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Abstract 

Hybrid supercapacitors (HSCs) are electrochemical devices that combine the characteristics 

of batteries and supercapacitors in one asymmetric cell. Lithium ion batteries (LIBs) and 

supercapacitors (SCs) represent two ends of the power and energy density spectrum. On one 

end of the Ragone plot spectrum, LIBs utilize faradaic reactions to provide high energy 

densities (150–250) Whkg-1, however, this relatively slow reaction process limits the power 

density of LIBs (<1000 W kg-1). The faradic mechanism intercalates/de-intercalates lithium 

into the active material, which causes changes in the chemical phase and increases the 

likelihood of material degradation, resulting in a limited cycle life (500-300 cycles). On the 

other end of the spectrum, SCs are based on electrostatic charge collection, which involve 

fast, reversible adsorption and desorption of ions on the surface of the active material without 

phase change or chemical reactions. For this reason, SCs are well known for their high power 

densities (~10 000 W kg-1) and long cyclability (>100 000 cycles), however SCs suffer from 

limited energy densities (<10 Whkg-1).  

Combining half-battery and half supercapacitor in one device to bridge the energy/power 

density gap, while improving cycle life is a promising solution to meet the evolving energy 

requirements. However, the rapid fading of the power density, reduced capacitance retention 

and reduced cyclability at high power rates are the main challenges hindering the development 

of HSC devices. The power density decays significantly because the faradic material at the 

battery part can’t adjust its rate of charge-discharge reactions to match the adsorption-

desorption rate of SCs. The capacitance retention and cycle life correspond to the stability of  
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the material on the battery component. To overcome these challenges, it is important to develop 

a new type of nanostructure materials with improved electrochemical capabilities. 

In this work, we investigate a new class of nanostructure materials with high stability and 

improved reaction kinetics for the faradic component of the HSC. The development strategy 

introduces alterations to the intrinsic characteristics of the materials, without changing their 

chemical phase.  The investigated materials included: 1D nickel doped lithium titanate oxide 

nanofibers, 2D vanadium-modified chalcogens nanosheets anchored graphene nanosheets, and 

reconciled 2D vanadium disulfide nanosheets with prominent 3D ultra-small nanoparticles 

attached to graphene nanosheets. The developed materials exhibit outstanding electrochemical 

performance. 

 In chapter 5, we report how a simple and scalable electrospinning technique was utilized to 

synthesis 1D nickel doped lithium titanate oxide nanofibers (Ni-LTONF10). The 

physiochemical characterization confirmed: 1) the successful insertion of nickel into the lattice 

of the lithium titanate oxide nanofibers (LTONF) without changing its chemical structure and, 

2) that the nickel was homogenously distributed throughout the nanofibers to the atomic level, 

resulting in significantly enhanced ion diffusion and electrical conductivity. This unique 

coupling of 1D morphology and nickel doping of LTO was investigated as the anode material 

for lithium ion batteries capable of demonstrating outstanding rate capabilities (up to 50 times 

higher than theoretical capacity (50 C)). The investigated nanofibers also performs 3 times 

better than nickel-doped nanoparticles demonstrated in other recent reports and shows 

outstanding ability to maintain high capacity even at 50 C. Ni-LTONF10 shows 20 times higher  
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capacity compared to un-doped lithium titanate nanofibers at 50 C. Specifically, Ni-LTONF10 

displays an initial capacity of 190 mAhg-1 at 0.2 C which is 9% higher than the theoretical 

capacity of LTO, 150 mAhg-1 at 5 C, 116 mAhg-1  at 20 C and 63 mAhg-1 at 50 C. Additionaly, 

a hybrid supercapacitor was fabricated using Ni-LTONF10, showing superior energy density at 

high power density. The device  was capable of delivering an energy density of 60 Wh kg -1  at 

a power density of 1.5 kW kg-1 and also retained a high energy density of 35 Wh kg -1  at 5 kW 

kg-1.  

In chapter 6, we discuss the development of vanadium-modified binary chalcogens (NiCo2S4) 

wrapped with graphene (VNCS), forming tuned 2D sheet-on-sheet nanostructure. This unique 

material has been synthesized using a facile solvothermal method and is used as an electrode 

material for supercapacitors capable of demonstrating outstanding improvement in cyclability 

and capacitance retention at high power rates. The VNCS material shows a superior 

performance with 430% improvement in capacitance retention at high power rates (50 A g-1) 

and 140% improvement in capacitance retention after 10,000 cycles at 10 A g-1, when compared 

to the un-modified material. Specifically, the VNCS showed an initial capacitance of 1340 F g-

1 at 2 A g-1 and outstanding capacitance retention at 50 A g-1 (1024 F g-1). Impressively, the 

capacitance retention after 10,000 cycles at 10 A g-1 exceeds 90%. These exceptional results 

are considered at the top of reported work in literature as discussed in chapter 6. Moreover, a 

hybrid supercapacitor (HSC) was fabricated using the VNCS showing superior performance. 

The HSC delivers an energy density of 45.9 Wh kg -1 at 0.87 kW kg-1  and maintains a superior  
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energy density of 33.6 Wh kg -1 at 9 kW kg-1 indicating the excellent potential of this material 

in hybrid supercapacitor applications 

The sheet-on-sheet structure reduced particle aggregation, provided larger surface areas with 

more electroactive sites for ion diffusion, enhanced the charge-discharge kinetics, which 

allows for faster electron transport. The morphology and structure characterization techniques 

confirmed that the vanadium is homogenously distributed throughout the binary chalcogens, 

resulting in significantly enhanced material stability at high power rates. HRTEM analysis 

confirmed the role of vanadium in fine-tuning the nano-architecture of the material and showed 

the dislocation in material structure.  

In chapter 7, we introduce the use of a safe and simple solvothermal method to synthesize a 

distinctive, flower bouquet-like, 2D vanadium disulfide (VS2) nanosheet structure with ultra-

small prominent 3D VS2 nanoparticles (10-25 nm) on its surface and anchored on the surface 

of graphene nanosheets (VS2/G). This inimitable material has been tested in supercapacitors 

and showed superior capacitance, cyclability and capacitance retention at high power rates.  

The VS2/G showed 130 % higher capacitance at 1 A g-1 compared to other recent reports and 

remarkably improved capacitance at higher current densities. The material also showed a 

distinctive ability to maintain capacitance after long cycles at high current densities. 

Specifically, VS2/G showed 211 F g-1 at 1 A g-1, 135 F g-1 at 20 A g-1 and 97 % capacitance 

retention after 8000 cycles at 5 A g-1. The VS2/G was tested in a full cell HSC and showed 

superior energy density of 46.93 Wh kg-1 at a power density of 0.91 kW kg-1 and retained high 

energy density of 23.11 Wh kg-1 even when the power density was increased ten-fold (9.40 kW  
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k g-1) highlighting the excellent potential of this material to bridge the gap between battery and 

supercapacitor technologies.  

The unique morphology of VS2 nanosheets embedded on graphene nanosheets with ultra-small 

VS2 nanoparticles distributed uniformly at the surface of the nanosheets was confirmed by 

different characterization techniques including SEM and TEM. The presence of graphene and 

the harmonized synergy between the 2D sheet-on-sheet morphology with the 3D ultra-small 

VS2 nanoparticles has a number of advantages. As such, it 1) hinders the agglomeration of the 

material and provides a large contact area with the electrolyte; and 2) generates strong covalent 

interactions between the VS2 with the graphene surface. These characteristics lead to an 

increase in capacitance due to the increase in the number of electroactive sites and improve the 

charge transfer kinetics, while paving shorter ion diffusion pathways, all resulting in stable and 

reversible charge transfer processes. 

Chapter 8 summarizes and concludes the thesis and suggests potential future works for 

capitalizing on the reported scientific achievements.  The introduction of effective changes to 

the intrinsic characteristics of materials and the development of tuned and novel nanostructure 

materials, using simple and inexpensive methods, pave the way toward the development of 

commercial and industrial scale hybrid supercapacitor devices. Future work can investigate the 

design and development of thick electrodes in an attempt to exploit the high stability of the 

developed materials and increase the material loading on the electrodes leading to higher energy 

densities without scarifying the power densities. The increased working voltage and the long 

cycling life along with the high capacitance retention of the developed materials at high power 
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rates can be used as a base to investigate the design of multi-stack device for industrial scale 

applications such as electrical vehicles, backup systems, transportation, etc. It is also 

recommended to further investigate incorporating the developed material in other energy 

storage and conversion devices.  
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Chapter 1: Introduction 

1.1 The energy challenge  

The developments of portable electronics, electric vehicles, and smart grids are increasing the 

need for reliable energy storage devices with safe operations and high energy and power 

capabilities.2,3 Lithium ion batteries (LIBs) and supercapacitors (SCs) are two examples of 

reliable and cost effective energy storage and conversion technologies. LIBs are based on faradaic 

reactions that can provide high energy densities (hours of operation at a given weight) but suffer 

from low power densities and a limited cycle life. LIBs have been studied extensively in the past 

years as one of the most promising candidates for energy storage applications. However, current 

graphite-based, electrode technologies used in LIBs suffer from limited power capabilities and 

limited cycle life.4 To address these challenges, scientists have investigated a number of 

alternative materials including metal oxides and conductive polymers.5 These efforts are focused 

on reducing the charging time, increasing the amount of stored charge per unit mass or volume, 

increasing cyclability and reducing production cost. 

 Complementarily, SCs are energy storage devices that can provide decent energy densities at 

high power densities over a large number of cycles.6-8 SCs are used in applications where many 

charge-discharges are required in quick successions such as in back-up systems and electrical 

generators. One of the main shortcomings of supercapacitors lies with their low energy density 

compared to current lithium ion battery technology. Therefore, the majority of recent research has 

been dedicated to developing supercapacitors with enhanced energy densities without 

compromising on the power density. Supercapacitors are typically fabricated by introducing high 
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surface-area materials (maximizing the area for electrochemical double-layer capacitance) or 

pseudocapacitive materials including conducting polymers and metal oxides (in order to induce 

charge transfer-based storage).7 Pseudocapacitive materials provide higher energy densities due 

to their redox-based charge transfer mechanism. Combining half a supercapacitor with half a 

battery in one device creates a new class of energy storage devices known as hybrid 

supercapacitors (HSCs) or asymmetric supercapacitors.  

The global market size for SCs increased from $643.4 million in 2012 to $776 million in 2013 

and $1.15 billion in 2016. This growth is expected to continue with an annual growth rate of 19% 

to reach $2.1 billion by 2019. The global market for LIBs have also increased from 16.2 billion 

in 2012 to 22.6 billion in 2016 and is expected to reach 43 billion in 2019.9,10  Based on these 

statistics, we can conceive the growing market for the hybrid supercapacitors if sufficient 

scientific progress can be made to overcome the current development challenges and to bridge 

the gap between supercapacitors and batteries technologies (Figure1-1). The proceeding sections 

will introduce the fundamental principles of SCs and LIBs. Chapter 2 will discuss the theory and 

structure of HSCs in more details. 



 

 3 

 

1.2 Supercapacitors  

The working principle of supercapacitors (SCs) is based on accumulating charge at the interface 

between the electrode surface and the electrolyte known as electrical double layer (EDL or EDLC). 

This physical process is highly reversible, up to thousands of cycles and doesn’t induce chemical 

reactions or phase changes.  A supercapacitor can be constructed with two identical, parallel, carbon-

based electrodes in a cell filled with electrolyte and separated by a membrane (Figure1-2) At open 

circuit, there is no potential difference, however, if we  
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Figure 1-1 Market data for A) LIBs, and B) SCs. The data used to plot the graphs is obtained from energy storage 

association http://energystorage.org and, from ref.1 ) 
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close the circuit and connect the cell to an external power supply, current will start to flow from 

one electrode to the other, generating a potential difference between the electrodes. The charge 

will be separated and accumulated at both ends of the cell in the area between the electrode and 

electrolyte. This is similar to creating two in-series capacitors joined by electrolyte as a 

connector. If we subsequently open the circuit again, the potential difference will continue to 

exist because the charge has already been stored when the solvated ions of the electrolyte were 

attracted to the electrode of opposite charge.  The EDL is a very thin layer (~ 1 nm) with direct 

contact with both electrolyte and electrode surface.  The amount of stored charge depends on 

the surface area of the electrode, therefore activated carbon is an ideal choice for SCs (i.e. 

surface area can reach 2300 m2 per gram).11 The charge-discharge process is very fast (seconds) 

due to the ease of ions movement from the electrolyte medium to the surface of the active 

material and vice versa and because there is no reaction at the interface and is only limited by 

diffusion of the ions to the active sites. In addition to the EDL mechanism, a secondary charge-

transfer mechanism based on reversible faradic reactions can play a role in storing charge in 

SCs. This mechanism is based on storing charge by diffusing ions into the active material and 

inducing phase changes. depending on the type of active material, pseudocapacitance 

contributes typically 5-10 % of the total SC capacitance.12  

 

 

 



 

 5 

 

Figure 1-2. Schematic representation of the working mechanism of supercapacitor and showing 

the charge status at A) open circuit, and B) closed circuit  

 

1.3 Lithium ion batteries  

Lithium ion batteries (LIBs) are comprised of two electrodes, electrolyte and a separator. The 

working principle of LIBs is based on faradic redox reactions, i.e. charge is generated due to 

phase changes in the electrodes and not at the electrode/electrolyte interface, like in the case 

of SCs. The active material is usually constituted of lithium intercalated compounds (Figure1-

3).13,14 During the discharge process, the positive charge ions will travel from the anode to 

cathode through the electrolyte medium, which will force the electrons of the anode to travel 

through the outer circuit generating current flow. These electrons will meet the positive ions 

diffusing into the opposite electrode. This process is reversed during charging operations.15,16  

 

+

++

+

+

+

+

+

+

+

-
-
-
-
-
-
-
-
-

+
+
+
+
+
+
+
+
+ +

+

+

+

+

-

-

-

-

-

Electrode

Separator

Electrolyte ions

A) B)

EDL EDL



 

 6 

LIBs are widely used in many applications, especially in portable electronic devices because 

of their high energy density and low rate of self-discharge when idle. 

 The electrochemical performance of LIBs depends on the type of the active material and 

electrolyte, and as a result, affects the operating voltage. The most commonly-used active 

materials for LIBs are lithium cobalt oxide (LiCoO2), lithium manganese oxide (LMO), lithium 

iron phosphate (LFP) and lithium nickel manganese cobalt oxide (NMC). LiCoO2 is the most 

widely used active material because it has higher energy density compared to the other 

materials, however, it deteriorates quicker when cycled leading to shorter cycle life. LIBs pose 

safety hazards if damaged because they use flammable electrolytes inside pressurized cells. 

 

Figure 1-3. Schematic representation of the LIB structure and working mechanism 

 

1.4 SCs Vs LIBs 

Table 1-1 summarizes the main differences between LIBs and SCs. These differences stem 

from the difference in the charge transfer mechanism.12,15  
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Table 01-1. Comparison between LIBs and SCs 

 LIBs SCs 

Charge storage 

mechanism  

Faradic redox reactions  EDL/Pseudocapacitance  

Power limitations  

 

Reaction-kinetics, active- material, 

and conductivity 

Electrolyte conductivity (how 

quickly ions can diffuse within 

the electrolyte) 

Energy limitations 

 

Mass of active material (bulk) 

 

Specific surface area 

Rate of charge- 

discharge  

Controlled by lithium diffusion 

kinetics  

Controlled by the physical charge 

accumulation 

Cycle life  

limitations 

Material stability and reaction 

reversibility 

Side reactions 

Life-limitations  Thermodynamics stability Side reactions 

Energy density 

(Wh kg-1) 

< 150 < 10 

Power density  

(W kg-1) 

2-15 <14000 

Cycle life 500-3000 >100,000 

 

Charge-discharge 

 time 

Hours  Seconds/minutes 
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Chapter 2: Hybrid Supercapacitors 

This chapter will introduce the main concept of HSCs, energy and power density definitions, 

the structure of HSC, the contributions of LIBs and SCs on HSCs, and the main challenges 

hindering the development of HSC. 

2.1 Chapter introduction  

The conception of creating a hybrid device is to complement the characteristics of batteries and 

supercapacitors; this has attracted the attention of many researchers in the last decade. The 

simplest approach to preparing HSCs is by combining one electrode from a battery and one 

electrode from a supercapacitor in one asymmetric cell. Although HSCs are composed of half 

a battery and half a supercapacitor, they still grouped in the family of SCs (Figure 2-1) due to 

the influential effect of EDL on the overall performance of HSC. The combination of the two 

mechanisms together should, theoretically, increase the maximum charge capacity. The total 

stored charge is determined by the contribution of each half; in other words, the total transferred 

charge should be equal to the sum of the charges on each side of the HSC.17 However, the type 

of the active material used on each electrode and the other cell components govern the amount 

of stored charge, device stability, cycle life, and power and energy densities. The main 

disadvantage of this approach is the mismatch in the amount of delivered power and energy 

densities of each electrode at both low and high current rates. At low current rates, the relatively 

slow faradic reaction kinetics at the battery part will dominate the charge transfer mechanism 

and the respective power and energy densities. When the current rate increases, the rate of  
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faradic reactions will not be able match the EDL’s charge transfer rate. Therefore, at high rates 

of current, the EDL will dominate the cell performance delivering low energy density and a 

power density lower than SCs.12,17 To overcome this, it is crucial to improve the characteristics 

of the electrode material at the battery half to continue to deliver high energy density, while 

simultaneously deliver high power density and match the charge storage and transfer kinetics 

of EDL component.  

 

Figure 2-1. Schematic showing the Hierarchical classification of supercapacitors and related types.  

(Source https://en.wikipedia.org/wiki/User:Elcap/Supercapacitor ) 

https://en.wikipedia.org/wiki/User:Elcap/Supercapacitor
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2.2 Energy and power densities  

Energy density is the amount of energy stored per unit mass (Wh g-1) or per unit volume (Wh 

cm-3). Energy density is a function of the specific capacitance and operating voltage of the 

device as shown in Equation 2-1:18,19   

𝑬 =
𝟏

𝟐
𝑪 𝑽𝟐    (2-1) 

Where E is the specific energy density (Wh g-1), C is the specific capacitance (Farad g-1), and V 

is the operating voltage (Volt).  

Power density measures the ability to deliver power. In other words, it is how quickly the energy 

storage system can discharge the stored energy per unit mass or volume. Power density is 

calculated using the following equation: 18,19 

𝑷 =
𝐸

𝑑𝑡
                              (2-2) 

Where P is the power density (W g-1), E is the energy density (Wh g-1), and dt is the time (h).  

The difference in energy storage technologies leads to different energy and power capabilities. 

The relationship between the energy density and power density of different energy storage 

devices is summarized in what is known as Ragone plot (Figure 2-2). The classification of the 

performance of newly developed hybrid devices is assessed by their location on the Ragone 

plot and their proximity to other devices.  For example, high quality HSCs should have a 

performance that can surpass both LIBs and SCs on the Ragone plot. 
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Figure 2-2. Ragone plot showing the relationship between energy density and power density for different 

energy storage devices (source of image Wikipedia www.wikipedia.com) 

2.3 Structure  

This section will introduce the structure of the asymmetric, HSC and the function of each 

component. The main components of HSC are similar to LIBs and SCs: cathode and anode, 

electrolyte, and separator as shown in in Figure 2-3.  

2.3.1 Anode and cathode  

The selection of the proper materials for the cathode and anode depends on a number of 

factors:12,20 1) specific surface area (SSA): the electrostatic accumulation from EDL are stored 

at the surface of the active material. Therefore, high SSA such as activated carbon will allow 

for more charge storage sites. 2) electrical conductivity: conductivity is an important factor in 

determining the charge transfer kinetics; highly conductive materials can operate under higher  
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current densities and allow for faster reaction kinetics, which will lead to higher rate 

capabilities and capacitance retention. 3) material stability: it is important to select materials 

with high mechanical and chemical stability. The material stability is the crucial factor to 

determining the cycle life of HSC. Lastly, 4) cost and safety:  the selection of safe, abundant 

and cost-effective materials is an essential factor to the practical implementation of HSC 

electrodes. The faradic part in HSC will act like the “energy” provider and the EDL part will 

act like the “power” provider 

 

 

Figure 2-3. Schematic depicting the structure of hybrid supercapacitor and showing the main 

components and the charges transfer principles. 
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2.3.2 Separator  

The separator in HSC is ideally placed in the center of the device, equidistant from each 

electrode. The separator’s primary function is to prevent direct contact between the two 

electrodes, while simultaneously allowing ions to diffuse across the device. Number of factors 

need to be considered when selecting the proper separator such as: 1) mechanical stability and 

permeability, 2) chemical stability in different electrolytic mediums, 3) ion conductivity, which 

allows for facile diffusion through the separator membrane (less resistance) and, 4) electrical 

conductivity; poor electrical conductivity is required to avoid shorting the circuit. Most 

commonly used separators in HSC are made of polyethylene, polyvinyl alcohol, polyolefin, and 

polypropylene.21  

2.3.3 Electrolyte  

The thermodynamic stability of the electrolyte determines the operating voltage, which directly 

affects the energy and power densities. Selecting the proper electrolyte depends mainly on the 

chemical stability of the active material in the electrolyte medium. Other factors to consider 

also include:20,22 1) chemical and thermal stability of the electrolyte itself, 2) conductivity; good 

ion conductivity and poor electrical conductivity are required 3) ionic concentration and purity; 

the concentration depends on the loading of active material and high purity is essential 

requirement, 4) size of solvated ions; the size of solvated ions need to be smaller than the pores 

of the separator membrane, 5) viscosity;  reasonable levels of viscosity is required to minimize 

the diffusion resistance of the ions in the electrolyte, 6) cost, and 7) safety and environmental 

impacts.    
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The most common electrolytes are dissolved in organic or aqueous solvents. Organic 

electrolytes can operate under relatively high potential windows (2.5 - 3.5 V) which is crucial 

to increasing the energy density. However, organic electrolytes are flammable, expensive and 

require strict atmospheric controls during device fabrication (within glove box) to ensure 

chemical stability. 20  On the other hand, aqueous electrolytes are safer, inexpensive, abundant, 

and chemically stable in regular room conditions.  However, aqueous electrolytes suffer from 

a limited operating voltage window. The working voltage of the aqueous electrolytes is 

determined by the electrolyte type and can reach up to 2.0 V.17,22,23 

  In addition to organic and aqueous electrolytes, ionic liquid electrolytes composed from anions 

and cations (i.e. molten salts) are also used in energy storage device.  Ionic liquids are known 

for their high chemical and thermal stability and high working voltage (up to 4.0 V). However, 

ionic liquid electrolytes tend to be more expensive and suffer from high viscosities and low 

ionic conductivities. 22  

2.4 The Working principle  

As mentioned earlier, the SC component in a HSC device will generate charge using EDL and 

pseudocapacitance mechanisms while the battery component will generate charge using faradic 

redox reactions only. When the surface of SC electrode is exposed to electrolyte, a very thin 

EDL layer is formed at the electrode-electrolyte interface as seen in Figure 2-4. This layer is 

called electrical double layer (EDL or EDLC) because two layers of charges will be formed at 

both sides of the interface between the electrolyte and electrode. The first layer of charges is 

made of the adsorbed ions accumulated at the surface of active material.  The second layer is  
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called the diffusion layer, which includes the charges attracted to the surface of active material 

by coulombic forces and thermal motion of the solvated ions in the electrolyte.12 

 

 

Figure 2-4.  Schematic illustrating the EDL charge accumulation mechanism and showing the two layers 

of adsorbed ions and diffusion layer. 

Pseudocapacitance happens when the de-solvated electrolytes ions diffuse into the bulk of 

active material causing redox reactions. Pseudocapacitance occurs only with EDL and they 

both contribute to the overall capacitance of the SC part in HSC. The level of the contribution 

of pseudocapacitance increases with increasing the operating voltage which acts as a driving  
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force towards the migration of the de-solvated ions. The contribution of pseudocapacitance is 

also affected by the  design of the electrodes and the type of the used electrolyte.24 The overall 

specific capacitance of SCs is measured in Farad per gram and is expresses in equation 2-3 

shown below:25  

C= Q/mV                         (2-3) 

Where C is the specific capacitance (Fg-1), Q is the stored charge (coulombs), m is the mass of 

the active material (g), and V is the working voltage range (V).  

Since two mechanisms contribute to the overall capacitance, the theoretical capacitance for each 

mechanism can be calculated separately using equations 2-4 and 2-5 below:12,25 

 For EDL:  C= ɛr ɛo A / d    (2-4) 

Where ɛr is the relative permittivity of the EDL (Fm-1), ɛo is the permittivity of vacuum (Fm-1), 

A is the specific surface area of the active material (m2), and d is the width of EDL (m). 

Pseudocapacitance:    C = n F / (M V)                  (2-5) 

Where n is the number of the electrons involved in the faradic reaction, F is Faraday’s constant 

(96485 C mol-1), M is the molecular weight (g mol-1), and V is the working voltage range (V). 

The working principle for the battery component is similar to conventional LIBs discussed in 

section 1.3. The amount of ions and electrons generated from the chemical redox reactions 

determine the capacity. The theoretical capacity (mAhg-1) can be calculated based on the faradic 

reactions formula. For example, the reaction for LiC6 is shown in equation 2-6 below:  

Li+ + e− + C6 ↔ LiC6                 (2-6) 

The theoretical specific capacity is calculated using equation 2-7:15  
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Cs = eF (nM)-1 = 1× 96485 ∕ 6 × (12) = 372 mAhg-1   (2-7) 

Where Cs is the specific capacity in mAh g-1, e is number of electrons, F is Faraday’s constant 

(96485 C mol-1), n is the number of moles reacted, and M is the molecular weight (gmol-1).  

Similarly, we can calculate the theoretical specific capacity for the reaction of LiCoO2 shown 

in equation 2-8:  

LiCoO2 ↔ 0.5Li+ + 0.5e− + Li0.5CoO2                                      (2-8) 

The theoretical capacity is equal to 272 mAhg-1 (1C).  The theoretical capacity is measured by 

C-rate (mA g-1). 1C rate means that the applied discharge current can completely discharge the 

battery in 1 hour.  

Combining the two different mechanisms in one hybrid device will dictate the operating voltage 

window and, overall energy and power output of the device. To elaborate, Figure 2-5 

schematically illustrates the process of combining half a battery and half a supercapacitor. 

Figure 2-5A shows half a supercapacitor (one electrode) and its corresponding charge-transfer 

profile. The potential profile is linear because the EDL mechanism is based on physical 

collection of charge on the surface of the active material. Thus, the energy stored in the 

capacitor half will be equal to the area of the triangle shown in Figure 2-5A.26 On the battery 

component, the faradic material follows the Nernstian behavior, which includes a phase change 

and reaching an equilibrium. During equilibrium, the driving forces moving the charges will be 

at stabilized status leading to voltage plateau, thus, the energy stored in half battery will be 

equal to the area under the curve shown in Figure 2-5B.26  Combining the two different types 

of electrodes in one device will merge the high power density characteristic of EDL materials  
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(and low energy density) with high energy density of the faradic redox material (and low power 

density) as shown in Figure 2-5C. This merger will be accompanied with an increase in the 

working voltage window, which in turn, should theoretically lead to an increase in the energy 

density and power density. However, the slow reaction kinetics of the faradic part compared to 

EDL component will limit the hybrid device capabilities in transferring all available charge in 

both ways (charge-discharge) and reaching its maximum energy storage and power 

capabilities.17,27    

 

 

Figure 2-5. Schematic representations of a single electrode system (a), capacitor (b) battery and (c) an 

asymmetric capacitor system with an aqueous electrolyte according to the charge–potential profile with 

corresponding equations for energy storage.  E is the energy density, q is the charge, and V is the voltage. 

(re-printed from Ref.26 with permission from Chemical Society Journal). 
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2.5 Development challenges  

Blending the best characteristics of LIBs and SCs technologies have inspired researchers in 

the last decade. Despite the incremental advancements in developing novel materials for 

EDLC, materials with high surface area such as activated carbon and graphene remain the 

ideal material for the SC segment.28,29 Therefore, researchers’ efforts were mainly focused on 

investigating materials for the faradic factor of the HSC: including metal oxides, such as 

RuO2,
30 MnO2,

31 Li4Ti5O12,
19 V2O5

32 and Co2O3;
33 metal sulfides, such as MoS2,

34 NiCo2S4;
35 

and, conducting polymers such as polyaniline36 and polypyrolle.37 However, despite the recent 

success in improving the energy density of the HSC, the low power density and limited cycle 

life are still challenging factors in hybrid supercapacitors.17,22 The power density decays 

significantly because faradic materials can’t adapt their reaction mechanism to gain/release 

charge near EDLC’s high power rates . High current densities will force the faradic piece to 

charge/discharge quicker, which can accelerate the degradation of the faradic active material 

leading to poorer cycling performance and possible fire risk.17 

To overcome these issues, two fundamental approaches can be utilized: 1) develop new 

nanostructure materials with modified characteristics and superior performance and, 2) design 

an asymmetric device with controlled charge reaction kinetics on both cathode and anode 

electrodes.  
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Chapter 3: Thesis Objectives and Strategy 

3.1 Objectives and strategy  

The ultimate objective of this work is to develop a new nanostructure faradic materials capable 

of delivering high energy densities and high power densities, with high stability and long life 

for hybrid supercapacitor applications. To accomplish this, a new strategy is implemented to 

improve material capacitance and operating voltage in order to increase the energy density 

and enhance material characteristics to improve the cycle life. This will be done 

simultaneously with careful control of the charge transfer kinetics on each side of the hybrid 

supercapacitor to maintain high power density. The thesis strategy is based on increasing the 

locations for charge storage and provide faster channels of charge transfer between the two 

sides of HSC. The hypothesis of this approach is based on developing nanostructure material 

capable of meeting the followings: 1) increased number of electroactive sites, 2) wide contact 

area between the active material and the electrolyte, 3) improved electrical conductivity, 4) 

shorten diffusion paths, 5) fast and more stable charge transfer kinetics and lastly, 6) ability 

to operate under high voltage range without material distortion.  

To achieve this, it is important to identify the shortcomings of the selected materials and 

introduce influential and permanent changes to the intrinsic characteristics of the 

nanostructure materials to be capable of meeting all the above points in a harmonized synergy. 

An example is binary metal sulfide, which have shown to provide improved initial capacitance 

and higher conductivity than their oxide variants. However, binary metal sulfides 

nanoparticles such as NiCo2S4 (NCS), suffer from limited cyclability, material instability and  
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conductivity decay. Our strategic approach for improving this material is to insert a highly 

conductive element (vanadium) into the lattice of NCS, without affecting its chemical 

composition, while rooted on graphene nanosheets. This approach has led to remarkable 

changes in the material morphology; from 3D nanoparticles to 2D elongated nanosheets and 

the formation of ordered crystal-structured vanadium modified NCS nanosheets (VNCS) 

anchored on the surface of graphene nanosheets. This have resulted in superior 

electrochemical performance at high power rates, and remarkable stability over long cycling 

periods with high capacitance retention. Similar strategies were applied for other investigated 

materials, as discussed in the relevant chapters.  

To reiterate, the specific objectives of the thesis are the followings: 

• Design and development of unique nanostructure materials, capable of delivering energy 

densities higher than 20 Wh kg-1 at a power density around 1 kW kg-1.   

• Achieve long cyclability more than 5000 cycles with at least 70 % capacitance retention 

compared to the capacitance at the first cycles.  

• The developed nanostructure materials should be capable of operating at high power rates 

without significant loss of capacitance. 

• The use of simple, inexpensive and scalable synthesis methods to open the door for potential 

commercialization of these technologies.  

The strategy and research process of this thesis is shown in Figure 3-1. The details of the used 

approach for each material is discussed in the relevant chapter.   



 

 22 

 

Figure 3-1. Schematic depicting the work flow strategy of this thesis. 

Stability

Cost

Material Design

Done 
Before?

Material Synthesis

Electrochemical 
Test

Objectives

Yes

Synthesis Method

Voltage Window

Asymmetric Design

Electrolyte

Cost

Time

Safety

Characterization

Literature Review

Yes

Difficult

No

Average

Ordinary

Reproducibility

Literatu
re R

eview
, Im

p
ro

vem
en

ts
Capacitance

Conductivity

Unique

Simple

Superior

No



 

 23 

3.2 Investigated solutions  

The adopted strategy discussed in the previous section led to the development of three 

approaches to achieve the desired objectives. These three approaches shown in Figure 3-2 

include the development of the followings: 1) multigrain electrospun 1D nickel-doped lithium 

titanate nanofibers synthesized by a simple electrospinning process, 2) vanadium-modified 

2D chalcogens rooted on 2D graphene nanosheets prepared by energy efficient and 

inexpensive solvothermal method, and 3) reconciled 2D and 3D vanadium disulfide anchored 

on 2D graphene nanosheets prepared by solvothermal method.  

 

Figure 3-2. Schematic summary showing the three approaches used to develop advanced nanostructure 

materials meeting the objectives of this thesis. 
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3.3 Thesis outline  

An introduction to the fundamentals of supercapacitors and lithium ion batteries is discussed in 

chapter 1. Chapter 2 provides information about hybrid supercapacitor fundamentals including 

structure, working principle and development challenges. Chapter 3 introduces the overall 

thesis objectives and provides a simplified breakdown of the project tasks. The proceeding 

chapters will provide detailed information about the work done throughout this thesis. Chapter 

4 refers to the experimental procedures, characterization techniques and synthesis methods used 

in this work. Chapter 5 provides in-depth information about the development of unique 1D 

multigrain electrospun nickel-doped lithium titanate nanofibers. The development of novel 

modified 2D chalcogens with tuned nano-architecture rooted on 2D graphene substrate is 

discussed in chapter 6. Chapter 7 introduces the development of reconciled 2D vanadium 

disulfide nano-architecture with overlapped anatomy with 3D vanadium disulfide nanoparticles 

and anchored on 2D graphene nanosheets.  Chapter 8 provides the conclusion and summary of 

the work done throughout the thesis and highlights recommendations for future work that can 

capitalize on the reported scientific achievements to build commercial HSC devices. 
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Chapter 4: Experimental Methods and Characterization Techniques 

         This chapter will introduce the theory of the synthesis methods, electrochemical testing 

and characterization techniques used in this work. The detailed experimental procedures, 

performance results and characterization analysis for each one of the developed materials are 

discussed in the proceeding chapters. 

4.1 Synthesis methods 

One of the main objectives of this work is the use of simple, scalable and inexpensive 

production methods.  To achieve this, two synthesis methods were employed to produce the 

developed materials: electrospinning and solvothermal treatment.  

4.1.1 Electrospinning  

Electrospinning is a facile and low-cost method used to synthesize 1D nanofibers. Typical 

electrospinning system can be built easily (Figure 4-1) from four simple parts: 1) injection 

pump, 2) syringe containing the precursor solution, 3) power supply, and 4) metallic collector. 

The principle of electrospinning is based on applying a high voltage between an injected 

solution droplet and an opposing collector. Charge accumulation on the droplet surface causes 

electrostatic repulsion with the surface tension force which stretches the droplet to form what 

is known as Taylor cone.38 When the applied voltage reaches a critical value, the force of the 

electric field overcomes the surface tension force and the fiber jet elongates and is deposited 

on a collector. Electrospinning is affected by a number of parameters, such as:39,40 1) solution 

viscosity and concentration, 2) applied voltage, 3) flow rate, 4) solution conductivity, and 5)  
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distance between the needle tip and the collector. The main advantages of electrospinning are:  

1) low cost, 2) scalability, 3) simplicity of the experimental setup, and 4) the high surface area 

and small pore size of the synthesized fibers. The main disadvantages of electrospinning are 1) 

difficulty in obtaining uniform thickness of the fibers, 2) fiber disruption, and 3) formation of 

large beads.39,40 It is important to use a sufficiently viscous polymer precursor solution and 

optimize the experiment parameters to overcome these disadvantages.41 

4.1.2 Solvothermal  

The solvothermal method is a simple, energy efficient and inexpensive process that allows for 

controlling the physical and chemical characteristics of the end product by controlling the 

reaction parameters. Solvothermal method refers to the use of organic solvent as a medium for 

a chemical reaction that involves heating to a temperature higher than the boiling point of the 

used solvent.42 The reaction happens in a closed system, where all the reactants are placed in a 

Teflon liner that is inserted into a stainless steel autoclave. The autoclave is tightened and placed 

inside a heating oven. The solvothermal reaction occurs under moderate to high temperatures 

and pressures to magnify the interaction between precursors during synthesis. The design of the 

solvothermal synthesis procedure depends on a number of factors including:43 1) the physical 

and chemical properties of the used precursors such as solubility and thermal stability, 2) the 

physical and chemical properties of the used solvent such as viscosity, polarity and 

decomposition temperature, and 3) the percentage of the volume used in the Teflon liner; it is 

important not to exceed 80% of the total volume to avoid safety risks.    
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Figure 4-1.  A) Schematic illustrating the electrospinning setup with the main four parts shown. B) 

Schematic representation showing the change in the distribution of charge as the droplets leaves the tip of 

the needle (area 1 in Figure A), and C) schematic showing the elongation of fibers and the competing forces. 

(Figures B and C are obtained from Wikipedia https://en.wikipedia.org ) 
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4.2 Characterization techniques  

Physicochemical characterization is important to understand the relationship between 

electrochemical performance and the characteristics of the developed materials (i.e.  chemical 

composition, physical morphology and structure). Physicochemical investigation is a crucial 

step in the strategic loop used in this thesis. Understanding the effect of materials’ structure and 

chemical composition on the electrochemical performance is essential to identify the 

shortcomings of the material. This can help in refining the design of the synthesis procedures. 

The following sections will introduce the theory and the importance of the used characterization 

techniques.  

4.2.1 Scanning electron microscopy  

Scanning electron microscopy (SEM) is a high resolution imaging technique (Figure 4-2) used 

to examine the morphology of materials in the micro and nano scales. The working principle of 

SEM involves directing a beam of short-waved electrons onto the surface of the inspected 

sample. The electron beam is generated from an electrons gun (two wires connected to high 

voltage source, 15-30 KVA), the beam is focused on the sample by set of electromagnetic 

lenses. When the electrons beam hit the sample’s surface; secondary and backscattered 

electrons will be captured by detectors fixed above the sample. The electrons beam is raster 

scanned over the inspection area and the detected electrons will be converted into electrical 

signals which are processed by a data acquisition system to generate the final image of the 

inspected area.44  
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Figure 4-2. Schematic depicts the SEM with the main components shown. (Source of image: Wikipedia 

https://en.wikipedia.org ) 

4.2.2 Transmission electron microscopy  

Transmission electron microscopy (TEM) is a very powerful imaging technique that provides in-

depth information about the physical characteristics of the investigated sample at the nano and 

atomic scales. The working principle is based on directing electrons that are generated by field 

emission beam onto the sample.  When the electrons reach the sample, they will be transmitted 

through the sample and captured by detectors. The captured electrons will be transformed into 

electrical signals and converted into high resolution images that can help visualize the material 

morphology and crystal orientation at the atomic level. TEM imaging techniques include low 

resolution TEM, high resolution TEM, selected area diffraction (SAD), high angle annular dark- 

https://en.wikipedia.org/
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   field scanning transmission electron microscopy (HAADF-STEM), elemental distribution    

   mapping, and electron energy loss spectroscopy (EELS).45 

4.2.3 Energy dispersive X-ray spectroscopy  

 Energy dispersive x-ray spectroscopy (EDS) is a quantitative and qualitative analysis technique 

that is used for the identification of the sample’s chemical composition through elementals 

analysis. EDS is usually coupled with SEM and TEM and can be done simultaneously with 

imaging. The collision of the electrons with the sample will emit x-rays which can be captured 

by a detector. The analysis of the binding energy of the emitted x-rays versus reference 

fingerprints for different elements enables the identification and quantification of the material’s 

chemical composition.45 

4.2.4 X-ray diffraction  

  X-ray diffraction (XRD) is an important and fast analytical technique (Figure 4-3) that is used 

to identify the crystal structure of the investigated sample and provide information about unit 

cell dimensions.  X-rays with specific wavelengths are emitted from a beam source at specific 

angle toward the inspected sample. When the x-rays bombard the sample, they will interact 

with the material atoms before being reflected with different intensities and creating a pattern. 

The diffracted x-rays will be collected by a detector and processed to generate spectrum which 

will be compared versus well known fingerprints for materials to identify the investigated 

material. The lattice spacing can be found using the relationship between the angle of diffraction 

and the specific crystal orientation using Bragg’s law shown in the following equation:46   
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2dsinθ = nλ   (4-1) 

Where n is the order of the spectrum (integer number), λ is x-ray wavelength, d is the distance 

between the sample plane, and θ is the introduced x-ray angle to the surface of the material.  

 

Figure 4-3. Schematic illustrating the XRD working principle and showing examples of the generated XRD 

pattern spectrums.  

4.2.5 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) also known as electron spectroscopy for chemical 

analysis (ESCA) is a very powerful analysis technique that can provide qualitative and 

quantitative information about the investigated materials. XPS is a surface-sensitive technique 

capable of measuring the elemental composition at a very high precision for the atoms existing  

X-ray

d

θθ

dsinθ

X-ray

Detector

0 20 40 60 80

39

78

117

156

195

B

D

F

H

J

L

A

10 20 30 40 50 60 70 80

0

50

100

150

200

250

300

In
te

n
s
it
y
 

Angle ( two theta)



 

 32 

at 0.5 to 10 nm from the surface of the sample. XPS provides detailed information about the 

chemical formula and chemical state of the materials. The working principle (Figure 4-4) is 

based on sending an X-ray with known energy to bombard the surface of the examined material 

causing vibrations in the atomic bonding and emissions of electrons. The emitted electrons are 

counted and their kinetic energy is measured. By calculating the change in total energy between 

the sent beam and the emitted electrons, the energy needed to excite and emit these electrons can 

be calculated, which will be equal to the binding energy of these electrons. The binding energy 

is characteristic of the atom type and chemical state.47    

 

Figure 4-4. Schematic showing the working principle of XPS using copper as an example (source of 

image: Wikipedia https://en.wikipedia.org) 

 

https://en.wikipedia.org/


 

 33 

4.2.6 Thermogravimetric analysis  

 Thermogravimetric analysis (TGA) is an analysis technique that measures the change in the 

weight of the investigated sample versus temperature increase at fixed rate or versus time at 

fixed temperature. TGA can provide useful information about the composition of the tested 

sample as a function of mass loss or mass gain.48  

4.2.7 Brunauer–Emmett–Teller  

Brunauer–Emmett–Teller (BET) is a useful analysis theory that provides information about the 

specific surface area of the investigated materials. BET is based on measuring the physical 

adsorption of a nitrogen multilayer as function of relative pressure. The BET instruments are 

usually equipped with Barrett-Joyner-Halenda (BJH) pore size and volume analyzer that can 

provide information about the pore area and pore volume from the adsorption-desorption 

measurement.49  

4.2.8 Raman spectroscopy 

Raman spectroscopy is an analytical technique that can provide qualitative and quantitative 

information about the chemical composition of the investigated materials based on vibrational 

spectroscopy. The measurement theory is based on sending a laser monochromatic light at a 

known frequency onto the material and analyze the intensity of the scattered light. When the 

laser beam hits molecules in the material, a shift in energy will happen due to the interaction of 

light with the molecule causing shift in the vibrational energy levels of the excited molecules. 

Plotting the intensity of the shifted energies versus the frequency of the inbound light will  
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generate a spectrum that can be used to identify and quantify the investigated material using 

well known molecular fingerprints.50   

4.3 Electrochemical performance testing  

Number of techniques were utilized to evaluate the electrochemical performance of the 

developed materials throughout this work. These techniques include cyclic voltammetry, 

galvanostatic charge-discharge, rate capability, and durability test. This section will introduce 

the testing theories.    

4.3.1 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is a potentiodynamic electrochemical evaluation technique that is 

based on sweeping the potential of the working electrode between two voltage limits at a fixed 

voltage scan rate. In a typical CV experiment (Figure 4-5A), the potential of the working 

electrodes will be increased at specific scan rate until reaching certain potential value. Once the 

targeted potential value is reached, the process will be reversed and potential will be reduced at 

the same scan rate until reaching the lower potential value. The process of voltage sweep will 

create a voltage difference between the working electrode and the counter electrode which will 

force electrons to move back and forth between the two electrodes generating current in the 

external circuit. The resulting current, voltage, and time are recorded and analyzed which 

provide valuable information about the characteristics of the material such as the redox 

behaviour, reversibility, specific capacitance, charge transfer kinetics, and material stability.51  
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4.3.2  Galvanostatic charge-discharge  

Galvanostatic charge-discharge (CD) is a well-established measurement technique that can 

provide useful information about the electrochemical characteristics of the cell. The test 

protocol is based on charging and discharging the working electrode at a fixed current density 

within a specific voltage window. In a typical CD experiment, when the working electrode is 

charged or discharged at fixed current density, the amount of charge transferred between the 

electrodes will remain constant. The change in potential and time are measured and varied 

based on the current density that is applied. The analysis of the voltage and time dynamics 

with current density can provide useful information about electrochemical characteristics of 

the investigated materials. The specific capacitance can be calculated from the charge-

discharge curve (Figure 4-5B) as per the below equation:19,52  

CS = I /(m ΔV/ Δt)           (4-2) 

Where CS is the specific capacitance (F g-1), I is the discharge current (A), m is the mass of 

the active material (g) and ΔV/Δt is the discharge curve slope (V s-1) obtained after the voltage 

drop. 
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Figure 4-5.  Two examples of electrochemical performance evaluation techniques. A) cyclic voltammetry 

(CV), and B) charge-discharge (CD). The investigated material is activated carbon. (reprinted from Ref.53 

with permission from the Royal Society of Chemistry) 
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densities versus the theoretical values of the material or versus performance at low current 

densities. The analysis of the rate capability behaviour provides useful information about the 
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current rates is an indication of the material’s high stability and fast charge transfer kinetics. Such 

material can be good candidate for HSC applications.52  
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to the performance of the first cycle. Durability test is also an indication of stability and reaction 

reversibility.52 

4.3.5  Electrochemical impedance spectroscopy  

The impedance can be defined as the opposition to current flow or voltage change.52  

Electrochemical impedance spectroscopy (EIS) provides information about the resistance of 

electrodes and electrolyte, as well as the charge transfer process. EIS measures 

the impedance of the cell over a range of frequencies. 

4.4 Test configurations 

Two types of cell configurations were used throughout this work; two-electrode system and 

three-electrode system. The following section provides insight into each system. 

4.4.1 Two electrode cell   

Two-electrode setup is a simple configuration to measure the electrochemical performance of 

the developed materials. It is constructed by placing the two electrodes opposite to each other 

and separated by membrane and electrolyte. One of the electrodes will be the working electrode 

under investigation and the other electrode will act as counter and reference electrode at the 

same time.52 In this work, we used the two electrodes system to construct a coin cell inside a 

glove box when organic electrolyte is used.  

4.4.2 Three electrode cell 

Three electrode system is a basic analysis configuration that is used to study the electrochemical 

behavior of the investigated material when it is important to fix the potential at the  

https://en.wikipedia.org/wiki/Electrical_impedance
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material/electrolyte interface in order to obtain a high precision measurement. Three 

electrode setup can be easily used with aqueous electrolytes due to the possibility of 

running the electrochemical evaluation under regular room conditions. Typical three 

electrode cell (Figure 4-6) consists of working electrode (WE), counter electrode (CE) and 

reference electrode (RE) immersed in an electrolyte solution. The investigated material is 

deposited on the working electrode. The role of the CE is to ensure that current will not 

flow through the RE and change its potential. Depending on the type of electrochemical 

test, the change in  current or potential that happen due to the transfer of charges between 

the WE and CE will be recorded versus standard values of the reference electrode.52  

 

 

Figure 4-6. Schematic depicting the three-electrode electrochemical evaluation setup. This example uses 

nanowire WE, Ag/AgCl as RE, and Pt. coil as CE. (reproduced from Ref.54 with permission from The 

Royal Society of Chemistry) 
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Chapter 5: Multigrain Electrospun Nickel Doped Lithium Titanate      

Nanofibers with High Power Lithium Ion Storage 

        This chapter is reprinted in adjusted format from Ref.19, with permission from the Royal 

Society of Chemistry:  

Salah Abureden, Fathy M Hassan, Gregory Lui, Wook Ahn, Serubbabel Sy,  Aiping Yu, and 

Zhongwei Chen,  “Multigrain Electrospun Nickel Doped Lithium Titanate Nanofibers with 

High Power Lithium Ion Storage”, Journal of Material Chemistry A, 2016,4, 12638-12647 

5.1 Chapter introduction 

The developments of portable electronics, electric vehicles, and smart grids are increasing the 

need for reliable energy storage devices with safe operation and high power capabilities.2,3 

Lithium ion batteries (LIBs) have been studied extensively in the past years as one of the most 

promising candidates for these applications. However, the current graphite-based electrode 

technologies used in LIBs suffer from limited power capabilities and safety concerns.4 To 

address these challenges, researchers have investigated a number of alternative materials. 

Spinel lithium titanate (LTO) is one type of material that is chosen for its safety, high power 

density, and rate capability which stem from its outstanding ability to accommodate lithium 

ions without significant structural change during charge and discharge operations (zero-

strain).55,56 The theoretical capacity of LTO is 175 mA h g-1 with a stable plateau at 1.55 V 

versus Li/Li+. This relatively high voltage minimizes the chance of lithium dendrite formation 

and electrolyte decomposition which usually occur at lower voltages, causing cell failure and  
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possibly fire due to cell overheating. Although LTO has remarkable characteristics, its 

electrochemical performance and practical applications are still limited due to its poor electron 

conductivity and low energy density.57 Different approaches have been investigated to 

overcome these limitations such as carbon coating, particle size reduction, and transition metal 

doping.4,55 Carbon coating improves conductivity and rate capability of LTO, while particle 

size reduction shortens the lithium diffusion path which improves intercalation kinetics and 

improves battery capacity.55 Doping with transition metals has been found to enhance 

conductivity and lithium ion diffusivity leading to higher capacity and improved rate 

capability.58 Researches in metal doping have been focused mainly on lithium titanate 

nanoparticles (LTONP), nanowires, and nanotubes. 59-67 

Nickel is a highly abundant and inexpensive dopant that has the potential to improve the 

performance of LTO-based LIBs. Investigations on nickel doped LTO nanoparticles were 

conducted in the past. In some studies, nickel doped LTO nanoparticles were found to increase 

the initial capacity of the battery.68,69 Other studies found marginal improvement in the rate 

capability performance of nickel doped LTO nanoparticles synthesized using different methods, 

including hydrothermal and solid state reaction.56,70 Co-doping LTO with nickel and manganese 

was reported to improve capacity and cycling performance.71 These investigations led to the 

development of advanced LTO materials. However, their improvements were incremental and 

no remarkable combined advancements in both rate capability and energy density have been 

reported yet.  
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On the other hand, 1D nanofibers are very attractive because they can be easily produced by 

low cost and facile electrospinning, which makes the electrospun nanofibers highly scalable for 

large batch production. The 1D nanofibers can be very good choice for LIBs applications 

because 1D nanofibers show good strain relaxation, shorter Li+ diffusion paths, interfacial 

control, and continuous electron transport pathways, which are all very favorable for improving 

LIB performance.4,72-75 Number of studies reported using 1D nanofibers in LIBs59,76,77, 

however, nickel doped into LTO one-dimensional nanofibers has not yet been investigated and 

reported in literature78. In this chapter, we report successful in-situ doping of nickel into 1D 

lithium titanate nanofibers (LTONF) using facile and scalable electrospinning technique 

followed by a heat treatment. We investigated three Ni to LTO molar ratios; 0%, 5% and 10%. 

It is worth mentioning that 15% doping ratio was not possible at similar electrospinning 

parameters as the other three doping ratios. This can be attributed to the effect of the additional 

nickel on the precursor solution conductivity and charge density at the surface of the injected 

solution droplet. Increasing the nickel amount increases the solution conductivity and charge 

density beyond the critical value, which hinders the creation of Taylor cone required to initiate 

the elongation of fiber jets.79,80  

Our strategy in this work reporting nikel doping to LTO nanofibers for the first time is based 

on dual improvements for both electronic conductivity and lithium diffusivity of LTO in order 

to simultaneously enhance rate capability as well as energy density of the LIB. The  advantage 

of our approach is the simplicity and unique coupling of in-situ nickel doping distributed 

homogenously into the stable 1D LTO nanofibers lattice. The obtained promising results can  
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open the door for more research in the use of nanofibers for LIB applications. A performance 

comparison of nickel doped LTO nanofibers with previous studies is shown in Table A-1 in 

Appecnix A.  

The pure LTONF sample with x=0 is referred to as LTONF, the sample with x=0.05 is referred 

to as Ni-LTONF5, and for x=0.1, the samples is referred to as Ni-LTONF10. While LTO 

nanoparticles is referred to as LTONP 

5.1.1 Experimental procedure  

All materials were purchased from Sigma Aldrich and used without further purifications. The 

used precursor solution and the electrospinning experiment setup is shown in Figure 5-1. 

 

Figure 5-1. Schematic depicting the used precursor solution and electrospinning setup. (reproduced in 

adjusted format from Ref.19, with permission from the Royal Society of Chemistry) 
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5.1.1.1 Synthesis of LTO nanofibers 

0.95 g titanium(IV) isopropoxide (Ti[OCH(CH3)2]4), 0.1855 g lithium acetate 

dihydrate (LiC2H3O2·2H2O), and 0.51 g poly-vinylpyrrolidone (PVP, MW=1.3 M) were all 

added to a vial containing 8.5 ml pure ethanol and 2.5 ml acetic acid. The solution was stirred 

for 6 hours on a hot plat at 35oC and 1150 rpm. The precursor solution was then moved to a 

14.1 mm plastic syringe with metallic needle attached to a high voltage source (19.0 kV). The 

needle tip was placed 14.5 cm from an aluminum foil current collector and the flow rate was 

set to 0.15 ml h-1. The collected fibers were moved to a quartz tube and annealed inside a tubular 

furnace at 780oC in air for 5 hours (3oC min-1) to remove all organic materials. Finally, the 

sample was left to cool naturally before collecting the end product  

5.1.1.2 Synthesis of Ni-LTO nanofibers 

Nickel doped LTO nanofibers were synthesized by adding (drop wise) a proper amount 

of nickel acetate solution dissolved in 2 ml ethanol to the precursor solution described in the 

LTONF synthesis. The rest of steps followed the same procedure as LTONF synthesis. The 

investigated materials include pure LTO nanofibers (LTONF) and two nickel to LTO mole 

ratios (1:20 and 1:10) 

5.1.1.3 Synthesis of LTO nanoparticles 

LTO nanoparticles were synthesized by combining stoichiometric amounts of lithium 

carbonate (Li2CO3) and titanium dioxide (TiO2) in a planetary ball mill using a 125 ml grinding 

jar and zirconium balls. The material was ball milled for 12 hours under 300 RPM. The resulting 

fine powder was then heat-treated at 780oC at air to produce LTO nanoparticles 
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5.1.1.4 Cell fabrication  

The electrochemical tests of LIBs were conducted by fabricating the electrode materials into 

coin cells. Each coin cell was made of a working electrode, separator and lithium foil electrode 

in an organic electrolyte medium. The working electrodes was prepared by mixing the 

synthesized material with carbon black (super P) using a mortar and pestle for 30 minutes. 

Polyvinylidene fluoride (PVDF) binder was then added, and the mixture ground again for 20 

minutes. The ratio of synthesized material, super P, and PVDF was 80:10:10. N-methyl-

pyrrolidone (NMP) solvent was added to make a slurry which was coated on a 1 cm2 copper 

current collector. The loading for all electrodes was approximately 1.0 mg cm-2. The coated 

electrodes were dried at 80oC for 2 hours followed by overnight drying in a vacuum oven at 

110oC in order to remove all the NMP solvent.  

The HSC cells were fabricated from Ni-LTONF10 material as the anode, separator and 

commercial activated carbon (AC) as the cathode. The anodic electrode of HSC was prepared 

using 80 wt.% active material, 10 wt.% carbon black, and 10 wt.% PVDF binder. Coin cells for 

both LIBs and HSC were assembled in a glove box filled with argon. 1M lithium 

hexafluorophosphate (LiPF6) in ethylene carbonate and dimethyl carbonate (EC-DMC 1:1 

volume) was used as the electrolyte 

5.1.2 Physicochemical characterization  

The crystal structure of the samples were characterized by X-ray diffraction (XRD, 

RIETVELDXRG 3000) and X-ray photoelectron spectroscopy (XPS, PHI Quantera) located at 

the Ontario Center for Characterization of Advanced Materials (University of Toronto). BET  
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analysis was performed after  samples were degassed at 200oC for two hours under vacum. 2D 

raman mapping was examined using Senterra 2 Bruker Raman instrument. Sample morphology 

was examined using scanning electron microscopy (SEM, ZEISS ULTRA PLUS), Raman 

spectroscopy (SENTERRA 314) and transmission electron microscopy (TEM, JEOL 2010F 

TEM/STEM field emission microscope) at the Canadian center for electron microscopy 

(CCEM) located at McMaster University. 

The XRD pattern of all samples are shown in Figure 5-2A, the results show that all patterns 

are almost identical. The sharp diffraction peaks located at 2θ = 18.6o, 37o, 43o, 58o, and 63o 

correspond to (111), (311), (400), (511), (440), and (531) planes, respectively. These peaks 

represent single phase spinel LTO with the Fd3m space group (JCPDS card number 49-0207) 

which reveals that calcination at 780 oC in air obtains well crystallized LTO with no indication 

of impurities. The crystallization process has significant effects on LIB performance because 

crystallinity and material purity affects both lithiation kinetics and lithiation capacity. Studies 

have shown that the initial crystallinity of TiO2 can have an effect on the crystallization and 

purity of Li4Ti5O12.
81,82 Amorphous materials tend to hinder lithiation because of its disordered 

structure, while crystalline materials allow more facile lithiation.82  Although the precursor 

nanofibers used are structurally amorphous because of low temperature hydrolysis of titanium 

alkoxide naturally leads to the formation amorphous TiO2. Heat treatment of amorphous TiO2 

will form a crystalline phase of TiO2 and then undergo solid-state conversion to crystalline 

phase of Li4Ti5O12 via lithiation by the lithium source.81,82 The similarity in XRD patterns of 

doped and pure samples also indicate that nickel doping has not obviously changed the crystal  
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structure of LTONF. However, broader peaks are found in LTONF, Ni-LTONF5, and Ni-

LTONF10   XRD patterns compared to the LTONP XRD pattern. This difference is attributed to 

the crystal refinement of the nanofibers samples resulting from a difference in synthesis method.  

To verify the doping effect of nickel, the specific peak corresponding to the (111) plane for 

LTONF and Ni-LTONF10 is magnified and shown in Figure 5-2B. Ni-LTONF10 shows a slight 

shift in the diffraction peak of (111) plane to a lower angle (2θ = 18.51o) compared to the 

diffraction peak of pure LTONF (2θ = 18.6 o). This decrease indicates that the lattice parameter 

of Ni-LTONF10 is slightly higher than that of pure LTONF. This is attributed to the size of nickel 

(0.69 Å) being slightly larger than titanium (0.60 Å).61,70,83 The shift in the diffraction peak is 

additional evidence for the successful doping of nickel which can be also observed in the change 

of colour of the end product. As seen in the inset of Figure 5-2B 

The lattice parameters of the pure and doped LTO nanofibers are calculated by mathematical 

calculations using the following equations: 84,85 

2d (sinϴ) = n𝜆                      (5-1) 

1/d2 = (h2+k2+l2)/a2              (5-2) 

Where d is the distance between the atomic layers, θ is the beam angle, n is integer number of 

wavelengths (1), 𝜆 is the wavelength of the incident beam. h, k, l are Miller indices and a is lattice 

parameter. The lattice parameters are found to be 8.366 Å, 8.373 Å and 8.379 Å for LTONF, Ni-

LTONF5 and, Ni-LTONF10, respectively. The slight increase in the lattice parameter with 

increasing doping percentage is attributed to the slight expansion of the lattice due to the partial 

substitution of titanium with nickel which is also confirmed by XPS results. 
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Figure 5-2. A) XRD patterns of LTONP, LTONF, Ni-LTONF5, and Ni-LTONF10 and, B) magnification of the 

XRD peak corresponding to the (111) plane of LTONF and Ni-LTONF10 showing a negative peak shift due to 

nickel doping. The inset shows optical images of LTO nanofibers before and after doping. (reprinted in 

adjusted format from Ref.19 , with permission of the Royal Society of Chemistry) 

 

X-ray photoelectron spectroscopy (XPS) was utilized to investigate material composition before 

and after nickel doping of LTONF as shown in Figure 5-3A shows the general XPS spectra of 

three LTO nanofiber samples, while Figure 5-3B shows magnification of the XPS Ti2P peaks. 

The un-doped LTONF shows two peaks at 458.54 eV and 464.31 eV corresponding to the 2p1/2 

and 2p3/2 peaks of Ti+4. The peaks were shifted to a lower energy level after nickel doping with 

458.21 eV and 463.91 eV for Ni-LTONF5 and 458.07 eV and 463.82 eV for Ni-LTONF10 which 

reveal the effect of nickel doping on changing the valence state of Ti ions from Ti+4 to Ti+3 leading 

to enhanced electrochemical properties as well documented in literature. 66,86,87 
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The composition change of the LTO nanofibers before and after doping is summarized in 

Table 5-1. The results reveal that nickel doping causes the formation of Li4Ti (5-x) NixO12 (x=0.05 

and 0.1) which explains the capacity increase of doped LTO at low current density compared to 

un-doped LTO 

 

 

Figure 5-3. A) General XPS spectra of LTONF, Ni-LTONF5 and Ni-LTONF10 and, B) magnification of XPS 

Ti2p peaks of LTONF, Ni-LTONF5 and Ni-LTONF10. (reprinted from Ref.19 , with permission of the Royal 

Society of Chemistry) 
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Table 5-1 Elemental composition (atomic percentage) of the LTO nanofibers samples. (reprinted from 

Ref.19 , with permission of the Royal Society of Chemistry) 

 LTONF Ni-LTONF5 Ni-LTONF10 

Lithium % 19.28 19.047 19.02 

Titanium % 22.75 23.57 23.23 

Oxygen % 57.97 57.14 57.06 

Nickel % 0 0.24 0.49 

 

The BET analysis of the three LTO nanofibers samples were measured. Figure 5-4 shows the 

nitrogen adsorption/ desorption isotherm curves and the pore size distribution.  The surface 

area for the three sample are found to be almost similar, with surface areas of 8.22, 8.55 and, 

7.96 m2 g-1 for LTONF, Ni-LTONF5, and Ni-LTONF10, respectively. The average pore size 

diameter are found to be 5.9, 8.5 and 7.6 nm for LTONF, Ni-LTONF5, and Ni-LTONF10, 

respectively. The similarity in surface area and pore size are more indications that the 

improvement in electrochemical performance is mainly driven by nickel doping.  

The SEM images of LTONF, Ni-LTONF10 before and after calcination in addition to LTONP 

are shown in Figure 5-5. The nanofibers samples show continuous, fibrous morphology, with 

a diameter in the range of 700-800 nm before calcination and 300-400 nm after calcination. 

This reduction in diameter is due to the removal of PVP. The diameter of Ni-LTONF10 is in 

the range of 750-850 nm before calcination which is reduced to 350-450 nm after calcination. 

The diameter of Ni-LTONF10 before and after calcination maintained an average range of 50-

100 nm difference in diameter compared to LTONF. Furthermore, both of the materials after 

calcination show homogeneous surface roughness, indicating that the granular-like structure  
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of primary nanoparticles of LTONF maintains a fiber-like structure. This 1D nanofiber 

structure obtained after calcination at 780oC is suitable for excellent lithium ion diffusion and 

electrical conductivity as demonstrated by significantly enhanced LIB performance shown 

later. The SEM images of LTONP confirm the nanoparticles morphology with a particle size 

range of 100-250 nm. 

 

Figure 5-4. Nitrogen adsorption- desorption isotherm curves, the inset of each curve shows the pore size 

distribution curve. (reprinted from Ref.19 , with permission of the Royal Society of Chemistry) 
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Figure 5-5. A-B) SEM image of electrospun LTONF before heat treatment at low and high 

magnifications, C-D) SEM images of the LTONF after heat treatment at low and high magnifications, E-

F) high magnification SEM images of Ni-LTONF10 before and after heat treatment and, G-H) SEM 

images of LTONP after heat treatment. (reprinted from Ref.19 , with permission of the Royal Society of 

Chemistry) 
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The TEM image of Ni-LTONF10 are shown in Figure 5-6. Figure 5-6A show the 1D 

morphology with aligned multigrain of nanoparticles. The lattice fringe fingerprint of 

HRTEM shown in Figure 5-6B indicates that the crystalline structure of Ni-LTONF10 with a 

preferential orientation to plane (111). The polycrystalline structure of the material is revealed 

in the SAED pattern shown in Figure 5-6C. The EDS images shown in Figure 5-6 (D-G) are 

based on high angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) of one nanofiber. Combined with EDS line scan analysis shown in Figure 5-6K with 

the corresponding elemental distribution. Elemental characterization clearly confirms the 

homogenous distribution of nickel into the lattice of LTO. Electron energy loss spectroscopy 

(EELS) is a technique that shows atomic resolution of the elemental composition. The EELS 

mapping for part of the wire in Figure 5-6D is shown in Figure 5-6 (H-J), further confirming 

the uniform distribution of nickel into the lattice of LTO (each pixel in these figures is 

equivalent to 6 nm x 6 nm). TEM images of Ni-LTONF5 shown in Figure A-1 (Appendix A) 

also confirmed the homogenous distribution of all elements into the lattice of the 1D 

nanofibers. 
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Figure 5-6. A) TEM images of Ni-LTONF10, B) high resolution TEM image of Ni-LTONF10, C) selected 

area electron diffraction pattern of Ni-LTONF10, D) HAADF-STEM image of Ni-LTONF10, E-G) EDS 

mapping of the nanofiber in (D) showing the elements titanium, nickel and oxygen, respectively, H-J) 

electron energy loss spectroscopy mapping of the labelled part in (D) showing the elements titanium, nickel 

and oxygen, respectively, and K) EDS line scan showing the elements profile across Ni-LTONF10,  

(reprinted from Ref.19 , with permission of the Royal Society of Chemistry) 
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5.1.3 Electrochemical performance  

The LIB low current density charge-discharge tests were evaluated in potential range of (1- 2.5) 

V at room temperature using 0.2 C rate as shown in Figure 5-7A.  LTONP has an energy 

capacity of 129 mA h g-1 while pure LTONF shows 149 mA h g-1 reversible capacity. Ni-

LTONF5 shows a higher capacity of 164 mA h g-1 while Ni-LTONF10 shows excellent 

improvement with 190 mA h g-1 reversible capacity which is not only higher than LTONP, 

LTONF, and Ni-LTONF5, but also higher than the theoretical capacity of LTO (175 mA h g-1). 

Figure 5-7B shows the cyclic voltammetry test which was done in a voltage window of (1-2.5) 

V and scan rate of 0.5 mV s-1 for the 1D LTO electrospun samples to identify the change in 

redox behavior due to nickel doping. LTO is known to have a reduction peak at around 1.4 V 

and oxidation peak around at 1.7 V. The experimental results of LTONF show reduction and 

oxidation peaks similar to the standard LTO peaks indicating high crystallinity of the prepared 

sample. 

Increasing nickel doping causes changes in the redox behavior of the tested materials. The 

oxidation peaks of the three materials are located at 1.71 V, 1.67 V, and 1.625 V and the 

reduction peaks are located at 1.43 V, 1.53 V, and 1.52 V for the LTONF, Ni-LTONF5, and Ni-

LTONF10, respectively.  Table 5-2 shows the voltage hysteresis (ΔV) between the reduction 

and oxidation peaks of the three samples. Ni-LTONF5 shows 50% reduction in ΔV compared 

to LTONF while Ni-LTONF10 shows outstanding reduction in voltage hysteresis with a value 

three times smaller than LTONF and sharper redox peaks. These changes indicate improved 
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lithium diffusion kinetics due to the significant reduction in electrode polarization which allows 

for much faster rate in lithium uptake and release.69,88,89 

Figure 5-7C shows the rate capability tests of LTONP, LTONF, Ni-LTONF5 and Ni-LTONF10 

evaluated in potential range of (1- 2.5) V at room temperature using different current densities. 

The capacity fading for LTONP was very fast with increasing the C rates, showing only 25 mA 

h g-1 at 5 C only and below 5 mA h g-1 at 20 C, the capacity approached zero at C rates higher 

than 20 C. LTONF also suffered from fast capacity fading as LTONP but with better 

performance of 48 mA h g-1 at 20 C and below 5 mA h g-1 at 50. Ni-LTONF5 showed improved 

performance compared to LTONP and LTONF with 81 mA h g-1 at 20 C and 38 mA h g-1 at 50 

C. Lastly, Ni-LTONF10 showed outstanding rate capability performance at high C rates with 

116 mA h g-1 at 20 C and 63 mA h g-1 at 50 C. 

 

Table 5-2. The oxidation and reduction peaks of the three samples with the voltage calculated hysteresis. 

(reprinted from Ref.19 , with permission of the Royal Society of Chemistry) 

 Oxidation Reduction ΔV 

LTONF 1.71 1.43 0.29 

LTONF5 1.67 1.53 0.14 

LTONF10 1.62 1.52 0.1 
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Figure 5-7. A) Galvanostatic charge-discharge profiles of LTONP, LTONF, Ni-LTONF5, and Ni-

LTONF10. B) Cyclic voltammetry showing changes in redox behavior of the LTO nanofiber materials 

with increase in nickel doping and, C) Rate capability of LTONP, LTONF, Ni-LTONF5 and Ni-LTONF10 

measured at different current densities. (reprinted from Ref.19 , with permission of the Royal Society of 

Chemistry) 
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A comparison between the performance of LTONF and Ni-LTONF10 at low and high C 

rates is shown in Figure 5-8A. The result shows that the performance of Ni-LTONF10 at 50 C 

is 20 times higher than LTONF. Figure 5-8B shows a comparison of the discharge capacity 

values of the 1D nanofiber LTO materials at different C rates as function of their discharge 

capacities at 0.2 C. The results prove that Ni-LTONF10 maintains higher values at all C rates.  

For further investigation on the effect of nickel doping on the durability and cycling 

behavior of the 1D nanofiber materials, the long cycling performance was evaluated at 10 C as 

shown in Figure 5-8C. LTONF maintains a discharge capacity of 57 mA h g-1 after 1000 cycles 

which corresponds to 85 % of the first discharge capacity (67 mA h g-1). Ni-LTONF5 maintains 

90.6 mA h g-1 discharge capacity, corresponding a capacity retention of 89% (101.8 mA h g-1). 

Ni-LTONF10 shows the highest performance after 1000 cycles with 126.8 mA h g-1 discharge 

capacity corresponding to a capacity retention of 94% (134.9 mA h g-1) and an average capacity 

loss per cycle equivalent to 8.09 x 10-3 mA h g-1. 
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Figure 5-8. A) The performance of LTONF and Ni-LTONF10 at 0.2 C and 50 C showing the significant 

improvement of nickel doping at high C rates. B) Rate performance of LTONF, Ni-LTONF5, and Ni-

LTONF10 at different C rates normalized to capacity at 0.2 C and, C) Long term (1000 cycles) of 

LTONF, Ni-LTONF5, and Ni-LTONF10 at 10 C current density. (reprinted from Ref.19 , with permission 

of the Royal Society of Chemistry) 
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2D Raman mapping was utilized to investigate the stability of the 1D nanofibers morphology 

of un-doped LTONF and Ni-LTONF10 before and after long cycling at high power rate (10 C). 

Figure 5-9 (A-B) show the un-doped nanofibers before cycling at the electrode surface and at 

10 µm depth, respectively, while Figure 5-9 (C-D) show the un-doped nanofibers at the surface 

and at 10 µm depth after long cycling. Figure 5-9 (E-F) show Ni-LTONF10 nanofibers before 

cycling at the electrode surface and at 10 µm depth. Figure 5-9 (G-H) show Ni-LTONF10 

nanofibers at the surface and at 10 µm depth after long cycling. The results show that 1D 

longitudinal nanofiber morphology was not damaged after long cycling for both doped and un-

doped samples. The stable morphology of both electrode materials after long cycling at the 

surface and at the deepest point of the electrode indicates that the difference in the ability to 

maintain improved electrochemical performance between doped and un-doped samples is not 

attributed to morphological change or electrode deterioration of LTONF from long cycling at 

10 C but rather to the effect of nickel in enhancing lithium intercalation thermodynamics for 

LTONF10 
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Figure 5-9. 2D Raman mapping for LTONF and Ni-LTONF10 electrode,  A-B) LTONF before cycling at 

the surface and at 10 µm, respectively, C-D) LTONF after cycling at the surface and 10 µm, respectively, 

E-F) Ni-LTONF10 before cycling at the surface and at 10 µm, respectively and, G-H) Ni-LTONF10 before 

cycling at the surface and at 10 µm, respectively. (reprinted from Ref.19 , with permission of the Royal 

Society of Chemistry) 
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Electrochemical impedance spectroscopy (EIS) was employed to understand the effect of 

nickel doping on the lithium diffusivity and electrical conductivity. Figure 5-10A shows 

Nyquist plot of the impedance spectra for the three LTO nanofiber materials. All plots have 

a semicircle in the high frequency region and straight line in the low frequency zone. The 

low frequency zone is attributed to the diffusion of the lithium ions into the bulk of the 

electrode. Figure 5-10B shows the relationship between real impedance and the reciprocal 

square root of the lower angular frequencies ω−0.5. Lithium diffusion coefficients are 

calculated based on the following equations: 90,91   

Zre = Rs + Rct + w . -0.5           (5-3) 

D = 0.5(RT/An2F2 w C)2           (5-4) 

Where Rs is the electrolyte resistance, Rct is the charge transfer resistance at the surface of 

the active material, w is Warburg impedance coefficient ( s−0.5),  is the angular 

frequency in the low frequency region ( =2f), D is the diffusion coefficient, R is the gas 

constant, T is the absolute temperature, F is Faraday’s constant, A is the area of the 

electrode surface, and C is the molar concentration of Li+ ions in 1 cm3 
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Figure 5-10. A) Nyquist plots of LTONF, Ni-LTONF5 and Ni-LTONF10 measured before cycling with the 

equivalent circuit shown in the inset, and B) the relationship between real impedance and ω−0.5. (reprinted 

from Ref.19 , with permission of the Royal Society of Chemistry) 
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Table 5-3 shows a summary of the calculated values of Rs , Rct, w and D. Ni-LTONF10 shows 

5.86 x 10 -12 cm2 s-1 which is significantly higher (17 times) than that of pure LTO (3.43 x 10 

-13 cm2 s-1). The results clearly show the effect of nickel doping on improving the lithium 

diffusion coefficient and enhancing the overall  electrochemical performance of the LTO 

nanofibers.91 

Table 5-3. EIS parameters of the three LTO nanofiber samples (reprinted from Ref.19 , with permission of 

the Royal Society of Chemistry) 

 LTONF Ni-LTONF5 Ni-LTONF10 

Rs (Ω) 4.26 4.18 5.317 

Rct (Ω) 160.1 153.08 114.29 

w (ΩS-0.5) 35.91 21.2 14.22 

D (cm2/S) 3.43 X 10-13 9.67 X 10-13 5.86 X 10-12 

 

5.1.4 Full cell HSC 

For further investigation, we fabricated an asymmetric hybrid supercapacitor (HSC) cell made 

of Ni-LTONF10 material as the anode and commercial activated carbon (AC) as the cathode. 

The specific  surface area of AC  is 1517 m2 g-1 (Figure A- 2, Appendix A).The mass of ratio 

of the Ni-LTONF10 to AC was 1:3 to balance the kinetics of the non-faradic and faradic 

components of HSC as described in the below equations 

AC + PF6
  ↔  AC+.PF6

- + e-                      (5-5) 

Li4Ti5O12 + 3Li+ + 3e- ↔  Li4Ti5O12       (5-6) 



 

 64 

Figure 5-11A shows the charge-discharge profiles of HSC in voltage window (0–3) V 

measured at different current densities. All the curves show change in the voltage 

charge/discharge rates with gradual slope between 2 V and 3 V and sharper slope below 2V 

which is attributed to the difference in charge/discharge kinetics between battery portion of the 

HSC and the electrical double layer capacitor (EDLC) portion. The faradic Li+ intercalation 

/de-intercalation reaction at the anode side happens concurrently with PF6 double layer creation 

at the surface of both electrodes, causing gradual slop in the region (2 – 3) V.  

Figure 5-11B shows the Ragone plot obtained from the discharge data in the voltage profile of 

the HSC measurement shown in Figure 5-11A at different current densities using the following 

equations:92,93 

E = 0.5 C ΔV2                         (5-7) 

P = E/dt                                  (5-8) 

C = I.dt /m.ΔV                       (5-9) 

Where E is the energy density, C is the cell capacitance, ΔV is the potential window, P is the 

power density, dt is the discharge time and m is the total mass of active materials in both anode 

and cathode. The results represent the average value of multiple measurements and  show that 

the hybridized supercapacitor can deliver an energy density of 60 Wh kg -1  at power density of 

1.5 kW kg-1 and capable of retaining a high energy density of 35 Wh kg -1  at 5 kW kg-1. This 

remarkable performance can be attributed to the additional faradaic reactions, improved 

conductivity and stability of 1D Ni-LTONF10 anode material. 
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Figure 5-11. A) Charge/discharge profiles of HSC in voltage window (0-3) V measured at different current 

densities and, B) Ragone plot obtained from the discharge part in the voltage profile of HSC measurement 

at different current densities shown in Figure A. (reprinted from Ref.19 , with permission of the Royal 

Society of Chemistry) 
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The explanation of all the improvements in electrochemical results shown in the previous 

results for the nickel doped LTO nanofibers material are attributed to the compositional 

change that happen to the LTO nanofibers due to the insertion of nickel into its lattice without 

noticeable effect on its structure in the formation of Li4Ti5-xNixO12 (x=0, 0.05 and 0.1). LTO 

has Fd3m space group with the 8a tetrahedral sites occupied by lithium ions, 16d octahedral 

sites shared between lithium ions and titanium ions (Ti+4) with 1:5 ratio of lithium ions to 

titanium ions and 32e sites are occupied by oxygen4,55. The octahedral 16c sites and the 

tetrahedral 8b and 48f sites are vacant which simplifies the intercalation and de-intercalation 

of lithium ions into the structure of LTO. This process accommodate up to three lithium ions 

as per equation (6) shown above. The transfer of lithium ion causes the phase of LTO to 

change from spinel (Li4Ti5O12) to rock-salt phase (Li7Ti5O12). Three lithium atoms at the 8a 

sites move during discharge to 16c sites and the inserted lithium ions occupy the vacant sites, 

this process is reversed during charge operation. The lithium ion diffusivity of spinel phase is 

higher than rock-slat phase because of the full occupancy of lithium sites in rock-salt phase 

while the electronic conductivity of rock-salt phase is higher because the Ti oxidation state in 

spinel-phase is (+4) which limits its electronic conductivity while the average oxidation state 

of Ti in rock-salt phase is (+3.4) due to the existence of both Ti+3 (60%) and Ti+4 (40%).94  

The nickel insertion and the formation of Li4Ti5-xNixO12 (x=0.05 and 0.1) and the change in 

the valence state of Ti ions from Ti+4 to Ti+3 confirmed by XPS results have positively affected 

the lithium transfer process and enhanced the efficiency with which LTO is utilized for Li+ 

storage by making the entire LTO material accessible for intercalation leading to higher initial  
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capacity. The dual improvement in electronic conductivity due to nickel doping and improved 

lithium diffusivity in well crystalized 1D nanofiber morphology with good strain relaxation, 

shorter distance for Li+ diffusion, interfacial control, continuous electron transport pathways 

and structure stability95,96 further improved the thermodynamics of lithium intercalation 

reactions because nickel is well distributed across all the LTO structure as shown in the TEM 

image which not only enhanced and accelerated the intercalation/de-intercalation process of Li+ 

ion, but also helped LTO to maintain fast lithium ion diffusion kinetics at high current rates 

leading to excellent capacity at high power rates as LIB anode material and outstanding energy 

densities at high power densities in asymmetric hybrid super capacitor. The improved results 

of Ni-LTONF10 compared LTONF5 to can be attributed to the additional amount of nickel which 

further improved the LTO initial capacity and lithium intercalation thermodynamics 

5.1.5 Chapter conlcusion  

As a conclusion, dual improvement of LTO properties was done through in-situ nickel doping 

to 1D lithium titanate nanofibers synthesized by facile electrospinning technique. The nickel 

insertion changed the chemical composition of LTO nanofibers without affecting the spinel 

crystal structure. The doped LTO nanofibers show improved capacity and outstanding rate 

capability at high power rates. The 10% nickel doped LTO nanofibers material showed initial 

capacity of 190 mAh g-1 and 63 mAh g-1 at 50 C with smaller voltage gap between the oxidation 

and reduction peaks compared to LTONF and Ni-LTONF5. The hybridization of the 10% doped 

material into asymmetric supercapacitor also showed improved energy density at high power 

rates.  Characterization techniques confirmed the homogenous distribution of nickel into the  
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structure of LTO without affecting the crystal structure or noticeable effect on the LTO lattice 

size. The nanofibers longitudinally 1D morphology is obtained in both doped and un-doped 

LTONF with some increase in the nanofibers diameters in nickel doped LTONF. The 

characterization techniques also confirmed stable nanofiber morphology after long cycling.  
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Chapter 6: Modified Chalcogens with Tuned Nano-Architecture 

for High Energy Density and Long Life Hybrid Super Capacitors 

This chapter is reprinted in adjusted format from Ref.53, with permission of the Royal Society 

of Chemistry. 

 

Salah Abureden, Fathy M Hassan, Gregory Lui, Serubbabel Sy, Rasim Batmaz, Wook Ahn, 

Aiping Yu, and Zhongwei Chen, “Modified Chalcogens with Tuned Nano-Architecture for 

High Energy Density and Long Life Hybrid Super Capacitor” Journal of Material Chemistry 

A, 2017,5, 7523-7532. 

6.1 Chapter introduction 

The development of reliable and effective energy storage solutions is of paramount 

importance in today’s renewable energy landscape.97  Specifically, devices with high energy 

and power densities that can retain high capacities over many cycles are sought after in order 

to provide stable energy storage for consumer and grid-scale applications.98-100 

Supercapacitors are a class of device that are able to provide relatively good energy densities 

at high power densities over the course of many cycles.6-8 However, one of the main 

shortcomings of supercapacitors is their low energy densities relative to current lithium ion 

battery technology. Therefore, the majority of recent research has been dedicated to 

fabricating supercapacitors with enhanced energy densities while still operating at higher 

power densities. 
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Supercapacitors are typically fabricated by introducing high surface-area materials (in order to 

induce electrochemical double-layer capacitance-based storage-EDLC) or pseudocapacitive 

materials including conducting polymers and metal oxides (in order to induce charge transfer-

based storage).7 In general, pseudocapacitive materials provide higher energy densities due 

their ability to provide redox-based charge transfer. 

Various metal oxides and conducting polymers have been used as pseudocapacitive materials, 

including RuO2, MnO2, NiO, Co2O3, polyaniline, polypyrolle, however these materials are 

often limited by their low conductivity and electrochemical stability when compared to carbon 

materials. Transition metal sulfides are a relatively recent electrode material that have shown 

promising pseudocapacitive performance in supercapacitors.101 NiCo2S4 is one such metal 

sulfide that has shown great promise in supercapacitors.102-104 Binary metal sulfides like 

NiCo2S4 (NCS) have been shown to provide higher electron conductivity than their oxide 

variants, and show further improvement over single component sulfides due to the increased 

capacity for redox reactions.105,106 For example, Xiao et al showed that conversion of NiCo2O4 

to NCS nanotube arrays produced an increase in areal capacitance from 0.52 F cm-2 to 0.87 F 

cm-2 at 4 mA cm-2.105 Chen et al found a similar phenomenon with NCS urchin-like 

nanostructures, achieving a gravimetric capacitance of 761 F g-1 at 50 A g-1.106 Yet, NiCo2S4 

still suffers from low structural stability and cyclability.107 

These issues can be solved using the following strategies: 1) improving NCS structural stability 

using a conductive substrate such as graphene.108,109 In-situ growth of NiCo2S4 on graphene can 

also increase the overall surface area of the metal sulfide. 2) improving NCS overall  
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conductivity via doping, which can greatly improve electrode stability and capacitance101,110-

112. To the best of our knowledge, metal doping of NCS has yet to be accomplished in literature 

but can be used to greatly improve its electrochemical properties.   

Graphene-based materials are widely investigated for supercapacitor applications due to their 

superior electrical and mechanical characteristics, and high surface area.  On the other hand, 

vanadium compounds have been widely used in supercapacitors for their remarkable specific 

capacitance, superior conductivity, excellent long cyclability, and high ability of charge transfer 

reversibility which are all favorable for achieving high energy densities at high power densities 

in next-generation energy devices.108,113-115   

Herein, we report for the first time a novel in-situ vanadium modified NiCo2S4 rooted on 

graphene sheets with superior electrochemical performance synthesized using a facile 

solvothermal process. Three types of materials were synthesized and tested: pure NiCo2S4 

(NCS), graphene wrapped NCS (GNCS), and vanadium-doped graphene wrapped NCS 

(VNCS). We also synthesized sulfur doped graphene (SG) to examine the effect of sulfur on 

graphene morphology. The combination of the excellent distribution of NCS on the graphene 

surface and the vanadium modification (doping) lead to the formation an ordered crystal 

structures NCS nanosheets, highly improved performance at high power rates, and stability over 

long cycling periods with high capacitance retention.  We also fabricated hybrid supercapacitors 

(HSC’s) using the three materials to further investigate the improvements on electrochemical 

performance. The VNCS showed superior energy density at high power densities making it an 
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excellent candidate for hybrid supercapacitor devices and opening the door for more 

investigation on this material.  

6.2 Experimental section   

This section will provide details about the material synthesis and electrodes fabrication 

procedures 

6.2.1 Materials 

All materials were purchased from Sigma Aldrich and used as-received. 

6.2.2 Synthesis of NCS  

1 mmol of Ni(NO3)2·6H2O dissolved in 1 ml deionized distilled water (DDI) water, 2 mmol 

of Co(NO3)2·6H2O dissolved in 1 mL DDI were added to 4 mmol of Thiourea (Tu) dissolved 

in 2 ml DDI after being heated for few minutes on hot plate at 60oC. The mixture was mixed 

by vortex and then sonicated for 10 minutes before being added to 25 ml ethylene glycol (EG). 

This precursor solution was sonicated for 1 hour before being placed in a 50 mL Teflon-lined 

autoclave. The material was heated to 160oC for 12 hours followed by 220oC for 12 hours. 

The solution was then filtered and washed by ethanol and DDI several times. The collected 

material was dried at 60oC for 3 hours in a convection oven before drying under vacuum at 

80oC for 12 hours. Lastly, the material was calcined in a tube furnace at 300oC for 3 hours 

under Argon atmosphere to improve crystallinity.  
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6.2.3 Synthesis of GNCS and VNCS  

For the GNCS synthesis: 43.6 mg graphene oxide (GO) synthesized using modified 

Hummers’ method was added to the previously described precursor solution before sonicating 

for 1 h. The rest of steps were similar to above procedure. For VNCS: 43.6 mg GO and 0.2 

mmol VCl4 were added to the precursor solution described in pure NiCo2S4 before sonicating 

for 1 h. The rest of steps didn’t change. The selection of the synthesis regime is based on the 

fact that TU is stable below 120oC. TU acts as s reducing and allocating agent. TU molecules 

have a high dipole moment which helps the precursor molecules self-assemble onto the GO 

nanosheets where they anchor to the oxygenated groups. Around 190oC, TU starts to 

decompose along with the precursor and the reduction of GO is accelerated. As a result, nickel, 

cobalt and vanadium combine with sulfur to form the active material on the surface of 

rGO39,116-118. The reaction medium and conditions help accelerate the reduction of GO119-121. 

The experiment setup is shown in Figure 6-1. 

6.2.4 Synthesis of sulfur doped graphene (SG) 

4 mmol of Tu dissolved in 2 ml DDI were added to 43.6 mg graphene oxide (GO) dispersed 

in 25 ml EG. The mixture was sonicated for 1 hr. the rest of steps followed the same VNCS 

procedure described above. 
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Figure 6-1 Schematic showing the precursor solution and the solvothermal experiment procedure. 

(reprinted from Ref.53 , with permission from the Royal Society of Chemistry) 

 

6.2.5 Electrodes fabrication: 

The working electrodes were fabricated using the active material (80wt %), super P carbon 

(10wt %), and polyvinylidenefluoride (10wt %), with N-methyl-pyrrolidone (NMP) solvent to 

prepare slurry.  The slurry was deposited on a pre-cleaned nickel foam (1.5 x 1.5 cm) using a 

drop casting method before drying at 60oC for 2 hours in a convection oven and 12 hours in a 

vacuum oven at 80oC. The electrodes were then pressed under 10 MPa. The mass loadings of 

the three electrodes were 2.25, 2.03 and 2.18 mg cm-2 for NCS, GNCS and VNCS, respectively.  
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This range of mass loadings was selected to give the highest areal capacitance as can be seen 

in Figure B- 1A (Appendix B). 

6.3 Characterization  

Sample microstructure and morphology were analyzed using X-ray diffractometer (Rigaku 

Miniflex 600 X-Ray Diffractometer) located at the Clean Energy and Applied Material 

Laboratory-University of Waterloo. TGA was analyzed using (TGA Q500) located at the 

analytical lab at University of Waterloo. The X-ray photoelectron spectroscopy (XPS) 

analysis was done at the Ontario Center for Characterization of Advanced Materials using PHI 

Quantera XPS spectroscopy located at the Ontario Center for Characterization of Advanced 

Materials (University of Toronto). Scanning electron microscopy was conducted using a 

ZEISS ULTRA PLUS SEM located at Waterloo Advanced Technology Laboratory 

(University of Waterloo). Transmission electron microscopy was performed using a JEOL 

2010F TEM/STEM field emission microscope located at the Canadian Center for Electron 

Microscopy (CCEM) located at McMaster University, Ontario-Canada. 

Figure 6-2A shows the XRD pattern of the NCS, GNCS and VNCS samples. All samples 

showed similar diffraction peaks around 26.75o, 31.50o, 38.10o, 50.35o, and 55.30o 

corresponding to (220), (311), (400), (511) and (440) planes of the cubic NiCo2S4 phase 

(JCPDS Card No. 43-1477) with no sign of impurities. No diffraction peaks can be shown for 

the graphene which can be attributed to its low diffraction intensity.122  The similarity of the 

three XRD patterns reveals that vanadium doping did not cause any noticeable changes to the 

crystal structure of the cubic NCS. To further investigate this, the peak corresponding to the 
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 (311) plane was magnified as shown in Figure 6-2B, a clear shift in the VNCS to a lower angle 

and higher intensity when compared to GNCS and PNCS samples can be seen. This can be 

attributed to the successful insertion of vanadium into the lattice of NCS123,124. This finding is 

in agreement with the TEM results discussed below which very clearly show the dislocation in 

plane (311) in VNCS resulted due from vanadium insertion into the NCS lattice. Another shift 

is noticed in the (511) plane as seen in Figure B- 1B (Appendix B). The other planes showed 

almost identical peaks. The TGA analysis under air is shown in Figure B- 1B (Appendix B) 

and reveals that the vanadium-modified chalcogen is 85.3wt% and rGO is 14.7wt%. The XRD 

analysis of SG is shown in in Figure B-3A (Appendix B) showing typical graphitic peaks.  
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Figure 6-2. A) XRD pattern of all samples, and B) magnification of the XRD peak corresponding to the 

(311) plane of the three material showing a negative peak for the VNCS. (reprinted from Ref.53 , with 

permission from the Royal Society of Chemistry) 
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SEM images of NCS, GNCS and VNCS can be seen in Figure 6-3. Figure 6-3A shows that 

the nanoparticles of NCS have the tendency to aggregate together forming larger size 

nanoparticles, while Figure 6-3B shows how the graphene nanosheets wrap around the 

nanoparticles (average size of 100 nm) and hinder particle agglomeration in GNCS sample.  

The morphology in Figure 6-3C reveals VNCS nanosheets of wrapped with, and laminated 

on, graphene nanosheets, leading to stable interfacial contact with the graphene surface. This 

helps in: hindering particle aggregation; enhancing electron transfer kinetics during charge-

discharge operations due to graphene’s high conductivity; and, allowing for faster ion 

diffusion due to the increased contact area and uniform adhesion of VNCS on the graphene 

surface.122,125,126  More SEM images showing the graphene wrapping the NCS in GNCS can 

be seen in Figure B-2(Appendix B).  SEM image of sulfur doped graphene is shown in 

Figure B-3D (Appendix B). The results confirm that sulfur alone has no effect on changing 

the nanosheets morphology of graphene.  
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Figure 6-3. A-C) SEM images of NCS, GNCS and VNCS, respectively. (reprinted from Ref.53 , with 

permission from the Royal Society of Chemistry) 

For more investigation on the effect of V-doping on the chemical composition of the NCS, 

X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental species and 

chemical composition changes. Figure 6-4 (A-E) shows the XPS spectra of the VNCS sample.   

The C 1s spectra shown in Figure 6-4A reveals sp2 carbon-carbon double graphite bond (C=C) 

peak at 284.62 eV. The peak at 286.1 eV is indexed to carbon-oxygen double bond (C=O) and 

the weak peak at 288.2 eV is indexed to carbon-oxygen single bond (C-O).107,127 Figure 6-4B 

shows the Ni 2p spectra, where the low energy band peak at 854.05 eV and the high energy 

band peak at 871.75 eV can be indexed to Ni+2, whereas the low and high energy band peaks at 

856.1 and 873.78 eV, respectively are indexed to Ni+3. In the Co 2p spectra (Figure 6-4C),  
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the peaks at 779.45 and 795.6 are indexed to Co+3, whereas the peaks at 781.68 eV and 797.10 

eV are indexed to Co+2. Figure 6-4D shows the S 2p spectra where two peaks at 162.05 eV and 

163.30 eV are found with one shake up satellite at 169.20 eV. The peak at 162.05 eV is indexed 

to sulfur ions in low coordination on the surface and the peak located at 163.30 eV is indexed 

to standard metal-sulfur bond106,107,128. The XPS spectra of V 2p is shown in Figure 6-4E with 

two distinguished main peaks at 516.40 eV and 524.10 eV. Both peaks are indexed to 

pentavalent vanadium.129-132 The XPS analysis of SG is shown in Figure B-3B-C (Appendix 

B). The results clearly indicates the introduction of sulfur into graphene. The XPS spectra for 

NCS and GNCS samples are shown in Figure B-4(Appendix B).  

Figure 6-4 (F-H) shows comparison of binding energy between NCS, GNCS, and VNCS for 

Ni 2p, Co 2p, and S 2p, respectively. The results show similar peaks for NCS and GNCS 

samples whereas VNCS shows shift in the binding energy of Ni 2p, Co 2p, and S 2p to lower 

values, suggesting a change in the electron cloud density around these elements due to the 

insertion of pentavalent vanadium133-135. The XPS atomic ratio analysis of the three samples 

shows the following stoichiometric ratios: Ni0.98Co1.99S4.03, NiCo2.01S3.99, and 

Ni0.98Co1.98V0.04S4.03 for NCS, GNCS, and VNCS samples, respectively. These results suggest 

that the atomic ratios between Ni, Co, and S very closely match the stoichiometric formula 

(NiCo2S4) and that vanadium is successfully inserted into the lattice of NCS without 

substituting any element. This further explains the crystal dislocation shown in the TEM images 

and the plane shift shown in the XRD results. More information about the peaks including 

binding energies, FWHM and atomic ratios can be seen in Table B-1(Appendix B). 
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Figure 6-4. XPS spectra measurements A-E) XPS of VNCS showing C 1s, Ni 2p, Co 2p, S 2p and V 2p, 

respectively, and F-H) XPS spectra comparison of all samples for Ni 2p , Co 2p, and S 2p, respectively 

showing shift in binding energy of  the VNCS sample. (reprinted from Ref.53 , with permission from the 

Royal Society of Chemistry). 
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Figure 6-5 shows the TEM images of VNCS. The low magnification TEM image seen in 

Figure 6-5A reveals the homogenous distribution of NCS nanosheets on the surface of the 

graphene nanosheets. Figure 6-5B shows the TEM image of GNCS with the graphene wrapping 

the NCS nanoparticles. Figure 6-5C shows a higher magnification TEM image of the VNCS 

nanosheets lying on graphene sheets while Figure 6-5D shows the selected area diffraction 

pattern (SAD) which reveals the polycrystalline structure of the VNCS with the different planes 

identified. Figure 6-5E shows an HRTEM image of the (311) plane and the lattice dislocation. 

This finding is a very clear evidence of the successful insertion of vanadium into the lattice of 

NCS which agrees with the XRD and XPS results and explains the reason of the improved 

electrochemical performance as discussed in the next section. The image in Figure 6-5F shows 

TEM images obtained using high angle dark-field scanning transmission electron microscopy 

(HAADF-STEM) with the selected area for element distribution scanning which are shown in 

Figure 6-5G. The images reveal the homogenous distribution of all elements in the structure 

of VNCS that is also uniformly distributed on to the graphene surface, as shown in Figure 6-5A 

and Figure 6-5C. For deeper analysis of the atomic distribution within the VNCS structure, 

electron energy loss spectroscopy (EELS) was used. Figure 6-5H shows the EELS 

investigation area, while Figure 6-5I shows the EELS results of Ni, Co, S, and V elements, 

respectively. The results reveals the excellent distribution of all elements on the atomic level 

(one pixel in these image is equivalent to 3.6 x 3.6 nm). Figure B-5 (Appendix B) shows TEM 

images of GNCS, the results also confirmed the existence of all elements in a homogenous 

distribution. 
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Figure 6-5. TEM images A) TEM image of VNCS showing the sheet-on sheet structure, B) TEM image of 

GNCS showing graphene wrapped nanoparticles, C) TEM image showing VNCS lying on graphene 

surface, D) SAD with the different planes identified, E) HRTEM showing the dislocation in crystal, F) 

HAAD-STEM image showing the EDS investigation area, G) EDS mapping of the image in F showing Ni, 

Co, S, and V,  H) EELS investigation area, and I)  EELS mapping of the selected area in image H showing 

the  Ni, Co, S, and V with each pixel equivalent to 3.6x3.6 nm. (reprinted from Ref.53 , with permission 

from the Royal Society of Chemistry) 
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6.4 Electrochemical performance  

The electrochemical behavior of half-cell electrodes was analyzed in a three electrode setup 

using platinum sheet (1.5 cm x 1.5 cm) as a counter electrode, saturated calomel electrode 

(SCE) as the reference electrode, and the synthesized material as the working electrode. The 

tests were carried out in 2 M KOH electrolyte. The cyclic voltammetry (CV) of all samples at 

20 mV s-1 and a voltage range of (-0.2 V – +0.6 V) can be seen in Figure 6-6A, while Figure 

6-6B shows the CV measurements of VNCS at various scan rates. All measurements show two 

peaks revealing the pseudo-capacitive characteristics resulting from the reversible faradic redox 

reactions of Co+2/Co+3 and Ni+2/Ni+3 as per the following equations:103,104 

CoS + OH-       ↔       CoSOH + e-             (6-1) 

CoSOH + OH-     ↔      CoSO + H2O + e-                    (6-2) 

NiS + OH-     ↔          NiSOH + e-                                            (6-3) 

The results seen in Figure 6-6A reveal that GNCS and VNCS have larger CV curve areas 

compared to the NCS sample, indicating higher specific capacitance in these samples which is 

attributed to the additional capacitance added by graphene and vanadium 114,136. The CV test 

for the nickel foam alone can be seen in Figure B-6A (Appendix B), indicating the neglible 

effect of the nickel foam and confirms that the pseudocapacitive characteristics in the CV 

measurment is mainly from the active material. Figure B-6B and Figure B-6C (Appendix B) 

show the CV data of the CNS and GNCS samples at various scan rates. Figure 6-6C shows the 

galvanostatic charge-discharge measurements of all materials at 10 A g-1, while Figure 6-6D 
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Figure 6-6.  Electrochemical measurements: A) CV for the three samples at 20 mV s-1, B) CV curves of 

VNCS at different scan rates, C) Galvanostatic charge-discharge of all samples at 10 Ag-1, and D) 

Galvanostatic charge-discharge of VNCS at different current densities. (reprinted from Ref.53 , with 

permission from the Royal Society of Chemistry) 
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shows the charge-discharge measurements of the VNCS sample at multiple current rates. The 

results show symmetric charge-discharge processes for all samples and revealing stable 

pseudocapacitive performance of the synthesized materials. Figure 6-7A shows the specific 

capacitance of all samples at various current rates. The specific capacitance is obtained using the 

equation below: 136,137  

CS = I /(m ΔV/ Δt)            (6-4) 

  Where CS is the specific capacitance (F g-1), I is the discharge current (A), m is the mass of the 

active material (g) and ΔV/Δt is the discharge curve slope (V s-1) obtained after the voltage drop. 

It can be seen from the curves that the GNCS shows higher initial capacitance and much better 

capacitance retention at higher power rates when compared to NCS. This improvement can be 

attributed to the effect of graphene in reducing particle aggregation, providing larger surface area 

with more electroactive sites for ions diffusion, enhancing the charge/discharge kinetics, and 

allowing for faster electron transport.50,108,122,125  

 It is also shown that both GNCS and VNCS show almost similar initial capacitance at 2 A g-1. 

However, a distinction in performance arose as the current density increased. GNCS retains 

75.7% of its capacitance from 2 to 20 A g-1, while VNCS retains 90.2% of its capacitance from 

2 to 20 A g-1. The distinguished performance of the VNCS continued as the current rate increased 

from 20 A g-1 to 50 A g-1 with only 6.5 % capacitance loss compared to 9.1 % for the GNCS. 

Moreover, the capacitance of the VNCS remained higher than 1000 Fg-1 (1024 Fg-1) even at 50 

A g-1 compared to 810 F g-1 and 237.76 F g-1 for GNCS and NCS, respectively. These values 

represent 23.5%, 61%, and 76.4 % capacitance retention compared to the capacitance of each  
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sample at 2 A g-1. A comparison between the capacitance values of NCS and VNCS at low and 

high current densities can be seen in Figure 6-7B. The results clearly reveal the outstanding 

improvement in capacitance at high current density for the VNCS sample with a 430% increase 

compared to NCS sample. The charge-discharge data of NCS and GNCS at various current 

rates can be seen at Figure B- 7 (Appendix B). The summary of specific capacitance values of 

all materials at various current rates is shown in Figure B-8A (Appendix B). The capacitance 

retention at various current rates compared to capacitance at 2 A g-1 is shown in Figure B-8B 

(Appendix B). The results reveal that VNCS showed superior performance at all current rates 

compared to NCS and GNCS. The cycling stability of all samples was examined at 10 A g-1 

(Figure 6-7C).  The capacitance retention values after 10,000 cycles are 64.7%, 80.8%, and 

90.5% for NCS, GNCS, and VNCS, respectively.  The VNCS showed around 140% higher 

capacitance retention than NCS and remarkably higher than the GNCS sample, losing only ~10-

3 F/cycle. All samples showed high coulombic efficiency throughout the cycling test as can be 

seen in Figure B-9 (Appendix B) indicating high material stability. VNCS and GNCS showed 

higher coulombic efficiency compared to NCS which can be attributed to the graphene and 

vanadium doping effect, providing improved reversible charge and discharge kinetics.   
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Figure 6-7. A) Specific capacitance of all samples at different current densities, B) Performance 

comparison between NCS and VNCS at low and high current densities and, C) long cycling performance 

of the three samples for 10,000 cycles. (reprinted from Ref.53 , with permission from the Royal Society of 

Chemistry) 
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The charge-discharge and long cycling results clearly demonstrate the impact of graphene and 

vanadium doping in enhancing the electrochemical performance of the device.  We believe 

that the improved sheet-on-sheet interaction is behind the high stability and performance 

presented by VNCS, which results in the following: 1) allows for faster ion diffusion due to 

the increased number of electroactive sites resulted from the increased contact area between 

the VNCS sheets and graphene sheets in addition to the uniform distribution of all elements 

of VNCS122. 2) Generating strong covalent interaction of the transition metal chalcogens onto 

graphene surface, explaining the long cycling stability138,139; and, 3) Improving the overall 

conductivity, pseudocapacitance, and stability through vanadium doping.114,124,136 A 

comparison with recent reports is shown in Table B-2 (Appendix B), our work is the first 

report of its kind to report V-doped graphene wrapped NCS and among the highest 

performance obtained so far. 

To further investigate the effect of graphene wrapping and V-doping on the electrochemical 

performance of NCS, we fabricated asymmetric hybrid supercapacitors (HSCs). The positive 

electrode in each one of these HSCs was made from one of the three synthesized materials, 

while the negative electrode for all HSC devices was made from a composite of activated 

carbon and graphene (AC/G) with a mass ratio of 9:1. The AC/G material was also coated on 

nickel foam using a drop casting method. The mass ratio of active material in the cathode to 

active material in the anode was controlled to balance the charge on both electrodes (q+ = q–

) because of the difference in charge storage mechanism in each electrode (faradic and EDLS) 

using the following well known charge balance equations:  
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q= C ΔV m                                (6-5) 

m+/m- = C- ΔV- / (C + ΔV+)                      (6-6) 

Where q is the charge, m is the mass, C is capacitance and ΔV is the voltage window. The 

capacitance of AC/G is 173 F g-1 obtained from the charge-discharge test that can be seen in 

Figure B-10B (Appendix B). The N2 adsorption- desorption isotherm of AC/G electrode is 

shown in Figure B-10C (Appendix B) (BET surface area 1565 m2 g-1).     

The electrochemical measurements were conducted using similar electrolyte medium (2 M 

KOH) but in a higher voltage window (0 - 1.6) V. The voltage range was increased after the 

AC/G electrode showed excellent electrochemical reversibility in a voltage window (-1.0 to 0) 

V for both CV and CD tests (Figure B-10 (A-B), Appendix B).  The CV results for the three 

HSCs at 20 mV s-1 can be seen in Figure 6-8A. All curves show hybrid capacitance from both 

EDLC and faradic redox reactions where the two redox peaks are still present. Figure 6-8B 

shows the CV results for the VNCS-HSC device at various scan rates. It is noticed that the 

behavior of the curves do not change with increasing scan rate suggesting excellent reversible 

charge-discharge operations and stable hybridization between the two reactions mechanisms at 

the cathode and anode.104,140 Figure B-11 (Appendix B) shows the CV test of CNS-HSC and 

GNCS-HSC devices at various scan rates. The charge-discharge measurements of all HSCs at 

10 A g-1 is shown in Figure 6-8C, while Figure 6-8D shows the charge-discharge 

measurements of VNCS-HSC at various current rates. Both figures demonstrate that all devices 

have symmetric charge-discharge profiles at all current rates, revealing stable and well balanced 

reaction kinetics between the pseudocapacitive and EDLC parts of the HSC.    



 

 91 

 

Figure 6-8. Electrochemical measurements of HSCs devices,  A) CV of all devices at 20 mVs-1, B) CV of 

VNCS-HSC at different scan rates, C) Galvanostatic charge-discharge of all devices at 10 Ag-1, and D) 

Galvanostatic charge-discharge of VNSC-HSC sample at differet current densities. (reprinted from Ref.53 

, with permission from the Royal Society of Chemistry) 
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The calculated specific capacitance is shown in Figure 6-9A using Equations 5 & 6 above 

using the total mass of the active material in both cathode and anode. The results show that 

the VNCS-HSC exhibited higher initial capacitance and remarkable capacitance retention at 

higher current densities compared to the other two devices. This significant improvement can 

be attributed to the crucial effect of vanadium’s high specific capacitance and higher 

conductivity.132 The results also shows the effect of graphene wrapping in improving the 

initial capacitance and capacitance retention in the GNCS-HSC compared to NCS-HSC. 

Figure 6-9B shows a comparison between the capacitance of NCS-HSC and VNCS-HSC 

devices at 2 A g-1 and 50 A g-1. It is noticed that the VNCS-HSC shows around 260% higher 

specific capacitance at a high current rate of 50 A g-1 compared to the NCS-HSC, which 

further demonstrates the important effect of vanadium doping on electrochemical performance 

at high power rates.   

The charge-discharge curves for NCS-HSC and GNCS-HSC at various current rates are 

shown in Figure B-12 (Appendix B). Figure B-13A (Appendix B) shows the specific 

capacitance values of all HSCs devices at various current rates, while Figure B-13B 

(Appendix B) shows the capacitance retention of all HSC’s devices at different current 

densities compared to the capacitance of each device at a low current rate of 2 A g-1. All of 

these results further demonstrate the superior performance of the VNSC-HSC device at all 

current densities.  
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Figure 6-9. A) Specific capacitance of all HSCs devices at different current densities, B) Performance 

comparison between NCS-HSC and VNCS-HSC  devices at low and high current densities and, C) long 

cycling performance of the three devices for 10,000 cycles. (reprinted from Ref.53 , with permission from 

the Royal Society of Chemistry) 
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Figure 6-9C shows the long-term cycling stability of all devices at 10 A g-1.  The NCS-HSC 

shows 46.4% capacitance retention after 10,000 cycles while GNCS-HSC shows 65.9% 

retention. The VNCS-HSC continued to show impressive improvements in electrochemical 

performance with 85.1% capacitance retention after 10,000 cycles which is not only higher 

than NCS-HSC and GNCS-HSC, but also among the highest results reported in 

literature.28,103,104,106,108,122,140-143  

Figure 6-10 shows a Ragone plot of all HSCs devices. The calculations are based on the 

discharge curves using the followings equations: 

E = 0.5 C ΔV2                         (6-7) 

P = E/dt                                  (6-8) 

Where E represents the energy density, C is the specific cell capacitance calculated according 

to Equation (6-4) using the total mass of both electrodes, ΔV is the voltage window, P is the 

power density, and dt is the discharge time.  

The obtained results represent the average value of multiple measurements. Energy densities 

of 33 Wh kg -1, 41.7 Wh kg -1, and 44.9 Wh kg-1 were obtained for NCS-HSC, GNCS-HSC, 

and VNCS-HSC devices, respectively, at an average power density of 0.87 kW kg-1. VNCS-

HSC still exhibits outstanding performance with an energy density of 33.6 Wh kg -1 at a high 

power density of 9 kW kg-1. This remarkable result is 8 times higher than that of NCS-HSC 

(4.2 Wh kg-1) and significantly higher than that of GNCS-HSC (21.7 Wh kg-1-). These results 

clearly demonstrate that the VNCS-HSC device can provide high power density while  
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maintain excellent energy density. This excellent performance make VNCS a superior 

candidate for commercial applications of hybrid supercapacitors. 

 

Figure 6-10. Ragone plot showing the relationship between the power density and energy density 

of all HSC’s devices. (reprinted from Ref.53 , with permission from the Royal Society of 

Chemistry) 
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electrochemical performance with a specific capacitance of 1340 F g-1 at a low current 

density of 2 Ag-1 and 1024 F g-1 at 50 Ag-1. The vanadium-modification of NiCo2S4 

significantly improved the long cycling performance with less than 10-3 F/cycle capacitance 

loss after 10,000 cycles.  The material was also tested in a full cell hybrid supercapacitor and 

showed outstanding electrochemical performance and harmonized synchronization between 

the EDLC and faradic charge storage kinetics. The resulting hybrid supercapacitor had 

improved electrochemical performance during charge-discharge operations, remarkable 

improvement in cycling stability and high energy density at high power densities, making it 

superior material for hybrid supercapacitors and a potential candidate to bridge the 

energy/power gap between batteries and supercapacitors. 
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Chapter 7: Reconciled Nanoarchitecture with Overlapped 2D   

Anatomy for High Energy Hybrid Supercapacitors 

This chapter is reprinted in adjusted format from Ref.144 with permission from Energy 

Technology Journal.  

Salah Abureden, Fathy M Hassan, Aiping Yu, and Zhongwei Chen, “Reconciled 

Nanoarchitecture with Overlapped 2D Anatomy for High Energy Hybrid Supercpacitors”, 

accepted manuscript online, May 8 2017, Energy Technology Journal-Wiley-VCH. 

7.1 Chapter introduction  

The global energy challenges and the increasing demand for reliable and cost-effective energy 

storage and conversion devices have inspired researchers to explore new materials to meet the 

growing demand145.  Lithium ion batteries (LIBs) are one kind of energy storage device based 

on faradic reactions and are capable of delivering high energy densities with limited power 

densities98. On the other hand, supercapacitors are another kind of energy storage device based 

on the electrical double layer (EDLC) storage mechanism, and can deliver high power densities 

with limited energy densities146.  The idea of creating a hybrid device that can combine the 

characteristics of both the batteries and supercapacitors have attracted the attention of 

researchers in the last decade. Researchers have investigated different materials in the faradic 

parts of the HSC including: metal oxides such as RuO2,
30 MnO2,

31 Li4Ti5O12,
19 V2O5

32 and 

Co2O3;
33 metal sulfides such as MoS2,

34 NiCo2S4;
35 and, conducting polymers such as 

polyaniline36 and polypyrolle.37 However, despite the recent success in improving the energy  
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density of the HSC, the low power density and limited cycle life are still challenging factors in 

energy demanding applications of hybrid supercapacitors.22   

These changes can be met by the following strategies: 1) use of highly conductive substrate 

such as graphene can enhance charge transfer kinetics leading to increased stability at higher 

power rates.108,122 2) use of advanced morphologies that can provide wide contact with 

electrolyte like sheet structure can increase the number of electroactive sites with short diffusion 

paths.147,148 3) the growth of ultra-small nanosize particle on the surface of sheet structure can 

enhance material stability and provide additional electroactive sites.149,150 The combination of 

all these strategies together can lead to increasing the energy density without significant loss of 

power density 

One of the materials that can combine these strategies together is vanadium disulfides which is 

one type of layered transition-metal dichalcogenides (TMDs) and have great potential in hybrid 

supercapacitor devices because of its excellent conductivity, distinctive nanosheets structure, 

and high ion diffusion kinetics.132,137 However, the difficulty of vanadium disulfide synthesis 

which requires the use of H2S atmosphere at high temperatures has limited the interest of 

researchers in investigating the potential of VS2 in supercapacitor applications.151-153 Only two 

reports have successfully investigated the use of VS2 in supercapacitor applications using 

simple synthesis methods. Feng et al.151 reported the synthesis of few layers VS2 nanosheets 

using all in solution route in hydrothermal reaction. The synthesized VS2 showed high 

conductivity and considerable specific capacitance of 4760 μFcm-2. Masikhwa et al.107 reported 

the use of hydrothermal reaction to synthesis VS2 nanosheets which was used for the first time 
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in the fabrication of an asymmetric supercapacitor showing a specific capacitance of 155 F g-1 

and an energy density of 42 WhKg-1 at a power density of 0.70 KW Kg-1. On the other hand, 

the superior electrical and mechanical characteristics of graphene in addition to its large surface 

area have motivated enormous number of researchers to investigate its uses in electrochemical 

devices.  

 To the best of our knowledge, no report in literature has investigated the use of VS2 on graphene 

in a HSC. We here report, for the first time, a unique flower bouquet like structure VS2 

nanosheets with ultra-small VS2 nanoparticles attached to it and anchored to the surface of 

graphene nanosheets synthesized using a facile solvothermal method for supercapacitor 

applications. The material showed superior electrochemical performance achieving 211 F g-1 at 

1 A g-1 and maintaining high capacitance of 135 F g-1 even when the current density increased 

to 20 A g-1. Moreover, the material showed 97 % capacitance retention after 8000 revealing the 

high potential of this material in HSC applications and opening the door for more investigation 

in its possible uses. 

7.2 Experimental section 

This section will introduce the details of the used synthesis method and the electrodes 

fabrication procedure.  

7.2.1 Materials 

All chemicals were procured from Sigma Aldrich and used as-received.   
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7.2.2 Synthesis of VS2/G:  

1 mmol VCl4 was dissolved in 3 ml DDI and 2 mmol of Thiourea (TU) was dissolved in 2 ml 

DDI. These two solutions, along with 15 mg of graphene oxide synthesized by modified 

Hummers’ method, were added to 25 ml of ethylene glycol (EG). The mixture was sonicated 

for 30 minutes and then transferred to a 50 mL Teflon-lined stainless steel autoclave and heated 

to 120oC for 12 h followed by 220oC for another 12 h (Figure 7-1).  The solution was left to 

cool down to room temperature and then filtered and washed by ethanol and DDI three times. 

The filtered powder was dried at 60oC for 2 h in convection oven followed by 12 h in vacuum 

oven at 80 oC. Finally, the material was heat-treated in a tube-furnace under argon atmosphere 

to 300oC for 2 h to improve material purity and crystallinity. 

 

 

Figure 7-1.  Schematic depicting the contents of the precursor solution and the solvothermal treatment 

parameters. (reproduced in adapted format  from Ref.144 with permission from Energy Technology 

Journal). 
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7.3 Characterization  

Morphology and chemical structure characteristics were examined by X-ray diffractometer 

(Rigaku Miniflex 600 X-Ray Diffractometer).  BET analysis was done using Folio BET 

(Micromeritics ASAP 2020). TGA measurement was done with TGA Q500. The XPS was 

investigated using a PHI Quantera XPS spectrometer. SEM was performed using a ZEISS 

ULTRA PLUS SEM and TEM analysis was done using a JEOL 2010F TEM/STEM field 

emission microscope. 

 Figure 7-2A shows the XRD spectra of VS2/G. The peaks at 15.38o, 32.10 o, 35.65 o, 45.25 o, 

57.20 o, 58.30 o, 59.63 o, 64.85 o and 69.30 o are indexed to (001), (100), (011), (012), (110), 

(103), (111), (004) and (201) planes respectively indicating pure VS2 with no impurities 

(JCPDS 89-1640). However, an additional peak is found at 26.60 o which can be indexed to 

graphene. The composition and bonding characteristics of the VS2/G are examined by X-ray 

photoelectron spectroscopy (XPS). Figure 7-2 (B-D) show the XPS spectra of C 1s, S 2p, and 

V 2p, respectively. The C 1s spectra seen in Figure 7-2B reveals a C=C peak at 284.72 eV, the 

weak peak at 286.28 eV is indexed to C-OH and the peak at 288.80 eV is indexed to the O=C-

OH group.154 Figure 7-2C shows the S 2p spectra with two peaks at 162.15 eV and 163.25 eV 

in addition to a shakeup satellite at 167.08 eV. The peak at 162.15 eV indicates the existence 

of low coordination sulfur ions at the surface, the other peak at 163.25 eV indicates metal 

bonding of sulfur.106,155 The V 2p XPS spectra in Figure 7-2D shows two peaks at 513.38 eV 

and 520.65 eV indicating the +4 valance state of vanadium.107,129 The XPS chemical  
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composition measurement revealed 1:1.99 atomic ratio of V: S which is almost identical to 

stoichiometric ratio of VS2.   

 

 

Figure 7-2. A) XRD pattern for the VS2/G showing the standard peaks of VS2 (JCPDS 89-1640) with 

additional peak at 26.60o indexed to graphene, and B-D) XPS spectra of C 1s, S 2p, and V 2p, respectively. 

(reproduced in adapted  format from Ref.144 with permission from Energy Technology Journal). 
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To examine the VS2 and graphene percentage in the VS2/G, thermal gravimetric analysis (TGA) 

was utilized as shown in Figure 7-3A. The measurement was carried out under air from room 

temperature up to 700oC with of 10oC min-1 ramp rate. The result shows that the VS2 is 90.10% 

(wt. %) of the material. The BET analysis shown in Figure 7-3B was conductuted by degassing 

at 200oC for two hours under vacum. The N2 adsorption-desorption isotherm is of type IV with 

an H3 hysteresis loop,156 the measured BET surface area is 32.3 m2 g-1. 

 

Figure 7-3. A) Thermal gravimetric analysis (TGA) of VS2/G showing that VS2 is 90.1 % (wt. %), and B) 

BET analysis showing type IV N2 adsorption-desorption isotherm. (reproduced in adapted format from 

Ref.144 with permission from Energy Technology Journal). 

Figure 7-4 shows the SEM images of VS2/G. The flower bouquet like nanosheets structure of 

the material is seen in Figure 7-4A. This morphology allows for wider contact area between 
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anchored on the surface of the sheets in a homogenous distribution without agglomeration. 

Figure 7-4C is a higher magnification of the image in Figure 7-4B showing the VS2 

nanoparticles in the range of 10-25 nm.  

 

Figure 7-4. A) SEM of the VS2/G showing the flower bouquet like nanosheets structure in, B) image 

showing homogenous distribution of VS2 NP on the surface of the sheets, and C) higher magnification 

SEM image showing the ultra-small VS2 NP in the size of 10-25 nm. (reproduced in adapted format from 

Ref.144 with permission from Energy Technology Journal). 
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TEM images are shown in Figure 7-5. The TEM image in Figure 7-5A shows the VS2 sheets 

on graphene nanosheets morphology with the VS2 prominent nanoparticles adherent to the 

nanosheets. The inset of Figure 7-5A shows the selected area diffraction (SAD) pattern 

revealing the typical hexagonal symmetry of VS2/G basal planes.94 Figure 7-5B is a higher 

magnification HRTEM image of the edge of Figure 7-5A clearly showing the ultra-small VS2 

nanoparticles (10-25) nm anchored to the surface of the sheets which agrees with the SEM 

findings. Figure 7-5C shows the lattice spacing of 0.29 nm indexed to plane (001). The high 

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) image is 

shown in Figure 7-5D. The phase signal (bright field) clearly shows the brighter VS2 nanosheets 

and nanoparticles on darker graphene sheets, confirming the sheet on sheet structure with 

prominent nanoparticles. To further investigate this, HAADF-STEM elemental quantification 

was investigated on area 1 containing prominent nanoparticle and area 2 containing nanosheets 

(Figure 7-5E). The result confirmed the existence of VS2 in both areas in a stoichiometric ratio 

of VS2.  Energy dispersive spectroscopy (EDS) analysis was done on the area shown in Figure 

7-5E. The EDS mapping of carbon, sulfur and vanadium are shown in Figure 7-5 (F-H) 

respectively. The results clearly show the continuous and homogenous distribution of these 

elements which further confirms the existence of VS2 across the whole material structure. The 

electron energy loss spectroscopy (EELS) technique was used to investigate the elemental 

distribution at the atomic level. The EELS investigation area is shown in Figure 7-5I, while 

Figure 7-5 (J-L) show the EELS mapping of carbon, sulfur and vanadium, respectively. 
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Figure 7-5. A) low magnification TEM showing VS2/G sheet on sheet with NP morphology, the inset shows 

the SAD hexagonal structure pattern, B) Higher magnification HRTEM image of the edge of Figure 2D 

clearly showing the ultra-small VS2 nanoparticles (10-25) nm on the surface of sheets, C) TEM images 

showing the d-spacing of plane (001), D) HAADF-STEM image showing contrast in brightness between VS2 

and graphene, E) HAADF-STEM image with elemental quantification on areas 1 and 2. The image was also 

used for EDS mapping, F-H) EDS mapping of the complete area of image shown in in E for carbon, sulfur 

and vanadium, respectively, I) EELS investigation area, and J-L) EELS mapping of carbon, sulfur and 

vanadium, respectively ( each pixel is 4 x 4 nm). (reproduced in adapted format from Ref.144 with permission 

from Energy Technology Journal). 
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The results show the harmonized distribution of the elements at the atomic level (each pixel 

in these images is equivalent to 4 x 4 nm). 

The formation of such unique morphology is influenced by the synthesis material and reaction 

conditions described in the experimental section. The Thiourea (TU) is a reducing and 

allocating agent and anchors to the surface of the graphene oxide (GO) sheets during the 

solvothermal treatment due to its high dipole moment116,159. This leads to the introduction of 

sulfur into the basal plane of GO simultaneously with its reduction, yielding sulfur doped 

graphene (SG).119-121 When sulfur is introduced into the basal plane of graphene, it is 

associated with defects.159 Carbon atoms located on these defects will have higher charge 

density than the bulk carbon.159 These sites (containing sulfur and defects) act as nucleation 

sites for the assembly of the vanadium disulfide nanosheets when TU starts decomposition 

around 190oC during the solvothermal reaction.39,116-118 The material morphology suggests 

that the formation of VS2 may have followed the Volmer-Weber mode160-163 where the 

precursors are populated and anchored to the S-sites on SG, leading to the formation of small 

nanoparticles of VS2 over time.116,164 The particles grow laterally until they eventually 

coalesce, forming continuous sheets of 2D VS2, on top of which remain some particles that 

grown perpendicular to the plan of the 2D sheets of VS2 as separated islands.160-162,165 This 

growth mode has number of advantages. For example: 1) hinders the agglomeration of the 

material and provides large contact area with electrolyte; and, 2) generates strong covalent 

interaction of the VS2 with the graphene surface which explains the long cycling stability. 
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7.4 Electrochemical performance 

The electrochemical performance was evaluated using a three-electrode setup and 2 M KOH 

electrolyte. For half-cell measurements, active material was used as the working electrode, 

platinum foil was utilized as counter electrode, and saturated calomel electrode (SCE) acted as 

reference electrode. For full cell measurements, the working electrode was made of the active 

material and the counter electrode was made of activated carbon/graphene (AC/G) composite. 

The working electrodes were made by mixing the active material with super P carbon and 

polyvinylidenefluoride (PVDF) in 80:10:10 ratio (wt. %). N-methyl-pyrrolidone (NMP) was 

used as the solvent to prepare the slurry which was casted (drop wise) on previously cleaned 

nickel foam (1.5 x 1.5 cm). The electrodes were then dried in a vacuum oven for 12 hours before 

being pressed under 0.1 bar. The mass loading of the working electrodes was around 2.10 mg 

cm-2   

Figure 7-6A shows the cyclic voltammetry (CV) measurements of the VS2/G at several scan 

rates in a voltage window of (-0.2 – 0.6) V. All curves show two redox peaks indicating faradic 

behaviour of the material: the anodic peaks resulting from the oxidation of V+3 to V+4 and the 

cathodic peak resulting from the reverse process. Figure 7-6B shows the galvanostatic charge-

discharge measurements at different current densities. All curves show symmetric behaviour 

during charge and discharge operations, revealing stable charge transfer kinetics and indicating 

high material stability.166 It is noticed that all discharge curves show similar behaviour 

represented in the voltage drop from 0.5 V to ~0.35 V followed by stable voltage decline below 

0.35 V until ~0.25 V where a voltage plateau is noticed. This observation is in agreement with  



 

 109 

the behaviour of the CV measurements.  The voltage plateau is seen more clearly at low 

current densities of 1 A g-1 and 2 A g-1 and less clear at higher current densities, which can be 

attributed to the fast reaction transfer kinetics at high current densities.167,168 The specific 

capacitance values shown in Figure 7-6C were obtained from the discharge curves using the 

following well-known equation:35  

CS = I / (m ΔV/ Δt)                                    (7-1) 

Where CS is the specific capacitance (F g-1), I is the discharge current (A), m is the mass of 

the active material (g), ΔV is the voltage window during discharge measured after the IR drop 

(V), and Δt is the discharge time (s). A capacitance value of 211 F g-1 is achieved at 1 A g-1. 

This superior capacitance is significantly higher than previously reported capacitance in 

literature107,151.  The capacitance maintains 96% of its value at 1 A g-1 when the current density 

is doubled (2 A g-1). 81 % capacitance retention (C.R) was achieved even when the current 

density increased to 10 A g-1 and 64% C.R was achieved at 20 A g-1. 
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Figure 7-6. A) CV measurements of the VS2/G at different scan rates, B) CD measurements at different 

current densities, and C) specific capacitance values at different current densities. (reproduced in adapted 

format from Ref.144 with permission from Energy Technology Journal). 
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The long cycling stability test was performed at 5 A g-1 for 8000 cycles as shown in Figure 

7-7. The result reveals remarkable stability with C.R equal to 98.5 % at cycle 4000 and 97% 

at cycle 8000. The columbic efficiency was 99.2% and 98.5% at cycles 4000 and 8000, 

respectively. These results further confirm the high stability of the material and the excellent 

reversible reaction kinetics.   

 

Figure 7-7. Long cycling stability test at 5 A g-1 for 8000 cycles. (reproduced in adapted format from Ref.144 

with permission from Energy Technology Journal). 
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wt.%), electrodes were prepared using the same drop casting method and weight ratio 

described earlier.  The mass ratio of the two electrodes on the sides of HSC was carefully 

controlled to balance the charge resulting from the two different charge transfer kinetics, 

where VS2/G generates charge using faradic reactions and AC/G generates charge using 

EDLC. The specific capacitance of AC/G is 168 F g-1 calculated from the charge-discharge 

measurement seen in Figure 7-8A. The N2 adsorption- desorption isotherm of AC/G electrode 

is shown in Figure B-10C (Appendix B) (BET surface area 2120 m2g-1).The mass ratio was 

balanced using the following equations:170 

q= C ΔV m                                     (7-2) 

m+/m- = C- ΔV- / (C + ΔV+)                     (7-3) 

Where q is the charge, m is the mass of the material on the electrode, C is specific capacitance 

(F g-1) and ΔV is the voltage range. 

The electrochemical performance investigations were done in 2 M KOH electrolyte and in a 

wider voltage window of (0-1.6) V determined based on the voltage range of the individual 

electrodes of the HSC device.  Figure 7-8B shows the CV measurement of HSC at different 

scan rates. Both battery like behaviour obtained from faradic reactions and standard EDLC 

behaviour can be seen in the CV curves indicating the contribution of both electrodes 

simultaneously in the overall capacitance of the HSC device. The behaviour of the curves did 

not change noticeably at all scan rates, indicating highly efficient reversible charge exchange 

processes between the two sides of the HSC and harmonized synergy between the two reaction 

mechanisms at the cathode and anode.104,140 Figure 7-8C shows the galvanostatic charge- 
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discharge measurements of the HSC at several current rates, the curves show symmetric 

processes of charge gain and release with both faradic and EDLC behaviours observed. This 

further confirms the high synergy between the different reactions mechanisms on both sides 

of HSC attributed to the high stability of electrodes. The specific capacitance values shown in 

Figure 7-8D were calculated using Equation 7-1 above based on the total mass of active 

material on both electrodes. The HSC shows excellent stability and capacitance retention as 

current density increases, with 91.0% C.R at 2 A g-1 compared to the capacitance at 1 A g-1 

and 51.0% C.R when the current density increased 20 times (20 A g-1). Figure 7-9 shows the 

long cycling test at 5A g-1. The HSC device shows outstanding C.R of 99.5 % after 4000 

cycles and 99.1 % even after 8000 cycles compared to the capacitance at cycle 1.  
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Figure 7-8. A) CD measurement of AC/G electrode at 1A g-1, B) CV measurement of HSC at different scan 

rates, C) CD measurement of HSC at different current densities, and D) HSC specific capacitance values 

obtained at different current densities. (reproduced in adapted format from Ref.144 with permission from 

Energy Technology Journal). 
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Figure 7-9. Long cycling test of HSC for 8000 cycles at 5A g-1. (reproduced in adapted format from Ref.144 

with permission from Energy Technology Journal). 

The electrochemical impedance spectroscopy (EIS) measurement before and after long cycling 

is shown in Figure 7-10A. The Nyquist plot reveals a small change in the solution resistance 

(Rs) and charge-transfer resistance (Rct) before and after cycling. The Rs values were 0.85 Ω 

before cycling and 1.55 Ω after the long cycling. While Rct value were 3.25 Ω before cycling 

and 4.75 Ω after cycling. The high slope of the curves in the low frequency region before and 

after cycling suggests a small diffusion resistance.171 These results indicate high device 

stability. 
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Figure 7-10. A) EIS measurement of the HSC device before and after long cycling with the circuit model 

showed, the inset shows the low frequency region in the Nyquist plot, and B) Ragone plot of the HSC 

device. (reproduced in adapted format from Ref.144 with permission from Energy Technology Journal). 
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Figure 7-10B shows a Ragone plot of the HSC device. The energy and power densities were 

obtained using the following equations:172 

E = 0.5 C ΔV2                        (7-4) 

P = E/dt                                 (7-5) 

Where E is the energy density, C is the specific capacitance, ΔV is the discharge voltage range, P is 

the power density, and dt is the discharge time. The obtained results represent the average value of 

multiple measurements. The HSC showed an energy density of 46.93 Wh kg-1 at a power density of 

0.91 kW kg-1 and retained a high energy density even when the power density was 10 times higher, 

showing 23.11 Wh kg-1 at 9.40 kW kg-1. This remarkable retention of energy density demonstrates 

that such material can be ideal for applications requiring long life and high energy retention at high 

power rates. 

The outstanding electrochemical performance can be ascribed to the inimitable material 

morphology. The nanosheets on nanosheets structure, the ultra-small size of VS2 nanoparticles and 

the presence of graphene nanosheets have improved ion migration inside the electrode material,173 

enhanced charge transfer kinetics,174,175 provided large accessibility of electrolyte ions to charge the 

double layer, and increased the number of electroactive sites with shorter diffusion paths leading to 

improved capacitance and faster charge transfer kinetics. 
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7.5 Chapter conclusion  

In conclusion, we have successfully synthesised a distinctive flower bouquet-like VS2 nanosheets 

structure with ultra-small VS2 nanoparticles (10-25 nm) adherent to it and laying on the surface of 

graphene nanosheets using simple solvothermal process. The material showed  

superior electrochemical performance with 211 F g-1 at 1 A g-1 and superior long cycling 

performance (8000 cycles) at 5 A g-1 with 97% capacitance retention and excellent columbic 

efficiency. The material was used to fabricate a hybrid supercapacitor (HSC) showing 

outstanding capacitance of 132 F g-1 at 1 A g-1 with remarkable cyclability and capacitance 

retention. The HSC gave an energy density of 46.93 Wh kg-1 at a power density of 0.91 kW kg-

1 and an excellent energy density of 23.11 Wh kg-1 even at a high power density of 9.40 kW kg-

1. To the best of our knowledge, this is the first report of such a material for HSC applications. 

This material is a very promising candidate for bridging the gap between battery and 

supercapacitor technologies. 

 

 



 

 119 

Chapter 8: Conclusion and Future Work  

This chapter provides a summary of the work reported throughout this thesis and 

recommendations for future projects in order to capitalize on the scientific achievements 

reported. 

8.1 Summary and conclusion 

The main objective of this thesis is to develop new and unique nanostructure faradic materials 

capable of providing high energy density without sacrificing the power density for hybrid 

supercapacitor applications. The hypothesis is to combine half a battery, made of novel 

materials, and half a supercapacitor, made from carbon-based materials, in one cell. This will 

enable operation at larger voltage windows, and coupled with careful control of the charge 

transfer kinetics on each electrode in HSC device will lead to the delivery of higher energy 

densities at high power densities, and a longer life cyclability with minimal capacitance 

reduction. To achieve this, effective modifications to the intrinsic characteristics of selected 

materials were made so that the developed materials can have increased number of electroactive 

sites, improved conductivity, wider contact area with electrolyte, short diffusion pathways and 

fast charge transfer kinetics. The research strategy process included “cyclic-investigation” 

approach with in-depth analysis of the output for the continuous improvements analysis. Using 

simple, safe, inexpensive and scalable production methods are also important objectives in this 

work. All the developed materials were synthesized meeting the above criteria. This can open 

the door for future commercialization of the developed materials.  
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Number of characterization techniques were utilized to investigate the morphology and 

chemical composition of the developed materials including XRD, XPS, Raman spectroscopy, 

TGA, SEM and TEM. The electrochemical performance was evaluated using different 

techniques including galvanostatic charge- discharge, cyclic voltammetry, rate capability, long 

cycling durability and electrochemical impedance spectroscopy.  

Three classes of materials with tuned structure and morphology were developed using. The 

developed materials are: 1) multigrain electrospun nickel doped 1D lithium titanate nanofibers, 

2) vanadium-modified chalcogens with 2D/2D tuned nano-architecture, and 3) reconciled 

vanadium-disulfide 2D nanosheets on graphene nanosheets with 3D prominent vanadium-

disulfide nanoparticles anchored to the surface of the sheets. The summary and conclusion for 

the work done on each one of these materials is discussed below.  

8.1.1 Multigrain electrospun nickel doped lithium titanate nanofibers 

A novel in-situ nickel doped 1-D lithium titanate nanofibers (Li4Ti5-xNixO12, where x=0, 0.05 

and 0.1) have been successfully synthesized using a facile electrospinning process. Physical 

characterization reveals that nickel is homogeneously incorporated into the lattice of lithium 

titanate nanofibers (LTONF), which significantly improves their properties yielding an 

outstanding electrochemical performance in a lithium ion battery at high rate rates and a 

significant reduction in the voltage gap between the oxidation and reduction peaks. A capacity 

of 190 mA h g-1 has been obtained at 0.2 C for the 10% nickel doped nanofibers (Ni-LTONF10), 

which is higher than the theoretical capacity of pristine lithium titanate (175 mA h g-1). This 

highlights the superior rate capability resulting in 63 mA h g-1 obtained at 50 C, which is 20  
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times higher than that of un-doped pristine LTONF and lithium titanate nanoparticles (LTONP). 

Lastly, a hybrid supercapacitor was fabricated using Ni-LTONF10, showing superior energy 

density of 60 Wh kg -1 at power density of 1.5 kW kg-1 and retained a high energy density of 35 

Wh kg -1 at 5 kW kg-1.  

8.1.2 Modified chalcogens with tuned nano-architecture  

Vanadium-modified NiCo2S4 wrapped with graphene sheets (VNCS) was synthesized using a 

simple solvothermal technique. The VNCS demonstrated superior electrochemical performance 

over graphene-wrapped NiCo2S4 (GNCS) and pure NiCo2S4 (NCS) samples, with a specific 

capacitance of 1340 F g-1 at a current density of 2 Ag-1. The VNCS also showed outstanding 

capacitance retention at 50 Ag-1 (1024 Fg-1), which is 430 % higher than NCS sample. The 

cycling stability of VNCS significantly improved by more than 140% compared to that of the 

NCS sample, with less than 10-3 F/cycle loss in capacitance after 10,000 cycles. We also report 

the fabrication of a hybrid supercapacitors (HSC’s) using the three different materials for the 

faradic electrode. The VNCS-HSC showed significant improvements in all electrochemical 

performance measurements compared to NCS-HSC. The capacitance retention at 50 Ag-1 

improved by more than 260% and the long cycling stability improved by more than 180% after 

10,000 cycles.  The VNCS-HSC delivered an energy density of 45.9 Wh kg -1 at 0.87 kW kg-1 

and maintained a superior energy density of 33.6 Wh kg -1 at 9 kW kg-1 indicating the excellent 

potential of this material in hybrid super capacitor applications. 
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8.1.3 Reconciled nanoarchitecture with overlapped 2D anatomy vanadium di-sulfide  

A unique and novel, flower bouquet-like, vanadium di-sulfide (VS2) nanosheets structure with 

ultra-small prominent VS2 nanoparticles (10-25 nm) on its surface and anchored on the surface 

of graphene nanosheets (VS2/G) was synthesized by a facile solvothermal method. The material 

showed superior electrochemical performance when tested in supercapacitors, achieving 211 F 

g-1 at 1 A g-1, 135 F g-1 at 20 A g-1 and 97 % capacitance retention after 8000 cycles at 5 A g-1 

with high columbic efficiency. The material was used to fabricate a full cell, hybrid 

supercapacitor (HSC) showing 132 F g-1 at 1 A g-1 with remarkable cyclability up to 8000 cycles 

at 5 A g-1 losing less than 1x10-4 F/cycle. The HSC demonstrated an excellent energy density 

of 46.93 Wh kg-1 at a power density of 0.91 kW kg-1 and retained a high energy density of 23.11 

Wh kg-1 even when the power density increased ten-fold (9.40 kW k g-1). This unique material 

synthesized by a facile method is a very promising candidate for the next generation of energy 

storage technologies that can fill the gap between batteries and supercapacitors devices. 

8.2 Proposed future work  

The achievements reported in this thesis are the first important step in a long term approach to 

manufacture high performance hybrid supercapacitors devices capable of bridging the 

technology gap between LIBs and SCs. It is suggested that future work be built upon the 

findings of this thesis. Future projects should focus on the followings: 1) development of thick 

electrodes with high mass loadings; such project can evaluate the promising potential of the 

developed materials in providing higher energy and power densities. 2) design and development 
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of multi-stack structure HSC device; such project will entail a framework to scale up the 

developed materials from lab-scale to industrial-scale. Lastly, 3) to investigate further 

improvements on the developed materials and their uses in other energy storage technologies.   

8.2.1 Thick electrodes  

The changes to intrinsic properties of the developed materials helped in matching and 

maintaining synchronized rates of charge transfer on both sides of the HSC device even at high 

power rates.  Building on this, and with the synthesis methods and physicochemical properties 

of the developed materials well established, it is highly recommended to exploit this to fabricate 

thick electrodes which can provide higher energy and power densities. This can be achieved by 

introducing changes to the design of the HSC device in order to accommodate the additional 

mass loading. For example, pouch cell implementations can be a good choice for such 

undertaking. However, the high mass loading on thick electrodes require additional amounts of 

active materials, binders and conductive carbon. This makes it is extremely important for such 

a study to carefully control the colloidal chemistry and adhesion properties, to ensure electrode 

stability and minimal energy density reduction.  

8.2.2 Multi-stack device   

The simplicity, scalability and low cost of the synthesis methods in addition to the availability 

of the used raw materials in abundant amounts pave the way for the scale-up of the developed 

materials from lab scale to industrial scale. It is also recommended to investigate the design and 

development of multi-stack HSC device, similar to the design in Figure 8-1. Such project can 

focus on optimizing the production parameters to produce larger quantities of the materials.  
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This should be done simultaneously with the design and development of a compact device, i.e. 

using thinner current collectors to minimize the weight and size of the device and to allow for 

more layers of the active material to be stacked together. For large-scale production, it is also 

important to study the possibility of using water as a solvent during the cell assembly as an 

alternative to N-methyl pyrrolidone (NMP) which can generate flammable vapors when 

produced in large quantities. The use of water can also reduce the production cost. However, 

the solubility of materials in water need to be taken into consideration in such study.  

 

Figure 8-1. Schematic illustration for supercapacitor with stacked electrodes, 1. Positive electrode, 2. 

Negative electrode and, 3. Separator. (Source is Wikipedia, www.wikipedia.com)   

8.2.3  Further material development and application   

While the developed materials reported in this work showed remarkable electrochemical 

performance in hybrid supercapacitor applications. There is still room for improvements in the 

material design and production methods to attain further improved performance. For example, 

in the case of 1D Ni-LTONF, the use of modified core-shell electrospinning (Figure 8-2) with  
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Ni-LTONF precursor in the outer needle and the nickel salt precursor in the inner needle might 

allow for the encapsulation of nickel inside the Ni-LTONF nanofibers.  

 

 

Figure 8-2 Schematic illustration of the core-shell setup for electrospinning hollow fibers. (reprinted 

from Ref.176 with permission from Journal of Nanotechnology, open access distributed under 

the creative commons attribution license) 

If this is achievable, it might lead to enhanced conductivity and cyclability. However, such a 

project will need a thorough investigation of the effect of the production parameters on the 

produced nanofibers. For example, the effect of the competing electrical forces on the outer 

diameter of the nanofibers need to be considered. The relationship between the material  
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viscosity and applied voltage versus the injection speed and distance and their effect on the 

physicochemical properties and material nanofibers stability should also be evaluated. 

In the case of modified binary chalcogens and VS2/G materials, it is suggested that the future 

work should consider the development of 3D nano-architectures, by growing 1D structure (i.e. 

carbon nanotubes or silicon nanowires) vertically on the surface of a developed 2D material, as 

incubation substrate. The 1D material will act as accelerated ion delivery network providing 

additional capacitance and faster reaction kinetics. Chemical vapor deposition might be a good 

approach for this material preparation.  

Finally, it is also suggested that future projects should investigate the use of the developed 

materials in other energy storage devices such as lithium sulfur and sodium ion batteries.  
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Appendix A 

Table A-1. Comparison of the electrochemical performance of Ni-LTONF10 with recent reports in 

literature (capacities in mAh.g-1) 

 Morphology Dopant 0.2 C 

 

10 C 

 

20 C 

 

50 C 

This work Nanofibers Ni 190  134.9 116 63  

Ref. 69 Nanoparticle Ni 170 No Data No Data No Data 

Ref.70 Nanoparticle Ni 150@0.5 C 72 /5 C No Data No Data 

Ref.177 Nanoparticle Ni/Mn 172@0.5C No Data No Data No Data 

Ref.59 Nanofibers Zr+4 151/ 0.1 C 135 130 No Data  

Ref.137 Nanowire Sr 161.2 110 96.2  No Data 

Ref.178 Nanoparticle Cr 145/ 1 C  125 No Data No Data 

Ref.790 Nano article V 177/ 0.1 C 117 @ 5 C No Data No Data 

Ref.179 Nano Sheets Zn 182.4  122.4 No Data No Data 

Ref.180 Nanoparticle Ni 167.2 150@ 5 C No Data No Data 

Ref.181 Nanoparticle Ag 192.9 163@ 4 C No Data No Data 
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Figure A-1. TEM images of Ni-LTONF5 showing the EDS mapping of oxygen, nickel and titanium 

in a homogenous distribution. 

A) B)

C) D)
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Figure A- 2. Nitrogen adsorption- desorption isotherm curve of AC electrode. The measured BET specific 

surface area is 1517 m2 g-1.   
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          Appendix B 

 

Figure B- 1 A) Areal capacitance variation with mass loading of VNCS, B) XRD shift of plane (511) of , 

VNCS, and C) TGA analysis of VNCS sample (reprinted from Ref.53, with permission of the Royal Society 

of Chemistry) 
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Figure B-2. SEM images showing the graphene wrapping of NCS in GNCS. ( reprinted from Ref.53, with 

permission of the Royal Society of Chemistry) 
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Figure B-3. A) XRD pattern of sulfur doped graphene (SG), B-C) XPS analysis of SG showing C 1s and S 2p 

respectively, and D) SEM image of SG nanosheets 
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Figure B-4. XPS results, A-C) Ni 2p, Co 2p and S2p XPS spectra, respectively for NCS sample, and D-G) 

Ni 2p, Co 2p, S2p and C 1s XPS spectra, respectively for GNCS. (reprinted from Ref.53, with permission 

of the Royal Society of Chemistry) 
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Figure B-5. A) HRTEM image of GNCS showing the fingerprint of different d-spacing, B) HRTEM 

showing the distribution of nanoparticles on the graphene sheets, and C-D) EDS mapping showing the 

nickel, cobalt and sulfur elements, respectively. 
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Table B-1. Detailed information about peaks of different elements in the three materials. ( Reproduced 

from Ref.53, with permission of the Royal Society of Chemistry) 

Sample Peak  BE 

(eV) 

FWHM 

(eV) 

Area (P) CPS 

(eV) 

Atomic 

ratio (%) 

NCS Ni 2p 854.84 2.38 105871.61 14.002 

Co 2p 780.28 3.65 205211.37 28.432 

S 2p 163.2 2.08 68967.12 57.580 

GNCS Ni 2p 854.88 2.44 200901.38 9.528 

Co 2p 780.25 3.61 392198.45 19.542 

S 2p 162.18 2.04 128769.93 38.792 

C1S 284.88 1.35 52742.86 32.136 

VNCS Ni 2p 854.05 2.31 56626.06 11.106 

Co 2p 779.58 3.53 106986.08 21.978 

S 2p 162.05 2.01 36049.18 44.733 

C1S 284.62 1.37 13103.64 21.745 

V 2p 516.40 1.21 1945.99 0.443 
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Figure B-6. A) CV test showing the negligible effect of nickel foam on the material performance,  B) CV 

test at different scan rates of NCS, and C) CV test at different scan rates of GNCS. ( reprinted from Ref.53, 

with permission of the Royal Society of Chemistry) 
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Figure B- 7. CD measurements at different current densities of A) NCS, and B) GNCS. (reprinted from 

Ref.53, with permission of the Royal Society of Chemistry) 
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Figure B-8. A) Specific capacitance values of all samples at different current rates, and B) Capacitance 

retention of all samples at all current densities. (reprinted from Ref.53, with permission of the Royal Society 

of Chemistry) 
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Figure B-9. Columbic efficiency throughout the testing cycles. (reprinted from Ref.53, with permission of 

the Royal Society of Chemistry) 

 

 

 

 

 

 

 

 

 

 

 

 

0 2000 4000 6000 8000 10000
80

85

90

95

100

105

110

89.2 %

94.0 %

 VNCS

 GNCS

 NCS

C
o

u
lo

m
b

ic
 E

ff
ic

ie
n

c
y

 (
%

) 
 

Cycle

96.1 %



 

 168 

Table B-2. Comparison between our work and recent reports (Reproduced from Ref.53, with permission of the 

Royal Society of Chemistry) 

Ref. Material Loading 

mg.cm-2 

Cs  

@ 2Ag-1 

(Fg-1) 

Capacitance 

retention (%) 

Long 

cycling  
(Cycles 

@ 

current 
density) 

Capacita

nce  at 
Cycle # 1 

(Fg-1) 

Reported 

Capacitanc
e retention 

(% @ 

number of 
cycles) 

Cs Retention 

at 10000 
cycles (%) 

20 Ag-1 50 Ag-1 

This 

Work 

V-Modified NiCo2S4 

/Graphene 

2.03-

2.25 

1339 82  

 

76.5  10000 @ 

10A/g 

1160.6 90.5 

@10000 

cycles 

90.5 

(Ref)122 NiCo2S4 ultrathin 
Nano 

sheets/Graphene 

Not 
reported 

1451 @ 
3A g-1 

52.4 Not 
reported  

2000@ 
5A g-1 

1161 95.4 @ 
2000 

cycles 

Not reported  

(Ref)103 NiCo2S4 Nano 
sheets/Ultrathin 

4  1304  85.6 Not 
reported 

6000@8 
Ag-1 

1248 ~ 81 
@6000 

cycles 

Not reported  

(Ref)109 NiCo2S4 / 

Graphene/MoS2 

5 1270@ 

1Ag-1 

45 Not 

reported 

4000@ 

5Ag-1 

1002 92 @ 4000  Not reported  

(Ref)104 NiCo2S4 NS/NCF 2.3  1231 71  Not 

reported  

2000@ 

10A g-1 

1025 90.4 @200 No reported  

(Ref)143  (3D) 

NixCo1_xS2/graphene 

composite hydrogels 

5  1166 @ 

1Ag-1 

48  Not 

reported  

1000@ 5 

A g-1 

1084 69.4 @ 

1000 

cycles 

Not reported  

(Ref)106 NiCo2S4 urchin-like 2-3  1149 @1 

Ag-1 

77.3 66.2 5000@ 

20 Ag-1 

888 91.4 @ 

5000 

Not reported  

(Ref)182 NiCo2S4 porous 
nanotubes 

4-6 1093 @ 
0.2 Ag-1 

Not 
reporte

d 

Not 
reported 

1000@ 1 
Ag-1 

933 63 @ 1000 
cycle  

Not reported  

(Ref)128 NiCo2S4 /ball-in-ball 
hollow spheres 

5  1036 @ 
1 Ag-1 

68.1 Not 
Reported 

2000@ 
5Ag-1 

892 87 @ 2000 
cycles 

Not reported  

(Ref)28 NixCo3_xS4 Hollow 

Nano prisms 

1.0  895.2 @ 

1Ag-1 

65.3 Not 

reported  

1500@ 5 

Ag-1 

782 85.7 No reported  

(Ref)142 NiCo2S4 
nanotubes/binder free 

4.2  738 @ 2 
Ag-1 

73 @ 
32 Ag-1 

Not 
reported 

4000@ 8 
Ag-1 

738 93.4 @ 
4000 

cycles 

Note reported  

(Ref)141 NiCo2S4 Nanoplates/ 

Hollow Hexagonal 

Not 

reported 

437 52.8 Not 

reported 

1000@ 

2Ag-1 

388 63 @ 1000 

cycles 

Not reported  
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Figure B-10. A) CV of AC/G electrode at 20 mV s-1, B) CD test AC/G electrode at 2A g-1, and C) N2- 

adsoprtion desorption isotherm of AC/G with BET surace area 1565 m2 g-1. (Figure A and B reprinted in 

adapted form from Ref.53, with permission of the Royal Society of Chemistry) 
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Figure B-11. CV test at different scan rates of A) NCS-HSC samples, and B) GNCS-HSC. (reprinted from 

Ref.53, with permission of the Royal Society of Chemistry) 
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Figure B-12. Charge-Discharge at different current densities of A) NCS- HSC, and B) GNCS- HSC. 

(reprinted from Ref.53, with permission of the Royal Society of Chemistry) 
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Figure B-13. A) Capacitance values of all devices at different current densities, and B) Capacitance 

retention of all devices compared to the capacitance value of each sample at 2 Ag-1. (reprinted from Ref.53, 

with permission of the Royal Society of Chemistry). 

0 10 20 30 40 50
0

20

40

60

80

100

VNCS

NCS

 

  

Current Density Ag-1

C
a
p

a
c
it

a
n

c
e
 R

e
te

n
ti

o
n

 %

GNCS

A)

B)

NCS GNCS VNCS
0

25

50

75

100

125

150

C
a

p
a

c
it

a
n

c
e

 F
g

-1
 2A/g

 5A/g

 10A/g

 20A/g

 50A/g


