanocomposite. 
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Chapter 5 — Mn3O4 Nanoparticles Embedded into Graphene 
Nanosheets: Preparation, Characterization, and 
Electrochemical Properties for Supercapacitors 

 

5.1 Introduction 

Mn3O4, of all the transition metal oxides, has attracted particular research interest, as it 

can be used in catalysis,[144-146] electrochromic applications,[147] and is also 

electrochemically active with a high-power nature when used in supercapacitors.[148] 

So far, Mn3O4/GNS has not been studied much. Therefore, Mn3O4 nanoparticles were 

chosen, in this project, to enhance the supercapacitance of graphene nanosheets. 

Mn3O4/GNS nanocomposite consists of graphene nanosheets jammed with Mn3O4 

nanoparticles. The advantages of such composite materials can be found in two aspects. 

Firstly, compared to standard porous carbons or carbon nanotubes, graphene nanosheets 

have larger specific surface area, better electrochemical properties, a better organized 

2D nanostructure, and a more flexible carbon matrix, which makes graphene applicable 

to multiple functions. Furthermore, there is no need to create pores, instead, metal oxide 

nanoparticles are introduced to stabilize graphene from aggregation and increase the 

accessible surface area. Secondly, transition metal oxide nanoparticles can effectively 

increase the supercapacitance due to their contribution to pseudocapacitance. The 

synthesis and supercapacitance of Mn3O4/GNS nanocomposites based on the 

preparation of MnO2 organosol is reported in this chapter. The MnO2 organosol is stable 

for a few months, and graphene was reassembled with surrounding MnO2 particles. The 

product was then sintered to obtain crystallized Mn3O4 particles. 
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5.2 Experimental 

5.2.1 Material Synthesis 

The synthesis of graphene was derived from the modified Hummers method reported in 

a previous study,[35] in which GONS was first prepared and then reduced to yield 

graphene nanosheets by the use of hydrazine hydrate. The dried graphene was then 

re-dispersed in ethylene glycol by ultrasonication for 2 h with an ultrasonic probe to 

form a suspension at a concentration of 1 mg ml−1. The preparation of MnO2 organosol 

was performed as per the Jana et al. method.[149] Briefly, 79 mg of KMnO4 was 

initially dissolved in 50 ml of DI water, and 50 ml of toluene was introduced into the 

above solution. Two separated phases were formed: the aqueous phase was purple and 

lay at the bottom, while the organic phase was left colorless on the top. Then, 300 mg of 

tetraoctylammonium bromide (TOAB) was added to the organic phase. After vigorous 

shaking, the organic phase turned purple as MnO4
− ions were shifted to the upper layer. 

At this stage, the aqueous phase was removed, and 50 mg of tetrabutylammonium 

borohydride (TBABH4) was added to the organic phase. Upon vigorous stirring, the 

color of the organic solution gradually became brown, indicating the evolution of MnO2 

particles. Ten ml of the brown organosol was taken and mixed with 35 ml of graphene 

suspension (1 mg ml−1) in ethylene glycol. The mixture was ultrasonicated for 1 h, and 

10 ml of DI water was then introduced. This mixture underwent ultrasonication again 

for 1 h. The resulting precipitate was isolated by filtration with a filter membrane (pore 

size: 0.22 µm) and washed with copious DI water and ethanol. After being dried under 

vacuum at 60 °C for 12 h, the product was further sintered at 450 °C under argon 

atmosphere for 5 h. 
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The mechanism behind the preparation of MnO2 organosol is detailed in Ref.[149]. 

TOAB acts as a phase-transfer agent, causing MnO4
− to move from the aqueous phase 

to the organic layer due to the formation of ion pairs [TOA]+[MnO4]−. After the stable 

MnO2 organosol was obtained, the graphene suspension was mixed with the toluene 

layer upon ultrasonication. DI water was introduced into the mixture of graphene 

suspension and MnO2 organosol to ensure the sufficient precipitation of MnO2 

nanoparticles and graphene nanosheets. The capped MnO2 particles precipitated 

gradually with graphene in the aqueous layer as the charge balance was destroyed and 

[TOA]+ ions were no longer adsorbed on the surface of the MnO2 nanoparticles to 

stabilize them by surface charges. The precipitate consisted of graphene nanosheets and 

MnO2 nanoparticles capped by [TOA]+ ions. On encountering heat treatment, MnO2 

was decomposed to Mn3O4, and TOAB was removed from the product by thermal 

decomposition. As a consequence, Mn3O4 nanoparticles were embedded into the 

graphene layers. 

 

5.2.2 Material Characterization 

A XRD pattern of the as-synthesized material was obtained using a GBC MMA X-ray 

diffractometer with Cu Kα radiation. FE-SEM images were captured with a JEOL 

JSM-7500FA FESEM instrument and the sample loaded on a carbon tape. TEM was 

utilized to provide crystal analysis via a JEOL 2011 TEM facility. AFM images were 

collected under tapping mode with a MFP-3D Stand Alone (MFP-3D-SA) AFM 

manufactured by Asylum Research with SuperSharpSilicon – Non-Contact/Tapping 

mode – High Resonance Frequency – Reflex Coating (SSS-NCHR) AFM tips for 

enhanced resolution. The specific surface areas of both pure graphene and Mn3O4/GNS 
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nanocomposites were determined by the gas adsorption technique using a Quanta 

Chrome Nova 1000 Gas Sorption Analyzer based on the BET method. To further 

confirm the presence of functional groups attached to graphene nanosheets, elemental 

analysis was performed on a Perkin Elmer 2400 Elemental Analyzer via the combustion 

of graphene samples (graphene nanosheets vacuum dried at 60 °C and sintered at 

450 °C under argon atmosphere). 

 

5.2.3 Electrochemical Testing 

The electrochemical properties of the as-prepared material were examined by the CV 

technique on an electrochemistry workstation (CHI660C). Beaker-type three-electrode 

cells were assembled with a working electrode, a counter electrode (platinum foil), and 

a reference electrode (saturated calomel electrode, SCE) immersed in 1 M Na2SO4 and 6 

M KOH electrolytes, respectively. The working electrode was prepared by mixing 90.2 

wt% of Mn3O4/GNS powders and 9.8 wt% of PVdF in the presence of NMP, and this 

slurry was pasted on platinum foils and then heat treated at 120 °C under vacuum 

overnight. CV measurement was performed over the potential range of −0.2 to 0.8 V in 

1 M Na2SO4 and −0.5 to 0.5 V in 6 M KOH, at the scan rates of 5 mV s−1, 10 mV s−1, 

20 mV s−1, and 50 mV s−1, respectively. As a comparison, the electrochemical 

performance of pure graphene nanosheets was also investigated under the same 

conditions. 
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5.3 Results and Discussion 

As shown in Fig. 5-1(a), the XRD pattern of the dried precipitate exhibited only broad 

graphene peaks without any other well-defined diffraction lines of manganese oxide. 

nanoparticles because of a TOAB capping effect.[149] However, after heat treatment,  
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Fig. 5-1 X-ray diffraction patterns (a) vacuum dried graphene nanosheets, and (b) 

Mn3O4/GNS nanocomposites showing the diffraction lines of Hausmannite Mn3O4 and 
graphene nanosheets. 
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the as-synthesized product displayed typical Hausmannite Mn3O4 diffraction lines 

(Fig. 5-1(b)), in agreement with JCPDS card 80-0382. The peak found at around 26° 

(2θ) was indexed to the graphitic planes (0 0 2) of GNS. Fig. 5-2 illustrates the 

morphology of the as-prepared nanocomposites from FE-SEM observations. Fig. 5-2(a)  

 

 

Fig. 5-2 FE-SEM images of the as-prepared Mn3O4/GNS nanocomposites: (a) low 
magnification image, showing the general morphology of graphene nanosheets with 

embedded Mn3O4 nanoparticles and (b) high magnification image, illustrating Mn3O4 
nanoparticles on graphene nanosheets. 
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shows a low magnification FE-SEM image. It can be seen that graphene nanosheets 

were curly and well separated, with a large amount of Mn3O4 nanoparticles distributed 

on their layers. These particles were densely and homogeneously deposited. A high 

magnification FE-SEM image is shown in Fig. 5-2(b), clearly illustrating Mn3O4 

nanoparticles on graphene nanosheets. 

Fig. 5-3(a) shows a low magnification TEM image of the as-prepared Mn3O4/GNS 

nanocomposites. Graphene nanosheets were corrugated and curly, and had the same 

morphology as observed in FE-SEM. TEM observation also identified that Mn3O4 

nanoparticles were uniformly distributed on the surface of graphene nanosheets. The 

inset in Fig. 5-3(a) presents the corresponding SAED pattern, and the visible diffraction 

rings can be indexed to graphitic carbon (0 0 2) planes and Hausmannite Mn3O4 phase, 

(1 0 3), (2 1 1), (2 2 0) crystal planes. The d-spacing of the graphitic planes (0 0 2) was 

0.376 nm, a little larger than the value for pristine graphite, as the interplanar distance 

was enlarged by chemical modification in the synthesis process. HRTEM (Fig. 5-3(b)) 

was focused on a few Mn3O4 nanoparticles and yielded their lattice information. The 

(1 0 1) and (2 1 1) crystal planes of Mn3O4 lattice can be clearly identified from the 

d-spacing of 0.49 nm and 0.25 nm, respectively. The particle size of Mn3O4 was 

determined to be around 10 nm, which is in consistent with that of FE-SEM observation. 

An AFM image within a 500 nm by 500 nm area is shown in Fig. 5-4 (top). Height 

differences are clearly distinguishable on the surface of the nanocomposite material. 

Combined with the scale bar, some flat areas can be discovered, which are different 

from the background and can be identified as graphene nanosheets (as indicated by 

arrows). Some spherical fragments can also be found on these flat areas at a relatively  
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Fig. 5-3 TEM images of the as-prepared Mn3O4/GNS nanocomposites: (a) a low 
magnification TEM image showing dense Mn3O4 nanoparticles deposited on a large 

area of graphene nanosheets and the SAED pattern (inset) displaying graphene (0 0 2) 
and Mn3O4 (1 0 3), (2 1 1), and (2 2 0) diffraction rings; (b) an HRTEM image 

illustrating the d-spacing of Mn3O4 nanoparticles, which were evaluated to be around 
10 nm in size. 
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Fig. 5-4 AFM images of the as-prepared Mn3O4/GNS nanocomposites: (top) an image 
taken in a scan area of 500 nm by 500 nm, displaying graphene nanosheets (indicated by 

arrows) with embedded Mn3O4 nanoparticles (indicated by circles); (bottom) height 
profile across the examined area, as indicated by the red line, from which the particle 
size was determined to be 9.7 nm and 12.6 nm for particles (a) and (b), respectively. 

 

higher level and can be identified as Mn3O4 nanoparticles (highlighted by circles). 

Graphene nanosheets are stacked (~5 nm thick) with Mn3O4 nanoparticles in between 

from the top view; Mn3O4 nanoparticles appear to be deposited on the surface of each 

graphene nanosheet. Indeed, graphene nanosheets are stabilized by Mn3O4 nanoparticles 

to form the type of “sandwich” architecture described in the previous chapter.[125] The 
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bright Mn3O4 nanoparticles are blurry and distorted, and some of them appear larger 

than they actually are, due to the resolution limit of the AFM tips within a nanoscale 

range. The particle size can be determined by the height differences of the desired 

particles on the height profile (Fig. 5-4 (bottom)). Along the red line across the area, the 

particle sizes were 9.7 nm and 12.6 nm for particles (a) and (b), respectively, consistent 

with the results obtained from TEM analysis (~10 nm). BET surface area measurements 

were also performed on pure graphene nanosheets and Mn3O4/GNS nanocomposites by 

N2 adsorption. The pure graphene nanosheets have a specific BET surface area of 93.7 

m2 g−1, while Mn3O4/GNS nanocomposites have a BET area of 1327.3 m2 g−1, an 

increase of more than 14 times. This clearly proves that Mn3O4 nanoparticles can 

effectively reduce the stacking of graphene nanosheets. 

CV was used to measure the specific capacitance of pure graphene and Mn3O4/GNS 

nanocomposite electrodes. The two electrolytes, 1 M Na2SO4 and 6 M KOH, were 

chosen on the basis of previous reports of nanocrystalline Mn3O4[148] and graphene 

nanosheets[44] in supercapacitor applications. Fig. 5-5(a) and (b) show the CV curves 

of graphene nanosheet electrodes in 1 M Na2SO4 electrolyte and 6 M KOH electrolyte, 

respectively. Neither of these two CV curves are perfect rectangles, in contrast to those 

reported by Ruoff and co-workers.[44] This unusual behaviour in shape, and the 

existence of redox peaks, might be attributable to the effects of epoxyl, hydroxyl, and 

carboxyl functional groups, which came from the chemical synthesis process used in 

this chapter.[27, 137] To test this possibility, elemental analyses of graphene nanosheets 

were undertaken. Table 1 shows the elemental analyses for graphene nanosheets 

vacuum dried at 60 °C (denoted as GNS-60) and sintered at 450 °C under argon 

atmosphere (denoted as GNS-450), respectively.  
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Fig. 5-5 CV curves of dried graphene nanosheets at a 5 mV s−1 scan rate in (a) 1 M 
Na2SO4 and (b) 6 M KOH, and CV curves of Mn3O4/GNS nanocomposite powders at 

scan rates of 5 mV s−1, 10 mV s−1, 20 mV s−1, and 50 mV s−1 in (c) 1 M Na2SO4 and (d) 
6 M KOH. 

 

 

Table 5-1 Elemental analysis for GNS-60 and GNS-450 (wt%) 

 C H N O 

GNS-60 80.57 0.13 2.93 16.37 

GNS-450 82.89 0.11 2.69 14.31 

GNS-60: graphene nanosheets vacuum dried at 60 ºC 

GNS-450: graphene nanosheets sintered at 450 ºC under argon atmosphere 
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The results of the elemental analysis clearly demonstrate that graphene nanosheets 

contain 80.57 wt% carbon, 16.37 wt% oxygen, 2.93 wt% nitrogen and 0.13 wt% 

hydrogen. The presence of functional groups is confirmed by the high weight 

percentage of oxygen. Even after heat treatment, the graphene nanosheets still contain O, 

N and H elements (O: 14.31 wt%; N: 2.69 wt%; H: 0.11 wt%), indicating the retention 

of functional groups in the graphene samples. These results suggest that after heat 

treatment, functional groups exist in the graphene nanosheets in Mn3O4/GNS 

nanocomposites, contributing to pseudocapacitance. Therefore, the CV curves do not 

show a rectangle shape.  

The values of specific capacitance achieved when using graphene electrodes were 

17 F g−1 in 1 M Na2SO4 and 159 F g−1 in 6 M KOH at 5 mV s−1. The specific 

capacitance in 1 M Na2SO4 was relatively low, which could be attributed to the nature 

of the electrolyte (1 M Na2SO4). To obtain the maximum power performance for an 

electrochemical capacitor, the internal electrical resistance in the capacitor must be 

minimized. This can be achieved by maximizing the conductance of the electrolyte, 

which provides the basis for either double-layer capacitance or for the Faradaic 

processes associated with charge or discharge of pseudocapacitance. The ionic 

conductivity of Na+ is lower than that of K+. So, the ionic conductivity of a 1 M Na2SO4 

electrolyte is much lower than that of a 6 M KOH electrolyte.[50] Another factor 

contributing to the relatively low specific capacitance observed in 1 M Na2SO4 could be 

that the functional groups attached to graphene nanosheets are more chemically active 

in alkali electrolytes where redox reactions occur. This is evidenced by the shapes of 

CV curves (see Fig. 5-5(b)). In 1 M Na2SO4 electrolyte, the capacitance mainly 

originates from double layer capacitance; whereas in 6 M KOH electrolyte, redox peaks 

are clearly visible, indicating the participation of functional groups in electrochemical 
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activities and the additional contribution of pseudocapacitance. These effects could 

induce relatively low capacitance for graphene nanosheets in 1 M Na2SO4 electrolyte 

and high specific capacitance in 6 M KOH.  

Ruoff's group first reported use of graphene as supercapacitor electrodes and they 

claimed the specific capacitance of chemically modified graphene to be 135 F g−1 in 

aqueous 5.5 M KOH electrolyte and 99 F g−1 in organic electrolyte, respectively.[44] 

The CV curves of their graphene electrodes were perfect rectangles in shape in both 

aqueous and organic solutions, which implied that no functional groups were attached to 

their graphene nanosheets. However, graphene nanosheets often contain epoxyl, 

hydroxyl, and carboxyl functional groups and defects from the chemical synthesis 

process,[137] and, as discussed above, in this project the as-prepared graphene still 

contains functional groups after heat treatment. The presence of these functional groups, 

in addition to causing CV curves with redox features that differ from the rectangular 

shaped curves obtained by Ruoff et al., may also contribute to the higher specific 

capacitance in 6 M KOH observed in this project compared to that observed by Ruoff et 

al.. The presence of small amounts of functional groups might provide 

pseudocapacitance to increase the overall capacitance. 

The CV curves of Mn3O4/GNS nanocomposite powders are shown in Fig. 5-5(c) and 

(d). In 1 M Na2SO4 electrolyte, all the curves at various scan rates featured the nearly 

ideal rectangular shape over the potential range (Fig. 5-5(c)). Both graphene and Mn3O4 

nanoparticles could make electrochemical contributions to the specific capacitance. The 

Na+ ions in the electrolyte were free to insert and de-insert themselves on the surface of 

the graphene sheets and also had access through the Mn3O4 nanoparticles. On the other 

hand, in 6 M KOH electrolyte, redox peaks were clearly observed when CV 
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measurement was performed for Mn3O4/GNS nanocomposite powders (Fig. 5-5 (d)). 

The peaks were caused by the functional groups attached to the graphene nanosheets. 

The highest specific capacitance was determined to be 175 F g−1 in 1 M Na2SO4 and 

256 F g−1 in 6 M KOH at 5 mV s−1. The supercapacitance of the nanocomposite was 

significantly increased, compared to that of pure graphene nanosheets. The significantly 

increased specific surface area of the nanocomposite material was thought to be the 

major reason for the enhanced capacitance. The electrochemical performances of 

graphene and Mn3O4/GNS nanocomposite electrodes are better in 6 M KOH than in 1 

M Na2SO4. This can be accounted for by the nature of the two electrolytes. Compared to 

1 M Na2SO4, 6 M KOH solution has more free charge carriers (6 M K+ vs. 2 M Na+) to 

minimize the internal resistance in the capacitor cell. As K+ ions have higher mobility 

than Na+ ions in aqueous solvents, the conductance of the capacitor cell will be 

improved.  

The specific capacitances per surface area of graphene and Mn3O4/GNS 

nanocomposites are 0.181 F m−2 and 0.132 F m−2 in 1 M Na2SO4 electrolyte, and 

1.69 F m−2 and 0.193 F m−2 in 6 M KOH electrolyte, respectively. The surface-related 

capacitance for graphene in 6 M KOH is quite high, compared to previously reported 

carbon materials with or without porosity. This enhancement could be ascribed to the 

functional groups attached to the surface of graphene nanosheets, contributing 

pseudocapacitance to the overall capacitance. Several research groups have recently 

reported this phenomenon. The specific capacitance of surface-functionalized carbons 

can be significantly improved owing to the surface functionalities.[150] For example, 

N-containing carbon–carbon nanotube (CNT) composites and O-enriched carbon 

materials have demonstrated specific capacitances of 0.75 F m−2 and 1 F m−2, 

respectively.[151, 152] Hulicova et al. developed N-enriched carbon for supercapacitors, 



Chapter 5 Mn3O4/Graphene for Supercapacitors 

 83 

which exhibited a specific capacitance of about 3 F m−2 in acidic and alkali 

electrolytes.[153, 154] Therefore, it is believed that the functional groups attached to 

graphene nanosheets could make contributions to the enhanced supercapacitance.  

To further clarify the contributions of Mn3O4 nanoparticles and graphene nanosheets to 

the overall supercapacitance, a TGA was performed on the Mn3O4/GNS nanocomposite. 

It has been determined that the composites contain 88.56 wt% Mn3O4 nanoparticles and 

11.44 wt% graphene. Therefore, the supercapacitance contribution of Mn3O4 

nanoparticles in nanocomposites can be evaluated to be 195 F g−1 in 1 M Na2SO4 

electrolyte and 268 F g−1 in 6 M KOH electrolyte, respectively. 

In both electrolytes, Mn3O4 nanoparticles make two types of contributions. Firstly, the 

specific capacitance is increased due to the pseudocapacitance derived from the Mn3O4 

nanoparticles, making an additional electrochemical contribution to the overall specific 

capacitance. Secondly, the significantly increased BET surface area of the Mn3O4/GNS 

nanocomposite over that of pure graphene naosheets should also contribute to the 

enhancement of supercapacitance. The extended interplanar space and accessible 

surface area allows the active ions (Na+ and K+) to intercalate and de-intercalate more 

easily and sufficiently. However, in addition to the contributions of the Mn3O4 

nanoparticles, pseudocapacitance also benefits from the contribution of the functional 

groups attached to the graphene nanosheets. Therefore, the enhancement of specific 

capacitance of Mn3O4/GNS nanocomposite can be ascribed to both the electrochemical 

contributions of Mn3O4 nanoparticles, pseudocapacitance originated from functional 

groups attached to graphene nanosheets, and the increased specific surface area. 
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5.4 Conclusions 

Mn3O4/GNS nanocomposite was synthesized via a chemical method based on the 

preparation of MnO2 organosol. The as-prepared materials exhibited outstanding 

electrochemical properties as supercapacitor electrodes, because of the electrochemical 

activities of embedded Mn3O4 nanoparticles, functional groups attached to graphene 

nanosheets, and the activated graphene open network with its increased specific surface 

area and enlarged interlayer space. These Mn3O4 particles were ~10 nm in size, were 

densely distributed on graphene nanosheets, and played a crucial role in enhancing 

electrochemical performance. A high specific capacitance of 256 F g−1 was achieved for 

Mn3O4/GNS nanocomposites, which is almost double that of pure graphene nanosheets. 

  



 

 

 
 
 
 
 

Chapter Six 
 
In-situ Synthesis of Co3O4/Graphene 

Nanocomposite Material for Lithium-
Ion Batteries and Supercapacitors 

with High Capacity and 
Supercapacitance  



Chapter 6 Co3O4/Graphene for Supercapacitors and Lithium-Ion Batteries 

 86 

Chapter 6 — In-situ Synthesis of Co3O4/Graphene 
Nanocomposite Material for Lithium-Ion Batteries and 
Supercapacitors with High Capacity and Supercapacitance 

 

6.1 Introduction 

Among the reported transition metal oxides, cobalt (II, III) oxide (Co3O4) has delivered 

promising electrochemical performance as an anode material for lithium-ion 

batteries[155] and superior specific capacitance for supercapacitors.[156] The synthesis 

of nanocrystalline Co3O4 has been carried out using various methods to obtain 

nanosized Co3O4 of different architectures, such as nanotubes,[155] nanoparticles,[157] 

nanorods,[158] and hollowed spheres.[159] In the case of Co3O4/carbon nanotube 

(CNT), the nanocomposite was shown to have good electrical conductivity and extra 

electrochemical properties, which could be potentially applied to lithium-ion 

batteries[160] and supercapacitors.[161] 

In comparison, graphene nanosheets have a larger specific surface area, a better 

organized 2D nanostructure, a more flexible carbon matrix and electrochemical 

properties superior to those of CNTs. Given this, this project aimed to prepare a 

Co3O4/GNS nanocomposite by introducing Co3O4 nanoparticles into graphene 

nanosheets. An in-situ synthesis of graphene anchored with Co3O4 nanoparticles in a 

basic aqueous solution has been previously reported by Wu et al..[162] With the 

transformation of Co(OH)2 to Co3O4 by calcination, Co3O4/GNS was successfully 

obtained. In this chapter, a new synthetic approach that involves the reduction of Co2+ 

ions from the salt solution and air-oxidation to form Co3O4 nanoparticles in-situ of the 

graphene nanosheets, is reported. Also reported is the testing of the electrochemical 

performance of the Co3O4/GNS nanocomposite material and investigation of its 
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potential application as electrodes in lithium-ion batteries and supercapacitors. The 

individual roles and contributions of graphene and the embedded Co3O4 nanoparticles 

will also be discussed. 

 

6.2 Experimental 

6.2.1 Material Synthesis 

GONS were prepared using a known modification of the Hummers method.[35, 36] 

Twenty ml of GONS aqueous dispersion (2 mg GONS in 1 ml of DI water) was then 

obtained by ultrasonication with an ultrasonic probe (Branson Digital Sonifier S450D, 

500 W, 30% amplitude) for an hour. The GONS dispersion was diluted to 80 ml with 

DI water and mixed thoroughly with 20 ml of CoCl2 aqueous solution (30 mg of 

CoCl2·6H2O) under magnetic stirring. Graphene oxide nanosheets have carboxylic acid, 

epoxyl and hydroxyl functional groups on the edge and on the basal plane.[137] 

Therefore, individual graphene nanosheets are negatively charged.[163] Co2+ anions 

attracted and anchored on the basal planes and edges of GONS homogeneously. Twenty 

ml of freshly prepared 5 mg ml−1 NaBH4 solution was added dropwise within 10 min to 

the above solution and the mixed solution was refluxed at 100 °C for 3 h. During this 

process, GONS were reduced to GNS and Co2+ anions to Co nanoparticles 

simultaneously. The mixture was refluxed at 100 °C in the air atmosphere; Co 

nanoparticles were oxidized to Co3O4 nanoparticles rapidly. The reaction mechanism is 

depicted in Scheme 6-1 and detailed in Ref.[125] and Chapter 4. The resultant black 

precipitate was isolated by filtration, washed with DI water and ethanol three times each, 
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and dried under vacuum for 12 h. To increase crystallinity, the product was annealed at 

200 °C under argon atmosphere for 15 h. 

 

 
Scheme 6-1 Schematic of the reaction mechanism for the formation of Co3O4/GNS 

nanocomposite. 

 

6.2.2 Material Characterization 

The XRD pattern of the synthesized materials was measured using a GBC MMA X-ray 

diffractometer. The Raman spectrum was acquired on a Jobin Yvon HR800 confocal 

Raman system with 632.81 nm diode laser excitation on a 300 lines/mm grating at room 

temperature. FE-SEM observations were performed using a JEOL JSM-7500FA 

FE-SEM instrument with the sample loaded on a carbon tape. The TEM analysis was 

carried out using a JEOL 2011 TEM facility. AFM images were collected under tapping 

mode with a MFP-3D Stand Alone (MFD-3D-SA) AFM (manufactured by Asylum 

Research) with SuperSharpSilicon – Non-Contact/Tapping Mode – High Resonance 

Frequency – Reflex Coating (SSS-NCHR) AFM tips for enhanced resolution. The 

graphene (carbon) content in the composite material was determined by TGA on a 

Mettler Toledo TGA/DSC instrument in air at 10 °C min−1 at temperature range of 25–

1000 °C. The specific surface area of the Co3O4/GNS nanocomposite was determined 
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by the gas sorption technique using a Quanta Chrome Nova 1000 Gas Sorption 

Analyzer based on the BET method. 

 

6.2.3 Electrochemical Testing 

Electrodes for electrochemical measurements were fabricated by mixing 89.9 wt% 

Co3O4/GNS powders and 10.1 wt% PVdF in the presence of NMP, and the resultant 

slurry mixture was pasted onto copper foils for lithium-ion cell testing and platinum foil 

substrates for supercapacitors, before being heated at 110 °C under vacuum overnight. 

For lithium-ion batteries, CR2032-type coin cells were assembled in a glove box for 

electrochemical characterization. The electrolyte was 1 M LiPF6 in a 1:1 mixture of 

ethylene carbonate and dimethyl carbonate. Li metal foil was used as the counter 

electrode. The cells were galvanostatically charged and discharged at a current density 

of 55 mA g−1, within the range of 0.01–3.0 V. CV curves were collected at 0.1 mV s−1 

within the range of 0.01–3.0 V using an electrochemistry workstation (CHI660C). For 

supercapacitors, the electrochemical properties were examined by the CV technique 

using the CHI660C electrochemistry workstation. A beaker-type three-electrode cell 

was assembled with a working electrode, a counter electrode (platinum foil), and a 

reference electrode (SCE) immersed in 2 M KOH solution. CV was applied over the 

potential range of −0.25 to 0.55 V in 2 M KOH, at the scan rates of 5 mV s−1, 10 mV s−1, 

20 mV s−1, and 50 mV s−1, respectively. For comparative studies, the electrochemical 

performances of nanosized commercial Co3O4 powders (<50 nm) and bare graphene 

nanosheets were investigated under the same conditions for lithium-ions batteries and 

supercapacitors. 
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6.3 Results and Discussion 

Fig. 6-1(a) shows the XRD pattern of the prepared Co3O4/GNS nanocomposite material. 

Well-defined diffraction peaks at around 19°, 31°, 37°, 45°, 59°, and 65° are 

 

 

Fig. 6-1 (a) XRD pattern and (b) Raman spectrum of the as-prepared Co3O4/GNS 
nanocomposite material. 
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indicative of nanosized Co3O4, which is in good agreement with the JCPDS card 

76-1802. The sharp diffraction peaks reflect the excellent crystallinity of the Co3O4 

nanoparticles. Graphene nanosheets display a broad graphitic (0 0 2) peak and a weak (1 

0 0) peak, as seen in the XRD patterns, implying breakage of the interplanar carbon 

bonds of the pristine graphite and formation of graphene nanosheets. In the Raman 

spectrum (Fig. 6-1(b)), two typical Raman peaks of carbon, the D line and G line, are 

observed at 1333 cm−1 and 1598 cm−1, respectively. The D line is stronger than the G 

line, and the D/G intensity ratio in the spectrum is significantly larger than that of well-

crystallized graphite, indicative of a decrease in the sp2 carbon matrix compared with 

that of pristine graphite and the exfoliation of graphene layers.[27] As the intensity of 

the D line and the G line is quite high, only three other Raman peaks are clearly visible. 

These three peaks are located at 182 cm−1, 470 cm−1, and 658 cm−1, respectively, and 

can be assigned to the F2g, Eg, and A1g active modes of the Co3O4 nanoparticles. The 

frequencies of these three Raman peaks are similar to that found in the standard 

microcrystalline Co3O4 powders.[164] As a comparison, Fig. 6-2 shows the XRD 

pattern and the Raman spectrum of pure graphene nanosheets; these confirm the 

presence of graphene in the nanocomposite material.  

The morphology of the nanocomposite material was observed by FE-SEM in general 

beam-high resolution (GB-HR) mode. The FE-SEM image (Fig. 6-3(a)) acquired at a 

low magnification exhibits numerous graphene nanosheets in curly and corrugated 

states. At a higher magnification (Fig. 6-3(b)), Co3O4 nanoparticles, with a size of 

~20 nm, can be found distributed densely and homogeneously on the surfaces of 

graphene nanosheets. The insertion of Co3O4 nanoparticles between the interlayers of 

the graphene nanosheets (as shown in Fig. 6-3(b)) can also be observed, and this 
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Fig. 6-2 (a) XRD and (b) Raman spectrum of pure graphene nanosheets. 
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Fig. 6-3 FE-SEM images of the Co3O4/GNS nanocomposite obtained under GB-HR 
mode: (a) numerous curly graphene nanosheets observed at a low magnification, and (b) 

a higher magnification image, displaying the distribution of Co3O4 nanoparticles on 
graphene nanosheets. The embedded Co3O4 nanoparticles are ~20 nm in size. 
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Fig. 6-4 TEM images of the Co3O4/GNS nanocomposite material: (a) a low 
magnification image showing Co3O4 nanoparticles dispersed on graphene nanosheets; 
(inset) the SAED pattern within this examined region; (b) an HRTEM image focusing 

on a single Co3O4 nanoparticle. 
 

confirms the presence of the sandwich-like architecture of the composite. The crystal 

structure of the Co3O4/GNS nanocomposite material was further examined by TEM 

analysis. Fig. 6-4(a) shows a low magnification TEM image, in which Co3O4 
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nanoparticles are clearly visible and dispersed homogenously on the graphene 

nanosheets. As the graphene nanosheets are corrugated in nature, some regions 

appeared darker, and the Co3O4 nanoparticles therefore appeared to be very close to 

each other, however, were actually isolated by different layers of graphene nanosheets. 

The particle sizes of these Co3O4 nanoparticles were determined to be 15–25 nm, which 

is consistent with the results of FE-SEM observation. The inset in Fig. 6-4(a) shows a 

SAED pattern within this examined area. The diffraction rings from inside to outside 

indexed to (2 2 0), (3 1 1), (4 0 0), (5 1 1), (4 4 0), and (5 3 3) planes of Co3O4 

nanoparticles, respectively. An HRTEM image focusing on a single Co3O4 nanoparticle 

is shown in Fig. 6-4(b). Crystal fringes were clearly displayed, and the d-spacing of this 

Co3O4 nanoparticle was derived to be 0.29 nm, corresponding to the spacing between 

(2 2 0) planes of nanocrystalline Co3O4. 

AFM images (Fig. 6-5) within a 400 nm by 400 nm area reveal surface traces of 

graphene nanosheets and Co3O4 nanoparticles. As shown in Fig. 6-5(a), Co3O4 

nanoparticles are identified as bright dots. When height differences are considered, the 

AFM image clearly shows that some of the Co3O4 nanoparticles were deposited on a 

lower graphene nanosheet layer as indicated by a lighter colour above the red line. 

Whereas, other Co3O4 nanoparticles were dispersed on a relatively higher layer of 

graphene nanosheets as indicated by a brighter colour below the red line. Graphene 

nanosheets were stacked in several layers and were corrugated when they were dried, 

resulting in height differences in the various areas examined. The Co3O4 nanoparticles 

stabilized the graphene nanosheets and acted as spacers to prevent the graphene layers 

from aggregating. The Co3O4 nanoparticles deposited at different height levels, as 

shown in this AFM image. Fig. 6-5(b) presents a height profile across the examined 

region, as marked by the red line in Fig. 6-5(a). The height difference of the single 
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Co3O4 nanoparticle on the line is 17.8 nm, which is the size of the particle. The 

thickness of the graphene nanosheet lying on the line is evaluated to be 3–5 nm, which 

further confirmed the formation of several layers of graphene nanosheets.  

 

Fig. 6-5 AFM images covering an area of 400 nm by 400 nm: (a) surface evidence of 
graphene nanosheets and deposited Co3O4 nanoparticles; (b) height profile across the 

red line; the particle size of the single Co3O4 nanoparticle on the line is 17.8 nm. 
 

The weight percentage of the graphene nanosheets in Co3O4/GNS nanocomposite was 

determined by TGA measurement (as shown in Fig. 6-6). The dramatic weight loss was 

due to the decomposition of Co3O4 to CoO and the consumption of graphene in air as 
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temperature increased. The final product left was CoO only, with a weight percent of 

~51.0%. The composition of Co3O4 nanoparticles in the Co3O4/GNS nanocomposite 

was determined to be 45.4 wt% based on the weight percentage of CoO. Therefore, the 

nanocomposite consists of 45.4 wt% graphene and 54.6 wt% Co3O4 nanoparticles. 
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Fig. 6-6 TGA curve of the Co3O4/GNS nanocomposite. 

 

The electrochemical reactivity of Co3O4/GNS nanocomposite as an anode material in 

lithium ion cells was first assessed by CV measurements. Fig. 6-7 shows the CV curves 

of Co3O4/GNS electrode in the 1st, 2nd, and 50th scanning cycles. The redox reactions 

involved between Co3O4 and Li can be expressed as follows: 

8Li+ + Co3O4 + 8e−1 ↔ 4Li2O + 3Co    (Eq. 6-1) 
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Fig. 6-7 CV curves of Co3O4/GNS anode over a voltage range of 0.01–3 V at a scan rate 
of 0.1 mV s−1 in the 1st, 2nd and 50th cycles. 

 

 

In the first cycle, the discharge curve has a longer sloping part, and two small cathodic 

peaks appear at 0.62 V and 0.84 V, which can be attributed to the formation of the solid 

electrolyte interphase (SEI) layer. Both of the peaks disappear from the second cycle. 

The other two reduction peaks are located around 0.6 V and 1.35 V, and could be due to 

the insertion of lithium ions into Co3O4 nanoparticles at different stages. Two oxidation 

peaks appear around 1.32 V and 2.2 V, and these could be due to the process of lithium 

ion extraction from the Co3O4 nanoparticles. The insertion and extraction processes of 

lithium ions through graphene nanosheets are evidenced by the reduction and oxidation 

peaks located at 0.01 V and 0.17 V, respectively. 

Fig. 6-8 shows the charge/discharge profile of the Co3O4/GNS nanocomposite 
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Fig. 6-8 Charge/discharge profiles of Co3O4/GNS anode at a current rate of 55 mA g−1 
in the 1st, 2nd and 50th cycles. 

 

material as an anode in a lithium cell under galvanostatic charge/discharge cycling at a 

current rate of 55 mA g−1. In the first cycle, the Co3O4/GNS nanocomposite material 

delivered a lithium insertion capacity of 1433 mAh g−1 and a reversible charge capacity 

of 705 mAh g−1. In the second cycle, a discharge capacity of 722 mAh g−1 was obtained, 

while the reversibility was improved significantly and the composite electrode 

maintained good cyclability. The theoretical lithium storage capacity that graphene 

could contribute is 744 mAh g−1, based on the assumption that all graphene nanosheets 

are well separated and strictly monolayers. Co3O4 has a theoretical lithium capacity of 

890 mAh g−1. The as-prepared Co3O4/GNS nanocomposite material contains 54.6 wt% 

of Co3O4 nanoparticles and 45.4 wt% of graphene nanosheets. Therefore, the maximum 

possible theoretical capacity of the Co3O4/GNS nanocomposite material is calculated to 

be 823.7 mAh g−1, based on the theoretical capacities of graphene (744 mAh g−1) and 
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Co3O4 (890 mAh g−1). Thus, the initial reversible discharge capacity (722 mAh g−1) 

obtained for the Co3O4/GNS nanocomposite material was very close to the theoretical 

capacity of the Co3O4/GNS nanocomposite material. 

The reversible lithium storage capacity vs. cycle number of Co3O4/GNS, commercial 

Co3O4 nanoparticles and bare graphene nanosheets is shown in Fig. 6-9. The 

Co3O4/GNS electrode delivered a reversible discharge capacity of 722 mAh g−1 at 55 

mA g−1 and maintained a capacity of 631 mAh g−1 after 50 cycles. The Co3O4 

nanoparticle electrode exhibited better lithium storage capacity at the first few cycles 

but then faded quickly during the cycling test. Only 230 mAh g−1 was maintained after 

50 cycles. Similarly, the bare graphene electrode only exhibited a discharge capacity of 

only 273 mAh g−1 after 50 cycles and 255 mAh g−1 after 100 cycles at 55 mA g−1, as 

demonstrated in Chapter 4. Therefore, it has been shown that the Co3O4/GNS electrode 

performed much better than the bare graphene electrode or the Co3O4 nanoparticle 

electrode, by exhibiting highly reversible lithium storage capacity, excellent cycling 

stability, and high Columbic efficiency. This enhancement of electrochemical properties 

when Co3O4/GNS is used instead of bare graphene or Co3O4 nanoparticles, can be 

attributed to the contributions of both graphene nanosheets and Co3O4 nanoparticles. 

The distribution of Co3O4 nanoparticles among the graphene nanosheets has effectively 

separated the graphene nanosheets, creating a uniformly layered structure, and, 

increased the lithium storage capacity of the material. The graphene nanosheets in this 

case have provided carbons as a buffer medium to overcome the problem associated 

with the volume expansion/contraction in the lithium cells when Co3O4 nanoparticles 

react with lithium by lithium insertion/extraction.[126, 127] Furthermore, the 

aggregation of Co3O4 nanoparticles on the graphene nanosheets is efficiently prevented. 

Therefore, upon cycling, the active material can resist cracking and crumbling, and 
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maintain large capacity and cycling stability.[126] As graphene has good 

conductivity,[165] the internal resistance in the lithium cells could be minimized to 

stabilize the electronic and ionic conductivity, thereby leading to a higher specific 

capacity.[166] 
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Fig. 6-9 Cycling performance of Co3O4/GNS nanocomposite material, Co3O4 
nanoparticles, and bare graphene nanosheets as anode materials at a current of 

55 mA g−1. 

 

Fig. 6-10 shows the CV curves of the as-prepared Co3O4/GNS nanocomposite material 

as electrode material in a supercapacitor with 2 M KOH electrolyte at different scanning 

rates. All the CV curves present a similar shape; oxidation and reduction peaks appear 

at various scan rates. The oxidation peak at 0.36 V and the reduction peak at 0.42 V 

were assigned to the redox reactions arising from the embedded Co3O4 
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Fig. 6-10 CV curves of Co3O4/GNS as working electrode in a supercapacitor cell in 2 M 
KOH over a voltage range of −0.25–0.55 V at scan rates of 5 mV s−1, 10 mV s−1, 20 mV 

s−1, and 50 mV s−1, respectively. 

 

nanoparticles in 2 M KOH. In the lower voltage region, the −0.01 V oxidation peak and 

the 0.04 V reduction peak are due to the effects of epoxyl, hydroxyl, and carboxyl 

functional groups attached to the graphene nanosheets. These functional groups formed 

in the chemical synthesis process of graphene nanosheets.[27, 137] The indirect 

evidence for these surface functional groups in the graphene-based composites was 

confirmed by elemental analysis as detailed in Chapter 5.[167] The maximum specific 

capacitance evaluated is 478 F g−1 at a scan rate of 5 mV s−1. It is considered that the 

total specific capacitance is made up of double layer capacitance generated by the 

graphene, and pseudocapacitance contributed by Co3O4 nanoparticle facilitated redox 

 



Chapter 6 Co3O4/Graphene for Supercapacitors and Lithium-Ion Batteries 

 103 

 

Fig. 6-11 CV curves of (a) pure graphene nanosheets and (b) commercial Co3O4 
powders (< 50 nm) in 2 M KOH electrolyte at a scan rate of 5 mV s−1. 

 

reactions. Nanosized commercial Co3O4 powders (<50 nm) and bare graphene 

nanosheets yield a maximum specific capacitance of 118 F g−1 and 245 F g−1, 

respectively, at 5 mV s−1 in 2 M KOH (Fig. 6-11). Compared to the specific capacitance 
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delivered by commercial Co3O4 nanoparticles and bare graphene nanosheets, the 

electrochemical performance of the Co3O4/GNS composite material is significantly 

increased as Co3O4 nanoparticles are inserted into graphene nanosheets. The presence of 

the Co3O4 nanoparticles prevents the graphene nanosheets from aggregating, making 

both sides of the graphene nanosheets accessible for K+ ion insertion and de-insertion. 

Graphene nanosheets also provide a highly conductive carbon matrix to minimize the 

internal resistance and facilitate the electrochemical activities. As bare graphene 

nanosheets are in the form of multi-layers, the BET surface area of graphene is only 

93.7 m2 g−1 and not sufficiently extended (BET result in Chapter 5). By contrast, the 

BET surface area of the as-prepared Co3O4/GNS nanocomposite material obtained from 

the N2 adsorption/desorption isotherms in Fig. 6-12, is significantly extended to 
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Fig. 6-12 N2 adsorption/desorption isotherms of Co3O4/GNS nanocomposite. 
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219.2 m2 g−1 due to the function of Co3O4 nanoparticles as spacers. The extended 

graphene layers, with enlarged interlayer space and surface area, are therefore 

favourable for the formation of double layer capacitance. Furthermore, the particle size 

of Co3O4 in a graphene domain is restricted upon formation between graphene layers 

and is relatively smaller (15–25 nm), compared to commercial Co3O4 nanoparticles 

(<50 nm). The superior electrochemical behaviour of the composite material is also 

associated with these smaller embedded nanoparticles. The decrease of the particle size 

of the deposited Co3O4 nanoparticles would lead to the increase of the specific 

capacitance of those nanoparticles in the composite. A similar effect has been reported 

for composites having particles of RuO2 deposited on carbon nanofibres.[168] It is also 

very interesting to find that the surface-related capacitance of the composite material is 

2.18 F m−2. This result is relatively large compared with ordinary carbon,[71] however, 

it is similar to carbon materials with surface functionalities.[153, 154] It has been 

proposed that surface functional groups attached to the carbon materials could provide 

supplementary pseudocapacitive contribution to a dominant double-layer capacitance to 

enhance the specific capacitance of the modified carbon materials.[150-152, 169] 

Therefore, it is believed the functional groups in the as-prepared nanocomposite 

material are also electrochemically active, and could participate in the redox reactions 

and contribute extra pseudocapacitance to the electrochemical performance. 

In summary, Co3O4 nanoparticles play two major roles in the Co3O4/GNS 

nanocomposite material in managing the enhancement of the electrochemical 

performance. Firstly, the Co3O4 nanoparticles act as spacers to stabilize the graphene 

nanosheets. The interlayer space and accessible surface area of the graphene are 

therefore extended when Co3O4 nanoparticles are inserted. When applied in lithium-ion 

batteries and supercapacitors, graphene provides a highly conductive medium and much 
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more flexible layers with enlarged interlayer space and increased surface area, 

benefiting the electrochemical performance in energy storage. Secondly, Co3O4 

nanoparticles participate in the electrochemical activities, not only in lithium-ion 

batteries, but also in the supercapacitors. Co3O4 nanoparticles can deliver a high 

lithium-ion storage capacity and pseudocapacitance from redox reactions, and therefore 

make electrochemical contributions towards the overall electrochemical performance of 

the composite material. 

 

6.4 Conclusions 

An in-situ chemical method has been developed to prepare Co3O4/GNS nanocomposite 

material for energy storage applications. The prepared nanocomposite material consists 

of uniform Co3O4 nanoparticles (15–25 nm in size) distributed on separated graphene 

nanosheets. The electrochemical properties of the composite material are enhanced 

significantly, as embedded Co3O4 nanoparticles can protect graphene from aggregation. 

Co3O4/GNS nanocomposite material exhibited a high lithium storage capacity of 722 

mAh g−1 in lithium-ion cells and a high supercapacitance of 478 F g−1 in supercapacitors. 
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Chapter 7 — Superior Electrochemical Performance of 
Sulfur/Graphene Nanocomposite Material for High-Capacity 
Lithium-Sulfur Batteries 

 

7.1 Introduction 

As an alternative power source to lithium-ion batteries,[170] lithium-sulfur batteries 

have been investigated for decades. The configuration of a standard lithium-sulfur cell 

is quite simple, with lithium metal acting as the anode and sulfur playing the role of the 

cathode. A typical discharge process consists of two discharge stages: the reduction of 

sulfur to polysulfide followed by further reduction of polysulfide in the first stage 

(Eq. 7-1), and the transformation of polysulfide into sulfide in the second stage 

(Eq. 7-2).[170-172] 

S8 + Li+ + e− → Li2Sx (2.4–2.1 V)    (Eq. 7-1) 

Li2Sx + Li+ + e− → Li2S2 and/or Li2S (2.1–1.5 V)    (Eq. 7-2) 

Based on the complete reaction from S8 to Li2S, sulfur has the highest theoretical 

capacity of 1675 mAh g−1 and an energy density of 2600 Wh kg−1 among hitherto 

considered cathode materials. Therefore, lithium-sulfur batteries have great potential as 

the next generation of lithium batteries for large-scale and high-power applications on 

account of their low cost, environmental friendliness, high capacity, and high energy 

density. 

Despite these promising advantages, lithium-sulfur batteries are still far from being 

employed in practical applications. The major hurdles of lithium-sulfur batteries are 

associated with the nonconduction of sulfur, the lack of suitable electrolytes, and the 

capacity degradation on cycling. Because sulfur is electronically insulating, certain 
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amounts of conductive additives have to be added to maintain good conductivity. 

Several forms of carbon, such as activated carbon,[173] carbon nanotubes,[174] 

mesoporous carbon,[175, 176] and conductive polymers[177-180] have been used in 

sulfur electrodes, with moderate capacity and cycling performance being achieved. 

However, it was found that polysulfide dissolved in the liquid electrolyte and migrated 

(“shuttled”) through the separator to the anode. The diffused polysulfide could be 

further reduced to solid Li2S2 or LiS2, which covered the lithium electrode and caused 

active mass loss and capacity fading.[181, 182] To overcome the shuttle issue, various 

electrolytes have been developed such as optimized organic electrolytes,[183] 

room-temperature ionic liquids that can limit the dissolution of polysulfide anions,[175, 

184] conductive sulfur-contained polymer electrolytes,[185-187] solid-state based 

electrolytes,[188-190] and nanocomposite polymer electrolytes.[191] In 2009, Ji et al. 

reported that sulfur/mesoporous carbon composite used as the cathode material for 

lithium-sulfur batteries resulted in an excellent electrochemical performance.[192] With 

the assistance of a polymer-modified carbon surface, a reversible capacity of up to 

1320 mAh g−1 at 0.1 C was achieved in an organic electrolyte, with good capacity 

retention for 20 cycles. Recently, sulfur/highly porous graphene nanocomposite was 

also applied by means of a sulfur-incorporation method and the cycling performance 

improved significantly, with ultrahigh specific capacity at a low current rate.[45] 

Another example was graphene-wrapped sulfur particles trapped by a poly(ethylene 

glycol) (PEG) coating. However, moderate capacities were achieved and the 

electrochemical performance was only marginally improved.[193] The latest substantial 

outcomes include a reservoir mechanism introduced to trap polysulfide anions during 

discharge processes,[194] elemental sulfur encapsulated and sequestered by mesoporous 

hollow carbon capsules,[195] and silicon–sulfur batteries.[196] In these cases, the 
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specific capacities of the lithium-sulfur cells were greatly enhanced with excellent 

cycling stabilities. 

There have been many electrolytes reported for lithium-sulfur batteries; however, there 

has been no systematic report about the effect of different electrolytes on the cycling 

properties. A binary electrolyte based on tetra(ethylene glycol) dimethyl ether 

(TEGDME) and 1,3-dioxolane (DOX) was studied for use in lithium-sulfur batteries by 

Korean researchers in 2002.[197] It was found that the cyclic ether (DOX) could 

facilitate the formation of shorter polysulfide anions at around 2.4 V and the linear ether 

(TEGDME) could reduce the viscosity of the electrolyte for improved sulfur utilization 

at a low voltage plateau from around 2.1 V. Therefore, an electrolyte consisting of 1 M 

lithium bis(trifluoromethane sulfone)imide (LiTFSI, LiN(SO2CF3)2) in a mixture of 

1,2-dimethoxyethane (DME) and 1,3-dioxolane (DOX), was employed in this 

investigation. This chapter reports on the superior electrochemical performance of a 

S/GNS nanocomposite, in which elemental sulfur is impregnated into graphene 

nanosheet frameworks, when it is used as the cathode material in lithium-sulfur batteries. 

Phase change always accompanies the redox reactions in lithium-sulfur batteries but the 

soft and flexible graphene nanosheets provide a buffer to accommodate the volume 

change of sulfur, thereby leading to a durable cycle life for lithium-sulfur cells. The as-

prepared S/GNS nanocomposite delivered a lithium storage capacity of 1580 mAh g−1 at 

0.05 C, which is very close to its theoretical capacity, and showed an excellent cycling 

performance. The high specific capacity and enhanced cycling performance could also 

be attributed to the further improvement of sulfur utilization with the above electrolyte. 

Surprisingly, the as-prepared S/GNS nanocomposite also exhibited discharge capacities 

of 1201 mAh g−1 at a 1 C rate and 950 mAh g−1 at a 2 C rate, with excellent cyclability 

for up to 100 cycles. 
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7.2 Experimental 

7.2.1 Material Synthesis 

GONS was initially prepared by means of a modified Hummers method[36] followed 

by reduction with hydrazine to obtain graphene nanosheets.[35] The graphene product 

was washed, dried, and directly used without any further modification. Typically, 

graphene (50 mg) was mixed with elemental sulfur (50 mg) in a weight ratio of 1:1. The 

mixture was ground in a mortar for 15 min, then placed in an oven and maintained at 

160 °C in air for 1 h. 

 

7.2.2 Material Characterization 

An XRD pattern of the obtained material was recorded with a Siemens D5000 X-ray 

diffractometer from 10 to 80° under a scan rate of 1° min−1. For comparison, the XRD 

patterns of crystalline sulfur and pure graphene nanosheets were also obtained under the 

same conditions. General morphologies, energy-dispersive X-ray elemental mapping of 

S/GNS nanocomposite material, and the surface observation of the electrodes were 

conducted with a Zeiss Supra 55VP FESEM with an Oxford EDS system. The Raman 

spectra were recorded with a Renishaw inVia Raman spectrometer by using 514 nm 

excitation and 1800 L mm−1 grating. The samples were focused using a 50x objective, 

and the scans were recorded by means of a 10 s exposure from 100 to 3500 cm−1. Sulfur 

content in the nanocomposite material was determined in air by TGA with a TGA/DTA 

analyzer (TA Instruments, SDT 2960 module). 
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7.2.3 Electrochemical Testing 

To fabricate electrodes for electrochemical measurement, a blend of the as-prepared 

S/GNS nanocomposite material (80 wt%), carbon black (10 wt%), and PVdF (10 wt%) 

was mixed with NMP to form a slurry. The slurry was coated on aluminum foils and 

then dried at 80 °C for 12 h in a vacuum oven. Lithium foils were used as the negative 

electrode. The electrolyte was prepared by dissolving 1 M LiTFSI salt in a mixed 

solvent of DME and DOX (8:2 in volume ratio). The preparation of the electrolyte and 

the assembly of CR2032 coin cells were performed in an argon-filled glove box (Unilab, 

MBraun, Germany), in which the moisture and oxygen were controlled to be less than 

0.1 ppm. CV measurements were conducted with an Electrochemistry Workstation 

(CHI660D) at a sweep rate of 0.1 mV s−1 in a potential window of 1–3.5 V versus 

Li/Li+ reference electrode. The AC impedance measurements were performed on a 

freshly prepared cell before cycling, and after 5 and 50 cycles, respectively. The 

frequency was set in the range of 100 kHz to 0.01 Hz with amplitude of 5 mV. The 

galvanostatic charge/discharge test was carried out in the voltage range of 1 to 3 V at 

room temperature, at the current rates of 84, 1675, and 3350 mA g−1 (equivalent to 0.05, 

1, and 2 C), respectively. 

 

7.3 Results and Discussion 

A S/GNS nanocomposite was prepared by homogeneously mixing graphene nanosheets 

with commercial crystalline sulfur, heating the mixture above the melting point of sulfur 

(160 °C). During the impregnation process, sulfur was transformed into its liquid state 

and diffused into the space between the graphene interlayers. As shown in the XRD 

patterns in Fig. 7-1(a), pure elemental sulfur has various diffraction peaks. However, for 
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pure graphene nanosheets and the S/GNS nanocomposite material, only the diffraction 

peaks of graphene (carbon) are visible. No diffraction lines of sulfur can be identified in 

the XRD pattern of the S/GNS nanocomposite because the crystalline sulfur has been 

converted into amorphous sulfur and then dispersed within the graphene nanosheet 

 

 

Fig. 7-1 (a) Pure sulfur crystalline, pure graphene nanosheets, and S/GNS 
nanocomposite. (b) A high resolution FESEM image showing general morphology of 

the S/GNS nanocomposite material. 
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matrix.[173] Fig. 7-1(b) shows an FE-SEM image of the S/GNS nanocomposite, which 

only displays corrugated flexible graphene nanosheets without any aggregations of 

sulfur powders. This indicates the full incorporation of sulfur into the graphene 

nanosheet matrix. A similar phenomenon has also been observed in sulfur/mesoporous 

carbon composite.[192] Energy dispersive X-ray (EDX) elemental mapping (Fig. 7-2) 

provides additional evidence confirming the uniform distribution of sulfur on the 

surface of graphene nanosheets in the nanocomposite. The carbon and sulfur elemental 

 

 

 

Fig. 7-2 (a) A low-magnification FESEM image of S/GNS nanocomposite material. (b) 
Elemental mapping of carbon, and (c) elemental mapping of sulfur. 
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Fig. 7-3 Raman spectra of crystalline sulfur, pure graphene nanosheets, and S/GNS 
nanocomposite at an extended range from 100 to 3500 cm−1. 

 

 

maps (Fig. 7-2(b) and (c)) clearly demonstrate that the amorphous sulfur has filled the 

interlayer space between the graphene nanosheets, which ensures intimate contact 

between graphene and sulfur. Therefore, graphene nanosheets can effectively function 

as a highly conductive medium with a large surface area for the distribution of sulfur on 

the surfaces of graphene nanosheets. 

Raman spectra of crystalline sulfur, pure graphene nanosheets, and S/GNS 

nanocomposite are shown in Fig. 7-3. Sulfur presents six Raman peaks at a low 

wavenumber region, and they are assigned to E2 (155 cm−1), B1 (186 cm−1), A1 

(219 cm−1), E3 (247 cm−1), E3 (438 cm−1), and A1 (474 cm−1) modes of crystalline sulfur, 

respectively.[198] Graphene and S/GNS nanocomposite exhibit Raman spectra very 
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similar to each other with typical D bands (1349 cm−1), G bands (1590 cm−1 for 

graphene and 1578 cm−1 for S/GNS nanocomposite), D' bands (2694 cm−1), and G' 

bands (2919 cm−1) within the examined range. In the spectra of both graphene and 

S/GNS, generally, G bands are assigned to the E2g vibrational mode, and D bands are 

associated with broken symmetry or a high density of defects.[199] The D/G intensity 

ratio increases significantly relative to pristine graphite, which indicates the exfoliation 

of graphene sheets from the sp2 carbon matrix of bulk graphite.[27] The Raman peaks, 

and their locations in the S/GNS spectrum, further confirmed the presence of graphene 

in the S/GNS nanocomposite. However, no sulfur bands could be detected in the Raman 

spectrum of S/GNS nanocomposite because sulfur remains amorphous and is fully 

covered by graphene nanosheets. The sulfur content in the nanocomposite was 

determined by TGA conducted under an atmosphere of air (as shown in Fig. 7-4). There 

were two obvious regions associated with the weight loss of the composite material. The 

weight loss from around 180 to 250 °C should be ascribed to the evaporation of sulfur, 

whereas the combustion of graphene was responsible for the weight loss from 500 to 

570 °C. Therefore the composition of sulfur was calculated from the TGA to be 44.5 wt% 

in the S/GNS nanocomposite. The obtained sulfur content in the as-prepared 

nanocomposite was doubled when compared with the previously reported result of a 

S/GNS composite,[45] which was only 22 wt% at an initial weight ratio of 1:1.5 for 

graphene and sulfur. 

Fig. 7-5 shows the CV curves of an S/GNS electrode in the voltage range of 1.0–3.5 V. 

Graphene is electrochemically inert in the selected voltage range, therefore the redox 

peaks on the CV curves can only be attributed to the reactions between lithium ions and 

sulfur. The first cathodic peak located around 2.4 V corresponds to the reduction of 
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Fig. 7-4 TGA curve of the S/GNS nanocomposite material, ranging from room 

temperature to 1000 °C at 5 °C min−1 in air. 
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Fig. 7-5 CV curves of the S/GNS nanocomposite electrode in the 1st, 2nd, and 5th cycle. 
The scanning rate is 0.1 mV s−1. 
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elemental sulfur to lithium polysulfide (Li2Sx, 2<x<8). The second cathodic peak at 

2.1 V can be attributed to the change of lithium polysulfide to lithium sulfide (Li2S2 and 

Li2S). The CV curves in the subsequent scanning cycles show a cathodic peak at 2.1 V, 

which represents a deep discharge procedure at the second discharge stage and effective 

utilization of sulfur. During the charge process, lithium polysulfide and lithium sulfide 

are converted into elemental sulfur, which corresponds to the anodic peak at around 

2.4 V. A few small “shoulder” peaks can be seen in the fifth cycle, which could be 

associated with the slightly dissolved polysulfide anions; they diffuse to the lithium 

anode and form Li2S2 and/or Li2S after reacting with lithium.[184] It should also be 

noted that the areas of these voltammetric peaks slightly decreased upon cycling. This 

could be due to the shuttling of active sulfur material on the electrodes, thereby causing 

a minor loss of active sulfur. However, the positions of the redox peaks on the CV 

curves do not shift, which indicates that the redox reactions between sulfur and lithium 

ions in the S/GNS electrodes are highly reversible. 

Only sulfur is responsible for the overall electrochemical capacities of the S/GNS 

electrodes over the voltage range of 1–3 V. Consequently, the specific capacities 

reported in this chapter are based on the mass of sulfur only. Fig. 7-6 shows 

charge/discharge profiles of S/GNS nanocomposite electrodes in the first scanning cycle 

at different current rates. Two discharge plateaus can be easily distinguished. The first 

discharge plateau (2.4–2.1 V) is short, whereas the second plateau (2.1–1.5 V) extends 

for longer, and contributes to the majority of the discharge capacity. These discharge 

voltage plateaus are consistent with the redox peaks in the CV curves (Fig. 7-5). At 

current rates of 0.05 and 1 C, the second discharge stages present a long horizontal 

plateau, whereas at the 2 C rate, the discharge profile shows a slope, which signifies an 
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Fig. 7-6 The charge/discharge profiles of S/GNS nanocomposite electrodes in the first 
cycle at current rates of 0.05 C, 1 C, and 2 C, respectively. 
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Fig. 7-7 Cycling performance of S/GNS nanocomposite electrodes at 0.05 C, 1 C, and 
2 C, for 100 cycles. 
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incomplete reduction process on account of the higher current rate. The S/GNS 

nanocomposite material demonstrated a capability of complete lithiation even at the 1 C 

rate. Fig. 7-7 shows the charge/discharge cycling performances at 84 (0.05 C), 1675 

(1 C), and 3350 mA g−1 (2 C), respectively. The as-prepared S/GNS nanocomposite 

material delivered a specific discharge capacity of 1505 mAh g−1 at 0.05 C in the first 

cycle; the highest discharge capacity of 1580 mAh g−1 was achieved in the sixth cycle. 

The specific discharge capacity increased gradually during the first six cycles, which 

indicated increased utilization of sulfur upon cycling at the low current rate. The S/GNS 

electrode maintained very high discharge capacity over the first ten cycles and delivered 

reasonable discharge capacities for 100 cycles. A specific capacity of 819 mAh g−1 was 

retained in the 100th cycle.  

Operation at high current rates is generally demanded for applications such as mobile 

phones and electric vehicles. Therefore, the electrochemical performance of S/GNS 

nanocomposite material at higher current rates was also investigated. It was found that 

the S/GNS nanocomposite could deliver an outstanding electrochemical performance at 

high current rates such as 1 and 2 C. The S/GNS nanocomposite electrodes achieved a 

discharge capacity of 1201 mAh g−1 at 1 C and 950 mAh g−1 at 2 C, respectively. The 

capacity declined slightly upon cycling, resulting in retained capacities of 662 mAh g−1 

at 1 C and 391 mAh g−1 at 2 C after 100 cycles. This demonstrates the excellent 

high-rate cycling characteristics of the S/GNS electrodes. 

Fig. 7-8 shows the electrochemical impedance spectroscopy (EIS) of the S/GNS 

nanocomposite electrode, measured after different cycles. The inset illustrates a 

magnified view of the impedance spectra in the high-frequency region. The value of the 
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Fig. 7-8 EIS spectra of the S/GNS nanocomposite electrode before cycling, and after 5 
and 50 cycles. The inset shows magnified EIS spectra at high frequency region. 

 

intercept on the Z' axis is the resistance of the electrolyte (Re) of the cell, which is very 

low. The initial Re was 3.3 Ω for a noncycled cell. This increased slightly to 3.7 and 

5.8 Ω after 5 and 50 cycles, respectively. In the high-frequency region, the impedance 

response displays a semicircle loop, and the corresponding diameter represents the 

charge-transfer resistance at the electrode/electrolyte interface. The diameters of the 

semicircles decrease with cycling; this could be because of the decrease in the 

charge-transport resistance at the interface of S/GNS active material and the electrolyte. 

It should be noted that two overlapped semicircles were found when the cell completed 

50 cycles. The first semicircle in the high-frequency region is due to the formation of 

the solid electrolyte interface (SEI) film, which protects the electrode and results in an 

enhanced cycling performance. The middle-frequency semicircle is related to the 

impendence that arises from charge-transfer resistance at the interface of electrolyte and 
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S/GNS active material. It is clear that the charge-transfer resistance gradually decreases 

upon cycling. This can be attributed to more irreversible lithium insertions at the planar 

or basal edges on graphene nanosheets, which results from the attached functional 

groups at the unorganized carbon sites.[200, 201] This effect further increases the 

electric conductivity of graphene nanosheets in the lithium-sulfur cell. Therefore, the 

transportation of lithium ions becomes much easier as the cycle number increases, 

which benefits the electrochemical performance of the S/GNS electrodes. 

The electrochemical performance of lithium-sulfur cells has been improved 

significantly relative to previously reported results. This significant improvement should 

be attributed to the use of the graphene nanosheet matrix. Firstly, graphene nanosheets 

act as the electric conduction medium to minimize the internal resistance of 

lithium-sulfur cells, as has been confirmed by the EIS measurements. Secondly, 

graphene nanosheets accommodate sulfur in the form of a sandwich structure. The soft 

and flexible graphene nanosheets provide an effective buffer to cushion the volume 

expansion and contraction of the S/GNS electrodes during the charge/discharge process. 

Scheme 7-1 illustrates the sandwich structure of the S/GNS nanocomposite electrode 

and its cushion effect during volume change. 

 

 

Scheme 7-1 Schematic illustration of the sandwich structure of S/GNS nanocomposite. 
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To further explore the buffer effect of graphene nanosheets, the surface of the S/GNS 

nanocomposite electrodes were analyzed before and after cycling by means of FE-SEM 

observations, which have been proved to be effective in identifying fracture on 

electrodes.[202, 203] The freshly prepared S/GNS nanocomposite electrode was taken 

for direct FE-SEM observation. The cycled cell was dismantled in the argon-filled glove 

box. The cycled electrode was washed with ethanol, dried in a vacuum oven, and then 

observed by means of FE-SEM for comparison. Fig. 7-9(a) and (b) show the low- and 

high-magnification FE-SEM images of the S/GNS nanocomposite electrode before 

cycling. The surface of the electrode is very smooth with homogeneous distribution of 

sulfur particles. In Fig. 7-9(c), the cycled electrode exhibited a few slightly cracked 

edges and a mildly unflattened surface relative to the noncycled electrode; this is due to 

 

 

Fig. 7-9 FE-SEM images showing morphologies of the S/GNS nanocomposite 
electrodes. (a) and (b) are FE-SEM images before cycling test; (c) and (d) are FE-SEM 

images after 100 cycles. 
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the volume expansion during charge/discharge of sulfur, which arises from the 

transformation of elemental sulfur to polysulfide and the accumulation of an irreversible 

Li2S phase.[204] At higher magnification (Fig. 7-9(d)), it can be seen that there is no 

obvious damage or collapse on the surface of the cycled electrode, which means that an 

integrated electrode structure has been preserved throughout the long term cycling. A 

few graphene nanosheets are visibly exposed due to the extrusion process that results 

from the volume expansion. Also, the S/GNS electrode fractures slightly and the 

aggregation of sulfur particles on the electrode becomes more intense. Both of these 

factors could be responsible for the decay in capacity as the cycling proceeds. 

Nevertheless, the integrity of the S/GNS nanocomposite electrode is well maintained, 

and this should be attributed to the cushion effect of the graphene nanosheet matrix. The 

flexible graphene nanosheets alleviate the side effects of volume expansion and 

therefore significantly enhance the electrochemical performance of lithium-sulfur cells. 

 

7.4 Conclusions 

S/GNS nanocomposite material has been prepared by means of a melting process. The 

as-prepared S/GNS nanocomposite exhibited initial lithium storage capacities of 1505, 

1201, 950 mAh g−1 at 0.05, 1, and 2 C, respectively, and maintained good cyclability. 

The improvement of the capacity and cycle life could be ascribed to the dual functions 

of graphene nanosheets, which provide both electrical conduction and a buffer effect for 

sulfur electrodes. These effects were confirmed by AC impedance measurements and 

FE-SEM analysis on the cycled S/GNS nanocomposite electrode. The EDX mapping 

showed the homogeneous distribution of sulfur on the graphene nanosheet matrix. The 

sandwich-type architecture of the S/GNS nanocomposite material can help overcome 



Chapter 7 S/Graphene for Lithium-Sulfur Batteries 

 125 

the major disadvantages of lithium-sulfur batteries and increase capacity very close to 

the theoretical capacity of sulfur. S/GNS nanocomposite material can significantly 

enhance the capacity and cyclability of lithium-sulfur batteries.  
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Chapter 8 — Graphene-Supported SnO2 Nanoparticles 
Prepared by a Solvothermal Approach for an Enhanced 
Electrochemical Performance in Lithium-Ion Batteries 

 

8.1 Introduction 

SnO2 has been examined as an anode material for lithium-ion batteries and has a high 

theoretical capacity of 782 mAh g−1.[134] SnO2 forms metal alloys when reacting with 

lithium, leading to reversible transformations between lithium tin alloys (LixSn) and tin 

metal when the lithiation and delithiation proceed. However, the capacity of a bulk 

SnO2 electrode fades quickly during prolonged cycling.[127] To further improve the 

electrochemical performance and the cycle life of SnO2 electrodes for long-term cycling, 

one approach is to synthesize nanosized SnO2 crystals with different morphologies, such 

as nanowires,[205] nanotubes,[206] and mesoporous structures.[207] These 

nanostructured SnO2 materials have been reported to deliver greatly enhanced specific 

capacities over commercial SnO2 powders with durable cycling stabilities. An 

alternative approach is to synthesize SnO2/GNS nanocomposites. This approach has 

proven feasibility and facilitates mechanical buffering of the volume expansion 

associated with charge/discharge processes in lithium-ion cells. A variety of methods 

have been implemented to distribute SnO2 nanocrystals on graphene nanosheets, 

including in-situ chemical preparation,[127, 208] a reassembling process,[209] 

gas-liquid interfacial synthesis,[210] as well as hydrothermal and solvothermal 

methods.[211, 212]  

This chapter reports on employment of a facile solvothermal technique to disperse SnO2 

nanoparticles with a controlled size on graphene nanosheets. The as-prepared 

SnO2/GNS nanocomposite showed uniform distribution of SnO2 nanoparticles and 
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significantly improved electrochemical properties, compared with bare graphene 

nanosheets and SnO2 nanoparticles. The solvothermal approach developed in this 

investigation could be used for the synthesis of other metal oxide/graphene 

nanocomposites. 

 

8.2 Experimental 

8.2.1 Material Synthesis 

GONS powders were prepared via a chemical approach derived from Hummers' 

method,[36] according to the previously reported procedure.[35] In a typical synthesis 

process, 40 mg GONS was firstly dispersed in 40 ml ethylene glycol by 

ultrasonification for 1 h, followed by the addition of 0.1 mmol SnCl2·2H2O powders. 

The mixture was vigorously stirred for half an hour, and then transferred to a 50 ml 

Teflon lined autoclave, which was sealed and maintained in an oven at 160 °C for 6 h. 

Afterwards, the black precipitates (SnO2/GNS) were collected, washed with DI water 

and ethanol to remove the impurities, and isolated by vacuum filtration. The product 

was then dried in a vacuum oven at 60 °C, and further sintered at 300 °C for 4 h in 

argon to increase the crystallinity. For comparison, bare SnO2 nanoparticles were also 

synthesized by the same experimental procedure without the presence of GONS in the 

mixture solution. 

 



Chapter 8 SnO2/Graphene for Lithium-Ion Batteries 

 129 

8.2.2 Material Characterization 

The XRD pattern of the as-synthesized material was measured using a Siemens D5000 

X-ray diffractometer from 10° to 80° under a scan rate of 1° min−1. The Raman 

measurement of the SnO2/GNS nanocomposite was conducted on a confocal Micro 

Raman Spectrometer with LabRAM HR system using a 632.8 nm He-Ne laser source. 

The spectra were recorded in the range of 200 to 2000 cm−1 with accumulated scans for 

an enhanced resolution. FE-SEM observations were performed using a Zeiss Supra 

55VP FE-SEM with an Oxford energy dispersive spectrometry system. The TEM 

analysis was carried out using a JEOL 2011 TEM facility. The graphene (carbon) 

content in the composite material was determined by TGA on a TGA/DTA analyzer 

(TA Instruments, SDT 2960 module) in air at 10 °C min−1 ranging from room 

temperature to 1000 °C. 

 

8.2.3 Electrochemical Testing 

CR2032 coin cells were assembled in an argon-filled glove box (Unilab, MBraun, 

Germany) in which the levels of moisture and oxygen were controlled to be less than 

0.1 ppm. The electrodes were made by mixing 80 wt% SnO2/GNS active materials, 

10 wt% carbon black, and 10 wt% PVdF binder in the NMP solvent to form a slurry. 

Then, the slurry was coated on copper foil substrates. Lithium foils were used as the 

negative electrodes. The electrolyte was 1 M LiPF6 in ethylene carbonate and dimethyl 

carbonate (1:1). CV tests were carried out on an electrochemistry workstation 

(CHI660D) at a scan rate of 0.1 mV s−1 vs. Li/Li+ reference electrode in the voltage 

range of 0.01 to 3 V. Galvanostatic charge/discharge measurements were conducted on 
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the Neware battery tester with a current rate of 0.1 C for 100 cycles. Electrochemical 

impedance spectroscopy was performed on the same electrochemistry workstation. The 

frequency was set in 0.01 Hz–100 kHz with the amplitude of 5 mV. The 

charge/discharge performance of bare graphene nanosheets and SnO2 nanoparticles was 

also investigated for comparison. 

 

8.3 Results and discussion 

Scheme 8-1 shows a schematic diagram of the formation of the SnO2/GNS 

nanocomposite. Firstly, Sn2+ ions were attracted to GO nanosheets in the ethylene 

glycol (EG) solution. Then, the anchored Sn2+ ions were reduced by EG via the 

following two-step reactions: 

2HOCH2– CH2OH → 2CH3CHO + 2H2O (Eq. 8-1) 

2CH3CHO + SnCl2 → CH3CO– COCH3 + Sn + 2HCl (Eq. 8-2) 

 

 

Scheme 8-1 Schematic diagram of the formation of SnO2/GNS nanocomposite. 

 

Simultaneously, GONS were also gradually reduced by EG to form graphene 

nanosheets. As EG is a mild reducing agent, the reduction processes take a long time 

(6 h) to complete at high temperature (160 °C). Then, the formed Sn nanoparticles were 
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further oxidized by oxygen to become SnO2 nanoparticles during the cooling period. 

Thus, the SnO2/GNS nanocomposite was obtained under the assistance of EG which 

acted as both a dispersing agent and a reducing agent.  

XRD patterns of the SnO2/GNS nanocomposite and graphene are shown in Fig. 8-1. In 

Fig. 8-1(a), X-ray diffraction lines of well-crystallized SnO2 were indexed to the 

tetragonal rutile SnO2 phase, which is consistent with the JCPDS card 01–0657. The 

weak peak of graphene is also visible at 42° in the composite, which matches the 

diffraction peak (1 0 0) marked on the XRD pattern of bare graphene nanosheets (as 

shown in Fig. 8-1(b)). XRD confirmed the coexisting phases of rutile SnO2 and 

graphene and the formation of SnO2/GNS nanocomposite. 
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Fig. 8-1 XRD pattern of (a) SnO2/GNS nanocomposite and (b) GNS. 

 



Chapter 8 SnO2/Graphene for Lithium-Ion Batteries 

 132 

Raman spectra of the as-prepared SnO2/GNS nanocomposite and bare GNS are shown 

in Fig. 8-2. It can be seen that both of them show a high-intensity D band around 

1327 cm−1 and a G band at 1587 cm−1. The D band is stronger than the G band, and the 

D/G intensity ratio is significantly higher than that of pristine graphite,[34] which both 

confirm the existence of graphene nanosheets in the composite material. The D/G 

intensity ratio of the SnO2/GNS nanocomposite is higher than that of the bare GNS, 

indicating the sp2 carbon domains decreased when SnO2 nanoparticles were inserted 

between graphene nanosheets.[27] The inset in Fig. 8-2 displays magnified Raman 

spectra in the range of 400 to 900 cm−1 of both SnO2/GNS and bare GNS. Two weak 

peaks were found at 465 and 620 cm−1 in the Raman spectrum of the SnO2/GNS 

nanocomposite, which can be assigned to the Eg and A1g active modes of SnO2 

crystallines.[213] For the bare GNS, no Raman peak was observed in this range. 
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TGA was employed to determine the weight composition of the SnO2/GNS 

nanocomposite (as shown in Fig. 8-3). The dramatic weight loss from 500 °C to 630 °C 

is associated with the burning of graphene in air. SnO2 in the nanocomposite was stable 

up to 1000 °C. Therefore, the composition of the SnO2/GNS nanocomposite was 

calculated to be 36.3 wt% SnO2 and 63.7 wt% graphene. 
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Fig. 8-3 TGA curve of SnO2/GNS nanocomposite. 

 

 

Fig. 8-4 displays FE-SEM images of the SnO2/GNS nanocomposite. Corrugated 

graphene nanosheets are well expanded and form flower-like nanostructures 

(Fig. 8-4(a)). A magnified FE-SEM view further reveals details of a large, flat graphene 

nanosheet (Fig. 8-4(b)). Tiny SnO2 nanoparticles were found anchored on this graphene 

flake. Fig. 8-5 shows a TEM image of the SnO2/GNS nanocomposite. Large numbers of 
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SnO2 nanoparticles were homogeneously distributed on the graphene nanosheets as 

shown in Fig. 8-5(a). The inset shows the SAED pattern. The diffraction rings were 

indexed as the crystal planes (1 1 0), (1 0 1), (2 0 0), (2 1 1), (2 1 0) of SnO2, which 

clearly confirms the presence of SnO2 in the nanocomposite material. HRTEM was 

performed on a few SnO2 nanoparticles (Fig. 8-5(b)). SnO2 nanocrystals were densely 

packed on the surface of graphene nanosheets. Two crystal planes were indexed to be 

(1 0 0) and (1 1 0) of SnO2. The particle size of SnO2 was determined to be around 5 nm. 

 

Fig. 8-4 FE-SEM images of SnO2/GNS nanocomposite: (a) a low magnified image 
showing flower-like microstructure of graphene nanosheets and (b) a high magnified 

image focusing on a large graphene flake. 
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Fig. 8-5 TEM images of SnO2/GNS nanocomposite: (a) a low magnified image 
exhibiting homogenous distribution of SnO2 nanoparticles on graphene nanosheets. The 
inset shows the corresponding SAED ring pattern, where crystal planes (1 1 0), (1 0 1), 
(2 0 0), (2 1 1), (2 1 0) of SnO2 are indexed; (b) an HRTEM image focusing on a few 

SnO2 nanoparticles with indexed (1 0 0) and (1 1 0) crystal planes. 

 

Fig. 8-6 presents typical CV characteristics related to the lithiation and delithiation 

processes of the SnO2/GNS nanocomposite in the lithium-ion cell. A small cathodic 

peak appears at 0.8 V in the first cycle attributable to the formation of the SEI layer. 
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Another small reduction peak located around 0.06 V could be due to the reactions 

between lithium and SnO2 nanoparticles to form LixSn alloys, whereas the reduction 

peak at 0.01 V could be identified as the insertion of lithium in graphene nanosheets. 

There are three oxidation peaks located around 0.13, 0.55, and 1.3 V, respectively. They 

correspond to different oxidation reactions during the charge process. The first anodic 

peak at 0.13 V represents the lithium extraction from graphene nanosheets. The 0.55 V 

oxidation peak can be assigned to the dealloying of LixSn, indicating a reversible 

process. The third weak oxidation at 1.3 V could result from the partial transformation 

of Sn metal to SnO2.[107, 214] The high reversibility of the CV curves further confirms 

the reversible redox reactions occurring in the lithium-ion cell between lithium and 

SnO2/GNS nanocomposite. 
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Fig. 8-6 CV curves of the SnO2/GNS nanocomposite electrode at the 1st, 2nd and 5th 
cycle at a sweep rate of 0.1 mV s−1. 
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Fig. 8-7 Charge/discharge profiles of the SnO2/GNS nanocomposite electrode at a 
current rate of 0.1 C. 

 

Fig. 8-7 shows the charge/discharge profiles of the SnO2/GNS nanocomposite electrode 

in different cycles at a current rate of 0.1 C. It can be seen that the SnO2/GNS electrode 

delivered a discharge capacity of 1542 mAh g−1 in the first cycle. From the second cycle, 

the nanocomposite electrode exhibited highly reversible charge and discharge capacities. 

The maximum reversible discharge capacity of 830 mAh g−1 was achieved in the second 

discharge cycle. Specific discharge capacities of 588 and 561 mAh g−1 were obtained in 

the 50th and 100th cycle respectively, which indicates a very stable cycling 

performance. Significant improvement on the specific capacities has been achieved 

compared with bulk SnO2 commercial powders. Fig. 8-8 shows the long-term cycling 

properties of the SnO2/GNS nanocomposite, bare graphene nanosheets and SnO2 

nanoparticles at a 0.1 C current rate. The SnO2/GNS nanocomposite electrode 

demonstrated the highest reversible capacities and the best cycling stability. The 
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nanocomposite electrode delivered a discharge capacity of 1542 mAh g−1 in the first 

cycle and maintained stable capacities from the second cycle for 100 cycles with 

excellent capacity retention. On the other hand, the bare GNS electrode showed a large 

irreversible capacity with reversible discharge capacities during the 100 cycles lower 

than for the composite electrode. The capacities of SnO2 nanoparticles decrease quickly 

upon cycling. The retained capacity was less than 30 mAh g−1 in the 100th cycle. 

Fig. 8-9 demonstrates multiple-step cycling characteristics of the SnO2/GNS 

nanocomposite electrode at 0.05 to 0.1, 0.2, 0.5, and 1 C and then reversing back to 0.1 

and 0.05 C. The nanocomposite electrode was capable of delivering stable specific 

capacities at various current rates and could recover substantial capacities without 

obvious capacity decline when returning to lower current rates. This is indicative of a 

fully conserved microstructure of the nanocomposite electrode after cycling at higher 

current rates. 
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Fig. 8-9 Multiple-step cycling characteristic of the SnO2/GNS nanocomposite electrode 
at different current rates. 

 

Fig. 8-10 shows the AC impedance spectra of the SnO2/GNS nanocomposite electrode 

before cycling, after 5 cycles and after 100 cycles. The intercept on the Z' axis at the 

high frequency region represents the resistance of the electrolyte (Rs), which is 56.2 Ω 

for a fresh cell. The electrolyte resistance slightly decreased to 35 Ω after 5 cycles and 

remained nearly unchanged after 100 cycles (36.2 Ω). The diameters of the semicircles 

on the spectra imply the charger transfer resistances (Rct) at the electrolyte/electrode 

interface. It should be noted that the initial charge transfer resistance was 575.9 Ω 

before it gradually decreased to 242.5 Ω (after 5 cycles) and 95.25 Ω (after 100 cycles) 

upon prolonged cycling. The significantly decreased charge transfer resistance could be 

beneficial for an enhanced cycle life of a SnO2/GNS nanocomposite electrode. The 

overall electrochemical performance of the SnO2/GNS nanocomposite was improved 

compared with bare GNS and SnO2 nanoparticles as graphene nanosheets supported 
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SnO2 nanoparticles on their layered nanostructure. The inserted SnO2 nanoparticles 

reduce the stacking degree of graphene nanosheets and also contribute to the reversible 

lithium storage. Graphene nanosheets in the nanocomposite not only accommodate the 

volume change associated with the reactions between lithium and SnO2 nanoparticles, 

but also provide electrical conductance for the electrodes. The optimized nanoparticle 

distribution and small particle size of SnO2 improve the electrochemical properties of 

the SnO2/GNS nanocomposite prepared by the solvothermal method over those of 

SnO2/GNS nanocomposites prepared by other methods. The well-dispersed SnO2 

nanoparticles effectively prevent the formation of agglomerates on graphene nanosheets, 

thereby inducing an enhanced electrochemical performance. 
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Fig. 8-10 AC impedance spectra of the SnO2/GNS nanocomposite electrode (a) before 
cycling, (b) after 5 cycles, and (c) after 100 cycles. 
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8.4 Conclusions 

A facile solvothermal preparation method was developed to synthesize a SnO2/GNS 

nanocomposite with a uniform nanoparticle distribution. The as-prepared SnO2/GNS 

nanocomposite exhibited improved lithium storage capacity and cycling performance 

compared to those of bare GNS and bare SnO2 nanoparticles. The presence of GNS in 

the nanocomposite could increase the electrical conductivity and buffer the volume 

expansion associated with the lithiation and delithiation processes, leading to a 

significantly enhanced electrochemical performance. The solvothermal approach might 

be applicable for rapid and effective synthesis of other metal oxide/graphene 

nanocomposites. 
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Chapter 9 — Solvothermal Synthesis of CoS2/Graphene 
Nanocomposite Material for High-Performance 
Supercapacitors 

 

9.1 Introduction 

Similar to metal oxides, metal sulfides (MSs) are also electrochemically active as 

electrode materials for supercapacitors.[59-62, 215] They may also be used as spacers to 

keep graphene nanosheets from stacking. Successful attempts at using metal sulfides for 

battery applications have been reported: MoS2/GNS[216-218] and Sn3S4/GNS.[219] 

However, there is no report yet on the application of MS/GNS for supercapacitors. This 

chapter presents, the first reported, solvothermal synthesis of CoS2/GNS nanocomposite 

material for application to supercapacitors. The as-prepared nanocomposite exhibited 

high supercapacitance and stable capacitance retention in both aqueous and organic 

electrolytes. 

 

9.2 Experimental 

9.2.1 Materials Synthesis 

The preparation of CoS2/GNS was conducted by a facile solvothermal method. In a 

typical synthesis process, GONS powders were initially prepared by a modified 

Hummers' method,[36] as previously reported.[35] Then, 80 mg GONS powders were 

dispersed in a 40 ml mixed solution of DI water and ethylene glycol (3:1 in volume) by 

ultrasonication, followed by the addition of 0.3 mmol CoCl2·6H2O and 80 mg 

L-cysteine. The mixture solution was stirred for half an hour and transferred to a 50 ml 
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Teflon-lined autoclave, sealed and heated in an oven at 160 °C for 6 h. The product was 

then collected, washed with water and ethanol three times each and dried in a vacuum 

oven at 60 °C. Finally, the as-prepared CoS2/GNS was thermal treated at 400 °C for 4 h 

in argon gas for enhanced crystallinity. 

 

9.2.2 Materials Characterization 

The XRD pattern of the as-synthesized material was measured using a Siemens D5000 

X-ray diffractometer from 10° to 80° under a scan rate of 1° min−1. The Raman 

measurements of the CoS2/GNS nanocomposite were taken on a confocal MICRO 

Raman Spectrometer with LabRAM HR system using a 632.8 nm He-Ne laser source. 

The spectra were recorded in the range of 200 to 2000 cm−1 with accumulated scans for 

an enhanced resolution. FE-SEM observations were performed using a Zeiss Supra 

55VP FESEM with an Oxford EDS system. The TEM analysis was carried out using a 

JEOL 2011 TEM facility. N2 adsorption–desorption isotherms of the CoS2/GNS 

nanocomposite were obtained on a TriStar II 3020 Surface Area and Porosity Analyzer 

at 77 K. The BET surface area was derived by using the experimental points at a 

relative pressure (P/P0) of 0.05–0.25. The pore size distribution was plotted by using the 

BJH method on the desorption isotherm. The graphene (carbon) content in the 

composite material was determined by TGA on a TGA/DTA analyzer (TA Instruments, 

SDT 2960 module) in air at 10 °C min−1 ranging from room temperature to 1000 °C. 

 

9.2.3 Electrochemical Testing 

To prepare the electrodes for supercapacitors, 65 wt% CoS2/GNS active material, 25 wt% 
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carbon black and 10 wt% PVdF binder were mixed together and thoroughly grinded. 

NMP was added to the mixture to form a slurry. Some of the slurry was then pasted on 

platinum foils and some on nickel foams. The fabricated electrodes were dried under 

vacuum at 100 °C for 12 h. For the electrochemical tests in an aqueous electrolyte, 

three-electrode test cells were assembled with a working electrode (a platinum foil with 

pasted mixture), a reference electrode (SCE), and a counter electrode (a large platinum 

foil). 6 M KOH aqueous solution was freshly prepared as the electrolyte. CV 

measurements were conducted from −0.6–0.4 V vs. SCE at 5, 10, 20, and 50 mV s−1 on 

an electrochemistry workstation (CHI660D). The galvanostatic charge/discharge 

characteristics were examined by a chromapermmtery technique on the same 

electrochemistry workstation. The voltage range was set to be 0–0.35 V with current 

rates of 0.5 A g−1 and 1 A g−1 for 1000 cycles. The electrochemical performance of the 

as-prepared CoS2/GNS nanocomposite was also evaluated in an organic electrolyte in a 

two-electrode configuration. Electrodes with identical or similar masses of pasting 

mixtures on nickel foams were selected for the cell assembly in an argon-filled glove 

box (Unilab, MBraun, Germany), where the moisture and oxygen contents were 

controlled to be less than 0.1 ppm. Two electrodes were assembled face-to-face in a 

coin cell and a glassy fibre was used as the separator. The organic electrolyte was 

prepared by dissolving 1 M LiClO4 in propylene carbonate (PC) in the same glove box. 

The galvanostatic charge/discharge performance was tested on a Neware battery tester 

with current rates of 0.5 A g−1 and 1 A g−1 respectively. The voltage range was set to be 

0–1.5 V for 1500 cycles. For comparison, CoS2 nanoparticles were prepared via the 

same experimental procedure, but without the presence of GONS in the mixture 

solution. Both pure GNS and CoS2 nanoparticle electrodes were also examined under 

the same test conditions in aqueous and organic electrolytes. 
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9.3 Results and Discussion 

The chemical reactions between CoCl2 and L-cysteine have been previously reported in 

detail.[60] Co2+ ions coordinate with cysteine molecules to form a complex in the 

mixture solution. The S-H bond of cysteine is gradually weakened by the strong 

coordination bonds formed by hydrosulfide and Co2+, and is finally broken at high 

temperature. By controlling the molar ratio of CoCl2 and L-cysteine, CoS2 nanoparticles 

are obtained. In the mixed solution, ethylene glycol is used, so that while CoCl2 and 

L-cysteine react to produce CoS2 nanoparticles, GO is simultaneously reduced to 

graphene, thereby ensuring homogenous distribution of CoS2 nanoparticles on graphene 

nanosheets.  

Fig. 9-1 shows the XRD patterns of the as-prepared CoS2/GNS nanocomposite and bare 

GNS. As shown in Fig. 9-1(a), well-resolved diffraction lines are indexed to the 

cattierite CoS2 phase, which is in good agreement with the JCPDS card 89-3056. Two 

typical diffraction peaks (0 0 2) and (1 0 0) of GNS are also seen in Fig. 9-1(a), which 

is consistent with the XRD pattern of bare GNS shown in Fig. 9-1(b). The CoS2/GNS 

nanocomposite was then characterized by Raman spectroscopy (as shown in Fig. 9-2). 

High-intensity D and G bands are located around 1327 cm−1 and 1587 cm−1 respectively 

in the Raman spectra of both CoS2/GNS and GNS. The D/G intensity ratio was higher 

than that of pristine graphite,[34] confirming the presence of graphene nanosheets. The 

D/G intensity ratio of CoS2/GNS nanocomposite is significantly higher than that of the 

bare GNS, which indicates a decreased in sp2 carbon domains,[27] when CoS2 

nanoparticles are embedded between graphene nanosheets. 
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Fig. 9-1 XRD patterns of (a) CoS2/GNS nanocomposite and (b) bare GNS. 
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Fig. 9-2 Raman spectra of CoS2/GNS and bare GNS in the range of 200 to 2000 cm−1. 
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FE-SEM and TEM observations of the CoS2/GNS nanocomposite are presented in 

Fig. 9-3. At a low magnification (Fig. 9-3(a)), corrugated graphene nanosheets are 

found to be well expanded caused by the decoration of CoS2 nanoparticles. These 

nanoparticles are packed closely to each other and homogeneously distributed on the 

graphene nanosheets (Fig. 9-3(b)). TEM analysis further revealed that CoS2 

nanoparticles are anchored on well-separated graphene nanosheets (as shown in 

Fig. 9-3(c)). The corresponding SAED pattern (inset) indicates the co-existence of both 

graphene nanosheets and CoS2 nanoparticles in the nanocomposite. The diffraction 

 

 

Fig. 9-3 FE-SEM and TEM observations of the CoS2/GNS nanocomposite: (a) a low 
magnification SEM image exhibiting general morphology of the nanocomposite; (b) a 

higher magnification FE-SEM image with detailed CoS2 nanoparticle distribution, (c) a 
TEM image showing CoS2 nanoparticles dispersed on a single graphene nanosheet. The 

inset shows the SAED pattern with indexed diffraction rings; (d) an HRTEM image 
presenting lattice-resolved information of CoS2 nanoparticles. The inset displays the 

(1 1 1) crystal planes of CoS2 nanoparticles with a d-spacing of 0.31 nm. 
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rings are indexed to the crystal planes (0 0 1), (1 0 0) and (1 1 0) of graphene and (2 0 0), 

(2 1 0), and (3 1 1) of CoS2 nanoparticles, respectively. Fig. 9-3(d) shows the lattice 

resolved HRTEM image of the CoS2/GNS nanocomposite, in which the (1 1 1) plane of 

the CoS2 nanoparticles was determined to be with a 0.31 nm d-spacing (as shown in the 

inset image). The particle size of CoS2 nanoparticles is about 5–15 nm. 

Fig. 9-4(a) exhibits the N2 adsorption-desorption isotherm of the CoS2/GNS 

nanocomposite and the corresponding pore size distribution (inset, Fig. 9-4(a)). The 

specific surface area of the CoS2/GNS nanocomposite was calculated to be 176 m2 g−1, 

based on the BET method. The majority of the pores in the nanocomposite are about 

3.18 nm in size, as marked in the inset of Fig. 9-4(a). Fig. 9-4(b) shows the TGA 

graphs of both CoS2/GNS and bare GNS. The TGA measurements identified the weight 

losses of both CoS2/GNS and GNS from room temperature to 1000 °C in air. There are 

several stages of weight loss for CoS2/GNS, which could be ascribed to different phase 

changes in the air atmosphere. However, the weight loss from 500 °C to 630 °C is due 

to the burning of graphene in air. This is confirmed by the TGA curve of the bare GNS 

in the same temperature range. Therefore, it can be determined that the weight 

composition of the CoS2/GNS nanocomposite is about 42 wt% graphene and 58 wt% 

CoS2. 

Fig. 9-5(a), (b) and (c) display the CV curves of the CoS2/GNS nanocomposite, bare 

GNS and CoS2 nanoparticle electrodes in 6 M KOH aqueous solution at various scan 

rates. All the CV curves of the CoS2/GNS electrode present a rectangular shape in the 

selected voltage range (as shown in Fig. 9-5(a)). The CV curves are highly reversible at 

different sweep rates and this implies a double layer mechanism of capacitance storage 
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Fig. 9-4 (a) N2 adsorption–desorption isotherms of the CoS2/GNS nanocomposite. The 
inset is the pore size distribution; (b) TGA curves of CoS2 and GNS in air ranging from 

room temperature to 1000 ºC. 

 

on the nanocomposite electrode in 6 M KOH. The CV curves for the bare GNS 

electrode (Fig. 9-5(b)) are very similar to those for the CoS2/GNS electrode with a 

dominant double layer capacitance. However, the CV curves for the bare GNS electrode 

also show weak redox peaks. The appearance of these redox peaks indicates 
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pseudocapacitance arising from the functional groups attached to GNS. This 

phenomenon has been previously reported regarding bare GNS,[167] as discussed in 

Chapter 5. The oxygen-contained functional groups located at the edges and at the 

defects of graphene nanosheets provide a hydrophilic surface in the aqueous electrolyte 

that enhances the double-layer capacitance. The oxygen-contained functional groups 

also interact with metal ions in the electrolyte providing charge-transfer reactions for 

pseudocapacitance that contributes to the overall specific capacitance.[220, 221] 

 

 

Fig. 9-5 CV curves of (a) CoS2/GNS, (b) GNS, (c) CoS2 nanoparticles; and (d) the 
corresponding specific capacitances at sweep rates of 5, 10, 20, and 50 mV s−1 in 

6 M KOH solution. 
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Fig. 9-6 (a) low and (b) high magnified FE-SEM images of the CoS2 nanoparticles. 

 

To identify the electrochemical activity of bare CoS2 nanoparticles, CoS2 nanoparticles 

with sizes of 100–500 nm (Fig. 9-6) were also prepared using the same procedure as 

that of the CoS2/GNS nanocomposite. The CV curves of the CoS2 nanoparticle 

electrode are shown in Fig. 9-5(c), from which a redox couple can be found in a lower 

voltage region. The appearance of these redox peaks suggests pseudocapacitance from 

the redox reactions originated from the CoS2 nanoparticles. The mechanism for the 

redox reactions of CoS2 has not been well studied. However, it has been proposed that 

cobalt sulfide may have a similar mechanism to Co(OH)2 in alkaline electrolyte due to 

the similar redox potentials and the fact that sulfur and oxygen are in the same 

group.[59] Unlike those typical CV curves of CoS reported for supercapacitors,[60, 62] 

the CoS2 nanoparticles in this study showed obly one redox couple, which might be 

related to the following reversible process: 

CoS2 + OH− ↔ CoS2OH + H2O + e− (Eq. 9-1) 

The specific capacitances (calculated from CV curves) vs. scan rates are plotted in 

Fig. 9-5(d). It can be seen that the specific capacitance of all electrodes gradually 

decreases with the increase in scan rate. The CoS2/GNS electrode demonstrated the 



Chapter 9 CoS2/Graphene for Supercapacitors 

 153 

highest specific capacitance of 253 F g−1 at 5 mV s−1 and the best performance among 

all three materials. The bare GNS electrode showed higher capacitance than that of 

CoS2 nanoparticles at various scan rates. 

Fig. 9-7 shows the charge/discharge profiles of the CoS2/GNS nanocomposite, bare 
 

 

Fig. 9-7 Charge/discharge profiles of CoS2/GNS, GNS and CoS2 nanoparticles at (a) 0.5 
A g−1 and (b) 1 A g−1 in 6 M KOH. 
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GNS and CoS2 nanoparticle electrodes at 0.5 A g−1 and 1 A g−1 in 6 M KOH. The 

working potential was shifted to 0–0.35 V because the CV curves indicated that most of 

the capacitance of bare CoS2 nanoparticles is generated in a more positive range. It is 

expected that the CoS2/GNS nanocomposite could deliver high specific capacitance 

because it could utilize pseudocapacitance of the CoS2 nanoparticles decorating the 

GNS. All these materials showed highly reversible charge/discharge cycles. The 

CoS2/GNS electrode undertook much longer charge/discharge processes than those of 

the bare GNS and CoS2 nanoparticle electrodes. This indicates a much higher electric 

storage capacity of the CoS2/GNS electrodes. The long-term cycling performance of 

these three electrodes is shown in Fig. 9-8, which exhibits a relationship of specific 
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Fig. 9-8 Cycling performances of CoS2/GNS, GNS and CoS2 nanoparticles at 0.5 A g−1 
and 1 A g−1 in 6 M KOH for 1000 cycles. 

 



Chapter 9 CoS2/Graphene for Supercapacitors 

 155 

capacitance vs. cycle number at current rates of 0.5 A g−1 and 1 A g−1. The values of 

specific capacitance (C, F g−1) were calculated based on the discharge stages of the 

electrodes by applying the following equation:  

𝐶 = 𝐼𝑡
𝑚𝛥𝑉

 (Eq. 9-2) 

where I represents the constant current (A) applied to the charge/discharge processes, t 

is the consumed time (s) for the discharge process, and m is the weight (g) of the active 

material on the electrode, and ΔV is the potential window (V). 

It should be noted that the CoS2/GNS nanocomposite electrode achieved the highest 

specific capacitances of 314 F g−1 at 0.5 Ag−1 and 293 F g−1 at 1 A g−1 in 6 M KOH. 

These specific capacitances are very stable on cycling for 1000 cycles; outstanding for a 

practical supercapacitor. For the GNS electrode, the specific capacitance reached the 

highest values of 164 F g−1 at 0.5 A g−1 and 160 F g−1 at 1 A g−1. However, these 

capacitances gradually decreased upon continuous cycling. The CoS2 nanoparticle 

electrode exhibited maximum specific capacitances of 179 F g−1 at 0.5 A g−1 and 

174 F g−1 at 1 A g−1, and retained a better cycling stability than the bare GNS.  

The enhancement of the specific capacitance of CoS2/GNS over GNS and CoS2 

nanoparticles could be credited to various factors. These include the expansion of 

surface area caused by insertion of CoS2 nanoparticles between graphene nanosheets; 

the CoS2/GNS nanocomposite has a surface are of 179 m2 g−1 whereas the surface area 

of bare GNS is only 93.7 m2 g−1 (Chapter 5). The enlarged surface area can provide easy 

access and more space for electrolyte diffusion and further enforce electric storage on 

the CoS2/GNS electrodes.[167] Another factor contributing to the enhanced specific 

capacitance of CoS2/GNS over GNS and CoS2 nanoparticles, is that graphene 
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nanosheets are extremely flexible and therefore generate high reversible capacitance for 

a durable cycle life. The disadvantage of the bare GNS electrode is that the surface area 

is quite limited when graphene nanosheets are stacked to multilayers in the dry state and 

this hinders the diffusion of ions from the electrolyte to the electrodes. A further factor 

contributing to the enhanced overall capacitance of CoS2/GNS over GNS and CoS2 

nanoparticles could be the electrochemical active in 6 M KOH of the CoS2 

nanoparticles in the CoS2/GNS nanocomposite. 

Fig. 9-9 illustrates the charge/discharge profiles of CoS2/GNS, bare GNS and CoS2 

nanoparticle electrodes in the organic electrolyte (1 M LiClO4 in PC) at current rates of 

0.5 A g−1 and 1 A g−1, respectively. Similar to their capacitive characteristics in 6 M 

KOH, all the charge/discharge curves present a linear relationship with high 

reversibility in a voltage range of 1.5 V. The CoS2/GNS nanocomposite electrode 

performed much better with longer charge/discharge processes than those of bare GNS 

and CoS2 nanoparticle electrodes. The cycling performance of CoS2/GNS, bare GNS 

and CoS2 nanoparticles at different current rates are shown in Fig. 9-10. The specific 

capacitance of a single electrode (C, F g−1) is twice the measured capacitance of the cell, 

and is derived from the following equation in a two-electrode cell configuration:  

𝐶 = 2𝐼𝑡
𝑚𝛥𝑉

(Eq. 9-3) 

where I represents the constant current (A) applied to the charge/discharge processes, t 

is the consumed time (s) for the discharge process, and m is the mean weight (g) of the 

active material on the selected two electrodes, and ΔV is the potential window (V). 
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Fig. 9-9 Charge/discharge profiles of CoS2/GNS, GNS and CoS2 nanoparticles at (a) 
0.5 A g−1 and (b) 1 A g−1 in 1 M LiClO4 in PC. 

 

In the organic electrolyte, the CoS2/GNS electrode demonstrated much higher specific 

capacitances than the bare GNS and CoS2 nanoparticle electrodes. The maximum 

specific capacitances of the CoS2/GNS nanocomposite were 141 F g−1 at 0.5 A g−1 and 
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Fig. 9-10 Cycling performances of CoS2/GNS, GNS and CoS2 nanoparticles at 0.5 A g−1 
and 1 A g−1, respectively in 1 M LiClO4 in PC for 1500 cycles. 

 

88 F g−1 at 1 A g−1, respectively. The bare GNS showed capacitances of only 71 F g−1 at 

0.5 A g−1 and 69 F g−1 at 1 A g−1. Notably, CoS2 nanoparticles exhibited extremely low 

capacitances of 17 F g−1 at 0.5 A g−1 and 15 F g−1 at 1 A g−1. The significant capacitive 

increase of the CoS2/GNS nanocomposite over the bare GNS and CoS2 nanoparticle 

electrodes in the organic electrolyte could also originate from the benefits of the 

expanded surface area of graphene nanosheets and the extra specific capacitance of the 

CoS2 nanoparticles. The specific capacitance of CoS2/GNS increased significantly when 

the current rate decreased from 1 A g−1 to 0.5 A g−1 in both aqueous and organic 

electrolytes. This is because the decreased current rate allows sufficient time for ions to 

interact with the huge accessible surface area of graphene nanosheets in the 

nanocomposite electrode and for the electrode to accumulate the capacitance gradually 



Chapter 9 CoS2/Graphene for Supercapacitors

 159

over a longer time period. By contrast, the change of current rate from 1 A g−1 to 

0.5 A g−1 leads to no increase in the capacitance of the bare GNS electrode. This could 

be ascribed to the stacking of individual graphene nanosheets in the bare GNS. Despite 

the longer charge and discharge time applying at 0.5 A g−1, the accessible surface area 

for the electrochemical activity on the bare GNS electrode, is still quite limited. 

Consequently, the capacitance remains comparable to the cycling result obtained at the 

high current rate of 1 A g−1. For CoS2 nanoparticles, the aggregation of nanoparticles 

and large particle size are not favourable for ion diffusion and the interactions with 

electrolyte, leading to low capacitance. The cycling stabilities of CoS2/GNS, bare GNS 

and CoS2 nanoparticles in the organic electrolyte are better than those in the aqueous 

electrolyte. All three materials in the organic electrolyte exhibited almost no capacitance 

fading up to 1500 cycles. This could be due to the optimized test conditions, such as 

ultra low level of moisture and oxygen in sealed coin cells. However, the specific 

capacitances of these three materials in the organic electrolyte were lower than those in 

the aqueous 6 M KOH, due to reduced ionic conductivity in the organic electrolyte.  

9.4 Conclusions 

CoS2/GNS nanocomposite was prepared by a solvothermal method, in which 5–15 nm 

CoS2 nanoparticles were sandwiched between graphene nanosheets. The as-prepared 

nanocomposite showed significantly enhanced electrochemical specific capacitances, 

which reached to 314 F g−1 in the aqueous 6 M KOH electrolyte and 141 F g−1 in the 

organic electrolyte at a current rate of 0.5 A g−1. The CoS2/GNS nanocomposite also 

demonstrated excellent cycling stabilities in both aqueous and organic electrolytes. The 

overall electrochemical performance of the CoS2/GNS nanocomposite has been 
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drastically improved, compared to that of bare GNS and CoS2 nanoparticles. The 

embedded CoS2 nanoparticles can effectively increase the accessible surface area of 

graphene nanosheets, facilitate ion diffusion and interactions with electrolyte, and make 

an additional electrochemical contribution towards the overall specific capacitance. The 

outstanding electrochemical properties of the CoS2/GNS nanocomposite may lead to 

applications for high-performance supercapacitors.  
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Chapter 10 — General Conclusions 

 

In this thesis, typical graphene-based nanocomposite materials have been intensively 

studied for energy storage applications: Sn/GNS, Mn3O4/GNS, Co3O4/GNS, S/GNS, 

SnO2/GNS and CoS2/GNS. Their electrochemical performances in supercapacitors 

and/or lithium rechargeable batteries have been evaluated individually as detailed in 

Chapter 4 through to 9. 

Sn/GNS with homogeneous distribution of Sn nanoparticles (2–5 nm) on the graphene 

nanosheet matrix was prepared by an in-situ reduction approach to achieve a 3D 

nano-architecture, which provides the Sn/GNS electrode with high reversible lithium 

storage capacity (795 mAh g−1 in the second cycle and 508 mAh g−1 in the 100th cycle). 

This indicates a much improved electrochemical performance compared to bare 

graphene electrode and bare Sn electrode. 

Mn3O4/GNS was synthesized by mixing MnO2 organosol and graphene suspension with 

a post-calcination treatment. The jammed Mn3O4 particles were ~10 nm in size, densely 

distributed on graphene nanosheets. The as-prepared materials exhibited a high specific 

capacitance of 256 F g−1, which is almost double that of pure graphene nanosheets. 

Co3O4/GNS, consisting of uniform Co3O4 nanoparticles (15–25 nm) distributed on 

separated graphene nanosheets, was also produced for energy storage applications. The 

as-prepared Co3O4/GNS nanocomposite material exhibited a high lithium storage 

capacity of 722 mAh g−1 in lithium-ion cells and a high supercapacitance of 478 F g−1 in 

supercapacitors, showing significant enhancement on lithium storage and 

supercapacitance over pure graphene and Co3O4 nanoparticles. 
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S/GNS nanocomposite material was obtained through use of a simple sulfur 

incorporating technique. The S/GNS nanocomposite material delivered initial lithium 

storage capacities of 1505, 1201, 950 mAh g−1 at 0.05, 1, and 2 C, respectively, and 

maintained quite good cyclability in lithium-sulfur batteries. The sandwich-type 

architecture of the S/GNS nanocomposite material was able to help overcome the major 

disadvantages of lithium-sulfur batteries so that a capacity very close to the theoretical 

capacity of sulfur could be achieved.  

A facile solvothermal preparation method was developed to synthesize SnO2/GNS 

nanocomposite with a uniform distribution of SnO2 nanoparticles (around 5 nm). The 

as-prepared SnO2/GNS nanocomposite yielded an improved lithium storage capacity of 

830 mAh g−1 and enhanced cycling stability for 100 cycles compared to bare GNS and 

bare SnO2 nanoparticles.  

CoS2/GNS nanocomposite was prepared by a solvothermal method, in which 5–15 nm 

CoS2 nanoparticles were sandwiched between graphene nanosheets. The as-prepared 

nanocomposite showed high specific capacitances of 314 F g−1 in an aqueous 6 M KOH 

electrolyte and 141 F g−1 in an organic electrolyte at a current rate of 0.5 A g−1, with 

excellent cycling stability in both electrolytes. The overall electrochemical performance 

of the CoS2/GNS nanocomposite has been drastically improved, compared to that of 

bare GNS and CoS2 nanoparticles.  

It can be seen from the above investigations that by decorating graphene nanosheets 

with nanosized spacers, the formed graphene-based nanocomposites show significantly 

improved electrochemical properties in energy storage applications than pure graphene. 

The enhanced electrochemical performance could be owing to four aspects. Firstly, in 

all cases, graphene plays a crucial role as a highly conducing medium. The addition of 
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graphene in the composite materials can increase the electrode conductivity and benefit 

the charge transfer through electrolyte to electrode, therefore leading to much enhanced 

electrochemical behaviour. This function of graphene worked overwhelmingly well 

when sulfur was incorporated with graphene; the insulating active material was made 

alive and the electrochemical performance improved to the point where the achieved 

capacity was almost equivalent to the high theoretical capacity of sulfur. Secondly, the 

embedded nanocrystals effectively prevented stacking of graphene nanosheets as 

expected. This makes single or few layer graphene nanosheets available for access on 

both sides by active ions, and, increases the specific surface area of graphene to 

facilitate ion absorption/interactions in supercapacitors and accommodate the volume 

expansion arising from the lithium insertion and extraction in lithium batteries. 

Moreover, graphene is able to interfere in the aggregation of nanocrystals and keep 

them well distributed during materials preparation and also during the electrochemical 

activity. The separated nanomaterials can protect the electrode from failure during 

operations, allowing the electrode to achieve a vital cycle life. Last but not least, the 

nanomaterials themselves are electrochemically active and contribute additional 

capacitance or capacity towards the total electrochemical properties. 

In summary, graphene-based nanocomposite materials have been shown to have many 

advances over the stacked, pure form of graphene and to have taken advantage of the 

unique 2D sp2 bonded carbon atoms of graphene to credit electrochemical performance 

in future electronic applications. Years of effort have been put into the research and a lot 

of outcomes related to this topic have been published recently. Nonetheless, the study of 

nanocomposite materials in this thesis makes only a little step forward towards 

realization of graphene-based electronic devices. There are other critical issues 

remaining for consideration, such as compatible electrolytes and well-controlled 
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technical configurations. However, there is no doubt that graphene has great potential in 

future energy storage applications as a cheap but outstanding electrode material.
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Appendix A List of Acronyms and Abbreviations 

 

0-9 

2D — two dimensional 

3D — three dimensional 

 

A 

AAO — anodized aluminum oxide 

AC — alternating current 

AFM — Atomic Force Microscope 

 

B 

BET — Brunauer-Emmett-Teller 

BJH — Barrett-Joyner-Halenda 

 

C 

CV — Cyclic Voltammetry 

CVD — Chemical Vapor Deposition 
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D 

DI — de-ionized 

DME — 1,2-dimethoxyethane 

DOX — 1,3-dioxolane 

 

E 

EDLCs — electrochemical double layer capacitors 

EG — ethylene glycol 

EIS — Electrochemical Impedance Spectroscopy 

 

F 

FE-SEM — Field-Emission Scanning Electron Microscope 

 

G 

GIC — graphite intercalation compound 

GNS — graphene nanosheets 

GONS — graphene oxide nanosheets 
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H 

HOPG — highly oriented pyrolytic graphite 

HRTEM — high-resolution Transmission Electron Microscope 

 

I 

IUPAC — International Union of Pure and Applied Chemistry 

 

J 

JCPDS — Joint Committee on Powder Diffraction Standards 

 

L 

LiTFSI — lithium bis(trifluoromethane sulfon)imide 

 

M 

MSs — metal sulfides 

 

N 

NMP — N-Methyl-2-pyrrolidinone 
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P 

PC — propylene carbonate 

PEG — poly(ethylene glycol) 

PSS — poly(sodium-4-styrenesulfonate) 

PTFE — polytetrafluoroethylene 

PVdF — poly(vinylidene difluoride) 

S 

SAED — Selected Area Electron Diffraction 

SCE — Saturated Calomel Electrode 

SEI — Solid Electrolyte Interface 

SEM — Scanning Electron Microscope 

SSA — specific surface area 

T 

TBABH4 — tetrabutylammonium borohydride 

TEGDME — tetra(ethylene glycol) dimethyl ether 

TEM — Transmission Electron Microscope 
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TGA — Thermogravimetric Analysis 

TOAB — tetraoctylammonium bromide 

 

U 

UTS — University of Technology Sydney 

 

X 

XRD — X-ray Diffractometry 
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