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ABSTRACT 

Global energy demands are expected to continuously grow in the coming decades, while 

the dominant source of energy remains finite fossil fuels. In addition to this challenge, excessive 

consumption of fossil fuels has resulted in severe environmental problems. Motivated by these 

problems, research on the development of electrochemical energy storage and conversion devices, 

as environmentally friendly alternatives to fossil fuels, has increased drastically.  

 Even though the high energy density and high power density of, respectively, secondary 

batteries and electric double layer capacitors allow these devices to drive many  advanced 

technologies,  the gap between their electrochemical performances has offered tremendous 

opportunities for researchers to investigate new chemistries. One exciting approach is to design a 

device comprised of electrodes with two different charge storage mechanisms: fast delivery of low 

energy on one electrode, and slow delivery of high energy on the other. This 

design produces hybrid devices such as lithium-ion capacitors and sodium-ion capacitors, both of 

which have attracted considerable research attention. On the Ragone plot, the electrochemical 

performances of these devices are located between those of secondary batteries and 

electrochemical supercapacitors, meaning that they offer fast delivery of moderate energies.  

These devices, however, face several technological obstacles such as unsatisfactory rate 

performance and limited energy density. Additionally, the cyclability of hybrid 

capacitors is insufficient. These challenges originate from the slow kinetics of ion insertion or 

extraction into or from the anode, which is typically an intercalation-type material, and the kinetic 

imbalance between the electrodes due to the different charge-storage mechanisms that govern the 

charge storage on the cathode and on the anode. Since the charge-storage performance directly 

depends on the surface and bulk characteristics of the electrodes, nanocomposites possessing novel 
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morphological features with doped heteroatoms are needed to enhance these devices' rate 

performances and energy densities. 

To address the problems, research on the electrode materials of hybrid devices has 

considerably advanced. For the cathode side, the focus has been on designing biomass-derived 

high specific surface area carbon materials. Moreover, designing nanocomposites that can offer 

pseudocapacitance mechanism and enhanced electronic conductivity, thus facilitating ion transfer, 

has been the focus for preparing anode materials. In particular, research on the anode materials for 

sodium ion devices has become very attractive due to the large availability of sodium resources. 

Despite the advancement of the hybrid devices in research, however, a set of 

challenges remains. In response, this thesis, through three studies, attempts to address the 

difficulties of limited energy density and low rate performance in hybrid devices. 

In the first study, a facile approach has been used to prepare polyaniline as a precursor to 

synthesizing highly porous and nitrogen-doped carbon material. Oxidative polymerization of 

aniline in the presence of a multidentate acid has been employed followed by annealing and 

activation. The resulting carbon materials were then optimized and used as the cathode of lithium-

ion capacitors and sodium-ion capacitors. Physicochemical characterizations have revealed an 

interesting interconnected morphology, offering abundant macropores for the electrolyte 

infiltration and reduction of ion transfer pathways. Moreover, the analysis of specific surface area 

has revealed the hierarchical structure of the synthesized carbon, with the majority of 

micropores enhancing the double layer capacitance. Electrochemical half-cell tests, one 

with lithium and the other with sodium, have shown that the carbon material prepared in this 

research greatly outperforms commercial activated carbon in terms of specific discharge 

capacitance. A study of the synthesized carbon’s properties before the activation suggests that this 
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low surface area scaffold can also serve as a substrate for the deposition of intercalation-type 

materials to boost the electronic conductivity as well as diffusional properties on the anode side.  

In the second study, inspired by the synthesis procedure in the first study, a new 

nanocomposite of a T-Nb2O5/tubular carbon structure was synthesized. For the oxidative 

polymerization of aniline, the multidentate acid in the first study has been replaced with an acidic 

precursor of niobium dioxide to yield an in-situ incorporation of T-Nb2O5 nanoparticles, a 

pseudocapacitive material, into a nitrogen-doped tubular carbon structure. The Li+ storage 

enhancement has been ascribed to increased electron conductivity and the unique morphology of 

the composite with its hollow interior and abundant pores. Moreover, according to the calculated 

pseudocapacitive mechanism contribution to the total charge storage, the fast-electrochemical 

reaction has benefited from the pseudocapacitive property of nitrogen-doped T-Nb2O5.  

In the third study, motivated by the need for a sustainable alternative to lithium-ion 

devices, we searched for a promising anode material for sodium-ion capacitors. Molybdenum 

disulfide has been selected for investigation. To suppress the volume variation and agglomeration 

of MoS2 nanosheets during charge and discharge, nanosheets were deposited on the crosslinked 

polyaniline scaffold prepared in the first study. The half-cell electrochemical performance has 

shown an enhanced rate capability compared to that of pure MoS2. To dig into the underlying 

cause, the diffusion coefficients of Na+ in the nanocomposite and the control groups were 

calculated using galvanostatic intermittent titration technique. The results revealed an increased 

diffusion coefficient owing to the unique morphological feature of the nanocomposite. Moreover, 

X-ray photoelectron spectroscopy analysis explained the reason behind the longevity of a full cell 

NIC, based on MoS2/NC as the anode and the carbon material prepared in the first study as the 

cathode, to be the strong interaction between nitrogen moieties and MoS2. 
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All the work in this thesis centers around the search and enhancement of electrode 

materials for hybrid lithium-ion capacitors and sodium-ion capacitors, and yet, plenty of 

opportunities remain to further extend the knowledge gained here to improve the performance of 

hybrid devices. As an example, other metal oxides or dichalcogenides can be selected to study the 

in-situ polymerization of aniline, enabling the resulting carbon structure to boost the electron 

conductivity of these materials, allowing them to benefit from high power density and high energy 

density. 
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1. Introduction 

1.1. The energy storage challenge 

The world’s growing demand for energy over the past decades is leading to a critical fossil 

fuel shortage as most of the current energy requirement is fulfilled from combusting fossil fuels. 

According to the International energy outlook presented by the U.S Energy Information 

Administration (EIA), energy consumption will grow by 56% between 2010 and 2040. Moreover, 

energy-related greenhouse gas emission will rise by 46% in that period causing warming seas, 

rising coastlines and localized air pollution.1 These paramount concerns about the fossil fuel 

depletion and environmental crisis have directed many researchers to put significant efforts on 

harnessing safe, clean, and renewable energy resources. Accordingly, there is an essential need for 

the proper storage and subsequent delivery of energy. Electrochemical energy storage systems 

such as lithium-ion batteries (LIBs) and electrochemical double-layer capacitors (EDLCs) are 

among the most developed and widely distributed energy storage devices.2 Similarly, sodium-ion 

batteries (NIBs) have been extensively studied due to the wide accessibility of raw materials, 

offering an in-expensive energy storage option.3 

  Although LIBs can provide high gravimetric and volumetric energy densities, slow 

kinetics in their electrodes results in low or moderate power densities of ̴1 kW kg-1. Likewise, NIBs 

show poor rate capabilities. On the other hand, EDLCs possess excellent power capability and 

cycle life but mediocre energy density (5-10 Wh kg-1).2 Batteries and supercapacitors are known 

as mutually complementary systems. The battery/supercapacitor hybrid energy systems have been 

proposed for large-scale applications such as electric and hybrid electric vehicles (EV, HEV) in 

which the capacitive storage propels the car during acceleration when the high-power operation is 
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necessary, and stores energy from regenerative braking. The battery supplies energy during lower-

power cruising.4 Unifying these high-power and high-energy systems into hybrid capacitors is a 

recent development that has attracted researchers’ attention. 

Hybrid capacitors possess higher energy density than EDLCs and have a higher cycle life 

and power density than Li/Na-ion batteries. Li-ion capacitors (LICs) and Na-ion capacitors (NICs), 

more specifically, utilize an intercalation-type anode and the cathode of EDLCs, which are 

electrically separated. A lithium/ sodium-based salt in organic solvents is employed as the 

electrolyte. The storage mechanism on the cathode is the adsorption/desorption of charges, while 

ion intercalation/deintercalation or fast surface reactions take place on the anode.5,6 

Since the charge storage mechanism on the cathode relies on the electrostatic separation of 

charges, large surface area carbon materials such as activated carbon and graphene are commonly 

used as cathodes. The materials used for anodes include carbon-based materials, metal oxides, 

metal nitrides, and their composites.7,8 Since the introduction of hybrid capacitors by Plitz et al.,9 

two approaches have been pursued to further improve their performance: (1) widening the 

operating potential by rational selection of electrodes to enlarge the operating potential and 

electrolytes with broad operating voltage, and (2) Increasing the charge storage capacity by 

designing novel materials for the positive and negative electrodes. In the first approach, the 

electrolyte electrochemical voltage window must be considered to avoid the decomposition of the 

electrolyte. The difference in the chemical potential of each electrode is another factor determining 

the working potential of the capacitor cell. For the second approach, many studies have tried to 

improve the anode’s anode,  oxide materials such as V2O5,
10, Nb2O5,

11 TiO2,
12 TiP2O7,

13 

Li4Ti5O12
14 and their composite with carbon nanostructures; however, very few studies have 

focused on improving the capacity on the cathode side. Therefore, more in-depth research effort is 
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required in this area to design novel carbon-based materials with higher capacity, without lowering 

the life cycle and power density.  

Ultrahigh surface area carbon materials with optimized pore size distribution and pore 

volume are known to significantly affect the performance of hybrid capacitors through advancing 

the electrical double layer capacitance on the cathode side.15 Heteroatom doping can further 

enhance the capacity by fast reversible surface reactions, known as pseudocapacitive behavior. 

Heteroatom doping can also affect the interaction between the electrolyte and electrode, thus 

influencing the wettability of the electrodes toward a higher capacity and lower equivalent series 

resistance.16 It is also well established that the electrolyte diffusion within the bulk electrode 

materials is one of the major rate-limiting factors influencing the performance of these devices. 

Therefore, the electrolyte transport paths must be optimized without sacrificing electron transport. 

In this regard, a templating method to provide mesoporosity to the system is drawing considerable 

attention as it provides desirable electrode materials with intriguing properties such as electrical 

conductivity, chemical inertness, high surface area, and uniform pore size.17  

Electrochemically active metal oxides integrated with carbonaceous nanostructures have 

been widely investigated, as they supply high energy density through faradaic reactions using their 

different electronic states. Additionally, the presence of a graphitized carbon framework is 

believed to mitigate the conductivity and stability problems with these materials. As a result, 

designing novel hybrid materials is a matter of ongoing research. Evaluating the physicochemical 

and electrochemical characteristics of heteroatom-doped high surface area carbon framework, 

templated carbon framework and metal oxides, this research aims to design and develop novel 

electrode materials with enhanced performance towards charge adsorption/desorption at the 

cathode and Li/Na ion storage at the anode in hybrid organic capacitors. 
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1.2. Electrochemical capacitors and pseudocapacitors 

EDLCs, also referred to as electrochemical supercapacitors, utilize the interfaces between 

electrodes and the electrolytes for energy storage, by employing electrostatic separation and 

accumulation of charged ions. In fact, the energy of these devices is stored in the electrical double 

layer in the solution and electrode surface interface, thereby balancing the charge. Most EDLCs 

are comprised of porous carbonaceous materials that act as electrodes, aqueous or organic 

electrolytes, and porous separators. More than 80% of the commercially available supercapacitors 

are fabricated based on the high surface area carbon materials, because they are abundant, highly 

conductive and cost-efficient.18,19 The mechanism of charge storage for EDLCs is included in 

Figure 1-1. 

 

Figure 1-1 Illustration of charge storage in (a) EDLCs, and (b-d) in capacitive 

pseudocapacitors with permission from Ref. 20. 

During the application of an external load (charging), electrolyte ions migrate to the micropores 

of the negative or positive electrode depending on the type of ions and the electrons migrate from 

the negative electrode to the positive electrode through the external circuit; the reverse process 
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takes place during discharge. No redox reaction is involved in this mechanism.19,21 Since the ion 

adsorption and desorption are fast surface processes, EDLCs can provide high-power and long-

term cycling stabilities. The capacitance of the supercapacitors can be calculated from the 

following equation:19 

𝐶 =
𝜖𝑟𝜖0𝐴

𝑑
          (1-1) 

Where Ɛr represents the permittivity of the electrolyte, Ɛ0 is the permittivity of the vacuum, A is 

the interface area of the electrodes and the electrolyte interface and, d is the Helmholtz double 

layer. According to equation 1-1, one can significantly increase the capacitance by designing 

nanostructures with abundant pores and ultrahigh surface area. At the current state, EDLCs display 

a much higher power delivery (1–10 kW kg-1) when compared to LIBs (150 W kg-1). Moreover, 

EDLCs possess very high capacity retention (90%) even after many cycles (>10,000).7 The life 

expectancy for EDLCs is estimated to be up to 30 years, compared to 5 to 10 years for LIBs.  

However, their energy density is far from satisfactory compared to that of LIBs, as, unlike in LIBs, 

the bulk material of EDLCs is not involved in the storage mechanism. The highest energy storage 

density of commercially available activated carbon-based EDLCs is 12 Wh kg−1, an order of 

magnitude smaller than that of LIBs.22 

Another type of electrochemical capacitors is called pseudocapacitors. Their charge storage 

mechanisms are very different from the EDLCs’, however they show a very similar 

electrochemical features to EDLCs.23 According to Conway, there are three types of faradaic 

mechanisms that results in capacitive behavior (shown in Figure 1-1).19 The first one is 

underpotential deposition, during which metal ions’ monolayers are adsorbed on the metal’s own 

surface at a potential less negative than its Nernst reduction potential. Second is the Redox 
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pseudocapacitance, which is a Faradaic charge transfer at or near the surface of material. The other 

mechanism is intercalation pseudocapacitance, which occurs when ions intercalate into the 

crystalline layers of a material, followed by charge transfer reaction with no phase change.19,24 The 

relationship between the capacitance and the interface between electrolyte and electrodes follows 

that of EDLCs, thus down-sizing the electrode structure to achieve high surface area is a common 

strategy to enhance these material’ energy density. 

1.3. Lithium-ion batteries and sodium-ion batteries 

Charge storage in LIBs relies on the Li+ insertion/ extraction into and from the electrodes, 

or alloying/dealloying of Li with negative electrodes.25,26  LIBs have been successfully 

commercialized since 1991 and have been used in portable and stationary instruments. The most 

widely commercialized anode material for these devices is graphite, wherein Li+ occupy the 

interstitial sites between every hexagonal ring of carbon atoms in the form of LiC6, which has a 

theoretical storage capacity of 372 mA h g-1. LiCoO2 has been employed as the cathode material 

in commercialized cells due to its high Li+ storage capacity (120 mA h g-1). A separator immersed 

in a Li salt-containing organic electrolyte such as LiPF6 separates the anode from the cathode.  

During charging, Li+ are extracted from the LiCoO2 and liberated to the electrolyte with 

concomitant oxidation of Co3
+ and Co4

+. Simultaneously, Li+ uptake occurs at the anode to form 

a LixC6 compound. The electrons at the positive electrode pass through the external circuit to reach 

the anode. The reverse occurs during discharge, as illustrated in Figure 1-2.27   
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Figure 1-2 Illustration of lithium-ion charge storage mechanism with permission from Ref. 

27. 

The corresponding reactions at both electrodes are shown in the following:  

𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒−       (1-2) 

𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐿𝑖𝑥𝐶        (1-3) 

with a stoichiometry close to LiC6 when fully charged.28 Other existing materials involved in 

commercial LIBs are typically LiCoO2, LiMn2O4, LiFePO4 for the cathode; Graphite, Li4Ti5O12 

for the anode; ethylene carbonate (EC), dimethyl carbonate (DMC), LiPF6, LiBF4, LiClO4 as the 

electrolytes/salts; and polypropylene, polyethylene as the separator.29 

The challenges with these devices are relatively low power density and inferior cycle life, 

originating from the intrinsically sluggish ion diffusion into electrode bulk; the typical charging 

time of LIBs is in hours while EDLCs can be charged in seconds. Additionally, during 

lithiation/delithiation or alloying/dealloying, electrodes experience mechanical stress because of 

the volumetric change and structural phase transitions, resulting in a capacity loss. Since our 
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society is addicted to power, these challenges are the focus of many studies.30,31 The power/energy 

trade-off of electrochemical devices is plotted in a so-called Ragone plot (Figure 1-3).  

 

Figure 1-3 Ragone plot for EESs with permission from Ref. 32. 

 

Energy storage research generally focuses on moving every device’s performance closer to the 

upper right-hand corner of the Ragone plot. For capacitors, increasing specific energy is crucial 

and remains a challenge.  For batteries, many directions are currently being pursued to enhance 

the performance, including the development of high-energy electrode materials such as silicon 

anodes and high capacity Li-rich cathodes.  

Sodium-ion batteries have also received a great attention due to larger global abundance of 

sodium than that of lithium. In fact, sodium resources considered as “infinite” in some studies. 

With this incentive and the fact that Li+ and Na+ have similar insertion chemistry, research focus 

has been shifted to NIBs and the number of published papers was rapidly increased by five-fold 

between years of 2012 and 2018.33 Similar to LIBs, NIBs operate based on electrochemical 

reactions that occur between the cathode that is sodium-containing layered materials, and the 
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anode that is usually made of hard carbon. A separator between the two electrodes allow ionic 

flow and are immersed in an electrolyte with organic solution containing salts such as NaClO4 or 

NaPF6.
34 During charge Na atoms in the cathode release electrons to the external circuit and Na+ 

in the electrolyte migrate to the anode, where they react with the layered anode material; the 

opposite process occurs during the discharge. Slow kinetics, poor rate capabilities, and short cycle 

life are the major challenges that need to be responded to.3,35  

In response to the inferior power density and cycle life of batteries and low energy density 

of EDLCs and pseudocapacitors, hybrid devices, and more specifically, Li-ion capacitors (LICs) 

and Na-ion capacitors (NICs) are receiving considerable interest, because they mitigate LIBs, 

NIBs, and EDLCs weaknesses while combining their distinct advantages to bridge the gap between 

these devices.36 Hybrid capacitors can take advantage of the faradaic energy storage mechanism 

on the anode to boost the energy density while improving the electrochemical performance at high 

rates by using a capacitive electrode as the cathode.  

1.4. Hybrid devices 

Electrochemical supercapacitors are classified into symmetric or asymmetric electrode 

configurations. Symmetric devices use identical electrodes for their anodes and cathodes, whereas 

asymmetric devices have significantly different capacitance values for each electrode.8 The 

advantage of using asymmetric systems is in their additional electrochemical potential difference, 

which boosts operating potential and provides higher energy density due to the faradaic redox 

mechanism on the battery type electrode.18 As an example, Wu et al. fabricated a high energy 

density asymmetric supercapacitor using MnO2 nanowires and graphene, with an energy density 

of 30.4 Wh kg-1. The authors explain that symmetric supercapacitors show much lower energy 
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density than the asymmetric device (2.8 Wh kg-1 for graphene/graphene and 5.2 Wh kg-1 for 

MnO2/MnO2 configurations).37 Hybrid devices, associated with asymmetric devices, refer to 

devices that store energy using a combined charge-storage mechanism: Faradaic and electrical 

double layer capacitance (mainly capacitive at the positive and pseudocapacitive or faradaic at the 

negative electrode).  

One advanced type of the hybrid capacitors is organic metal-ion capacitors, in which 

carbon-based electrodes are implemented as the cathode and metal oxides or intercalation material 

as the anode. Li/Na-salt containing organic electrolytes such as 1 M LiPF6/ 1M NaClO4 in 

EC/DMC are used as the electrolyte. 

1.4.1. Lithium-ion capacitors (LICs) 

One of the earliest LICs, patented by Amatucci et al. in 2001, was made of a nanostructured 

Li4Ti5O12 (LTO) anode and an activated carbon cathode (AC), providing an energy density of 20 

Wh kg-1 and bridging the gap between LIBs and EDLCs.38 LICs have been commercialized by JM 

Energy containing graphite as the anode and activated carbon as the cathode and operate such that 

during a load application, Li-ions migrate through the electrolyte and intercalate into the negative 

electrode (graphite layers to form LiC6), when the device is fully charged (Figure 1-4). At the 

same time, PF6 anions adsorb on the surface of the activated carbon and electrons pass through the 

external circuit to combine with the intercalated Li-ions at the negative electrode. The reverse 

occurs during discharge. 39,40 Equations (3) and (4) illustrate the reactions that take place on the 

activated carbon (AC) and graphite.41 

 

𝐴𝐶 + 𝑃𝐹6
− ↔ 𝐴𝐶+. 𝑃𝐹6

− + 𝑒−        (3) 

𝐶 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐿𝑖𝑥𝐶        (4) 
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Currently, the commonly used cathode materials for this technology are AC, carbon 

nanotubes, and graphene. The conductivity, surface area, and pore size distribution (PSD) for these 

capacitive electrodes are the critical factors influencing the capacitance. Several other capacitive 

and pseudocapacitive electrodes will be discussed later. It is worthwhile mentioning that cathode 

materials for LICs need a high rate capability and long cycle life. The insertion type electrodes 

commonly used as anode materials for these devices are graphite and LTO, offering high energy 

density and power density for the cell, respectively. For example, Lee et al. fabricated a full cell 

based on activated carbons as a cathode, and LTO as the negative electrode. The device delivered 

a capacitance of 209 F g-1; however, conductivity quickly became an issue as internal resistance 

increased when LTO was delithiated.41 

 
Figure 1-4 Illustration of charge storage mechanism in a hybrid device 

The frequently implemented aqueous electrolytes are alkaline sulfates, hydrate, or nitrates 

such as LiSO4, LiOH, or LiNO3. Aqueous electrolytes have higher ionic conductivity than organic 

electrolytes; however, they have only narrow electrochemical potential (less than 1.2 V, due to 

water electrolysis). In contrast, organic-based electrolytes provide considerably higher energy 
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density as they possess a wider electrochemical window (up to 3 V). In these systems, the most 

commonly used electrolyte is LiPF6 in an organic solvent, EC, and DMC.42 

Separators are located between the two electrodes to prevent the short circuit and are 

generally made of cellulose, polymer membranes and glass fibers. Current collectors are other 

components of electrochemical cells and have been used to enhance the contact of the electrode 

materials within the cell. Typical current collectors that are compatible with organic electrolytes 

are aluminum or carbon-coated aluminum foil for cathode and copper foil for anodes.42 

Developing the storage capacity and energy density of LICs has become a crucial area of 

research since, in their present states, LICs have compromised power density and cycle life due to 

striving for increasing energy density. Several strategies have been suggested to enhance the 

performance of these devices, such as enhancing the capacity storage of their electrodes, the 

capacitive materials for cathode and pseudocapacitive or insertion type materials for anode.43 It is 

worthwhile to mention that balancing the capacity of the electrodes by varying the mass loading 

is critical, as the capacity of the anode is significantly higher than that of the cathode.  

1.4.1.1. Electrode materials as the cathode 

This section reviews the literature on progress made in the field of capacitive electrode 

technologies, which is the main focus in selecting cathode materials. Table 1 summarizes several 

cathode materials reported as cathodes for LICs. 

Several carbon structures can be employed in LICs, such as activated carbon (AC), carbide-

derived carbon (CDC) and graphene. These structures can provide a long-life cycle and excellent 

conductivity but limited specific capacitance. One effective strategy for enhancing the specific 

capacitance is to design high surface area and large pore volume carbon materials. Highly porous 

materials enlarge the double layer capacitance by improving the contact between electrodes and 
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electrolyte; moreover, large pore volume facilitates the accessibility of ions to the active sites. 

Therefore, optimizing pore size has a substantial impact on the charge storage capability of the 

carbon materials. Templating techniques and chemical activation are the two major approaches for 

creating macro (pore size larger than 50 nm) meso (pore size of 2-50 nm) and micropores (pore 

size less than 2 nm).44,45 

Chemical activation of carbon-based materials using KOH is a broad strategy for creating 

high surface area carbon-based materials. The activation of carbon with KOH in an inert 

environment at high-temperature proceeds as 6𝐾𝑂𝐻 + 𝐶 → 2𝐾 + 3𝐻2 + 2𝐾2𝐶𝑂3, followed by 

decomposition of K2CO3  and/or reaction of K/K2CO3/CO2 with carbon, resulting in abundant 

pores in the carbon products.45 This approach delivers mostly micropores and mesopores with a 

surface area of up to 3175 m2 g-1.46 

Introducing heteroatoms to functionalize porous carbon is a promising strategy to enhance 

the limited capacitance and benefit from pseudocapacitive behavior. Pseudocapacitors exhibit a 

linear dependence between charge storage and potential, similar to ideal capacitors, yet, with a 

very different charge-storage mechanism. Unlike EDLCs, pseudocapacitors involve a fast-

reversible redox reaction at the electrode surface and the passage of electrons across the double 

layer. As a result, a pseudocapacitor generally stores more charge than EDLCs. The major 

difference between batteries and pseudocapacitive materials is in the charging and discharging 

time scale, which is approximately within seconds and minutes for pseudocapacitive materials.47  

The mechanism by which heteroatoms contribute to the increment in capacity has not been 

clearly explained. It has been suggested that the heteroatoms in a carbon matrix can significantly 

change the electron/donor characteristics of the carbon electrode material, thereby introducing 

pseudocapacitive behavior. Moreover, functional groups improve the wettability of pore walls. 
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Some recent studies also suggest that heteroatom doping can increase the conductivity of porous 

carbon materials. Nitrogen, boron, phosphorus, and sulfur are the heteroatoms that could 

potentially be employed in metal-ion capacitors.48,49 

Nitrogen has been the most extensively heteroatom studied for modifying surface 

properties of the carbon materials in supercapacitors. Nitrogen atoms can act as electron donors, 

resulting in a shift of the Fermi level in carbon electrodes. Also, nitrogen-doping can enhance the 

capacitance of carbon-based materials due to a fast redox pseudocapacitance contribution. Another 

effect of the presence of heteroatoms is the increased wettability of the electrodes. Nitrogen doping 

can be achieved using heat treatment of the carbon-based material with ammonia or urea.49 As an 

example, Li et al. prepared nitrogen-doped activated carbon using biomass as the carbon precursor 

and heat treatments in NH3 atmosphere to introduce nitrogen doping.16 The capacity reported for 

the device is 189 F g-1 at 0.4 A g-1 in an organic electrolyte which is significantly higher than that 

of activated carbon (40-100 F g-1) in organic electrolyte.7 In addition, nitrogen can be intrinsically 

present in the carbon structure when nitrogen-rich precursors such as polyaniline, polypyrrole, and 

polyacrylonitrile or some biomass are employed.50,51 

1.4.1.2. Electrode materials as the anode 

Several insertion-type electrodes as anodes such as carbonaceous materials with various 

morphologies have been proposed to construct high-performance LICs. Aida et al. used graphite 

as the anode and AC as the cathode for a LIC device, and the device is reported to deliver power 

and energy density of 8.5 kW L-1 and 81.4 Wh L-1, respectively, showing higher energy density 

than that of EDLC (15.8 Wh L-1).52 Aside from graphite, hard carbon has also been employed for 

LICs. The energy density of Graphite/AC cell outperforms the energy density provided by the hard 
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carbon/AC cells. However, the cell’s rate performance containing hard carbon is superior (70% of 

the initial capacity at a 40C rate).53 

Few studies suggest using polyanions as anode compounds for LICs with different anionic 

groups such as phosphates (TiP2O7). For example, Aravindan et at. synthesized TiP2O7 with a 

cubic structure.13 CV curves show a reversible Li-ion intercalation and deintercalation at 2.54 V 

and 2.67 V in the half-cell system versus Li/Li+. The discharge capacity in a full cell containing 

TiP2O7 for anode and AC as a cathode in the organic electrolyte at 30 mA g-1 is 29 F g-1, which is 

even lower than the symmetric device with AC electrodes. Overall, there are no polyanions-based 

materials as electrodes for LICs’ electrodes studied in the literature that can compete with AC-

based materials. 

Metal oxides are the most widely investigated insertion-type electrode materials in LICs. 

They possess high theoretical capacity and high voltage output within 1 to 4 V vs. Li/Li+. Table 2 

summarizes several types of the metal oxides as anode materials and their performance.  Metal-

ion capacitors prepared from transition-metal oxides are predicted to have a high capacitance while 

they are inexpensive and environmentally friendly. In addition, they can provide enhanced energy 

density, however, with sacrificing the power density due to poor electrical conductivity. The also 

show inferior cycling performance compared to carbon materials as their crystal structure undergo 

volume change during lithium insertion/extraction. To tackle these problems, many studies have 

focused on composite materials made of carbonaceous materials and metal oxides.53 V2O5,
54 

Nb2O5,
55 TiO2,

56 are several metal oxides that have been integrated into hybrid electrode materials 

for LICs. V2O5 as an example has a high capacity of 443 mA h g-1 when three Li ions are inserted 

into the host lattice, and 294 mA h g-1 when two Li-ions are intercalated into the lattice. This 

material is also attractive because of its layered structure, ease of preparation, high output voltage, 
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and capability to accommodate the reversible intercalation of lithium ions in organic solutions. 

Challenges associated with this material are mainly structural instability due to volumetric 

expansion, poor conductivity, and ion diffusivity of electrode materials. Therefore, bringing the 

size of V2O5 particles to nanoscales and coating with carbon materials can relatively solve these 

problems.54,57 For instance, Nagaraju at al. synthesized a two-dimensional composite of V2O5 

nanosheets and reduced graphene oxide. They reported that the composite electrode’s energy 

density of 79.5 Wh kg-1 at 900 W kg-1 is 2.5 times higher than V2O5 electrodes’ energy density, 

concluding that the reduced graphene oxide significantly contributes to the conductivity of the LIC 

cell.58 

Recently, researchers have also shown an increased interest in niobium pentoxide, Nb2O5, 

as one of the promising materials for LICs. It has high theoretical capacity (200 mA h g-1) and 

slight structural changes during intercalation/deintercalation, which provide an excellent power 

performance. Moreover, it possesses high potential window, which can prevent the formation of 

lithium dendrites. However, the low conductivity of the metal oxide has led researchers to design 

hybrid nanocomposites of Nb2O5 and conductive materials. As an example, Wang et al. uniformly 

encapsulated Nb2O5 in ordered mesoporous carbon (CMK-3), using the hard-templating method 

and NbCl5 for the Nb2O5 precursor. The resulting orthorhombic 20% Nb2O5/CMK-3 composite 

delivers the capacity of 243.6 mA h g-1 within the potential window of 1-3 V vs. Li/Li+ at 0.2C in 

a half-cell test. Their synthesis methodology includes impregnation of NbCl5 into CMK structure 

followed by a combination of drying, heat treatment at high temperature (700°C) in an inert 

environment, and calcination at 300°C in air. According to their result, the capacity retention of 

the LIC device is 87% of the initial capacity after 1000 cycles. In another study, Murugan et al. 

employed the hydrothermal method to prepare a nanocomposite containing Nb2O5 nanoparticles 
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and reduced graphene oxide. In the half-cell test, the cell delivers capacitance of 321 F g-1 (equal 

to 267.5 mA h g-1) at the scan rate of 10 mV s-1 with 86% capacity retention after 500 cycles.59 

Although the author claims the uniform dispersion of the Nb2O5 nanoparticles, SEM images reveal 

distributed aggregates. 

1.4.2. Sodium-ion capacitors (NICs) 

Although the number of research on NIBs has been considerably increased, research on 

NICs is in its infancy. The first published work on NICs in 2012 introduced interpenetrated carbon 

nanofibers/ V2O5 nanowires as the anode and commercial AC as the cathode, outperforming 

EDLCs in terms of energy and power densities, but not cyclability.60 NICs have similar 

components to LICs, containing a capacitive cathode, an insertion type material as the anode, and 

a separator soaked in organic electrolytes with NaPF6 or NaClO4.
36 In the following section, 

several examples of the electrodes is given. 
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Table 1-1 Capacitive electrodes as cathodes of LICs 

Electrode 

Surface 

area,  

m2 g-1 

Practical capacity or 

capacitance 

Half-cell testing (Li metal as 

reference and counter 

electrode) 

Energy 

density 

Wh kg-1 

Power 

density 

W kg-1 

Capacity 

Retention/ 

cycles 
Full cell anode 

N-doped activated 

carbon from corncob16 
2852 

129 mA h g-1 at 0.4A g-1 

2-4.5V   vs. Li/Li+ 

Max:230 1747 
76%   /8000 

Si/C 

Activated carbon from 

coconut shell15 
1652 

120 F.g-1 at 0.1 A g-1 

3-4.6 vs. Li/Li+ 

69 - 
80% /2000 

Li4Ti5O12 

Pani/ 

Li(Mn1/3Ni1/3Fe1/3)O2 
61 

57 - 
Max 49 3000 

90%/1000 
AC 

Activated exfoliated 

graphene oxide62 
3100 

130 mA h g-1 at 1.1 A g-1 

2.7 V (Symmetric) 

40.8 - - 

Li4Ti5O12 

Activated graphene63 3290 
19 mA h g-1 at 4.2 Ag-1 

(symmetric) 

0-3.5 V (ionic liquid) 

Max:74 33800 
94%/ 1000 

Symmetric device 

3D porous graphitic 

carbon50 
4073 

225 F g-1 at 0.5 A g-1 

2.7 V (Symmetric) 

- 
96%/10000  

Symmetric device 

Carbon from poly 

(acrylamide-co-acrylic 

acid) potassium salt64 

1490 
123 F g-1 at 0.1 A g-1 

3-4.6 vs. Li/Li+ 

5 

87% /2000 
Li4Ti5O12 

Zeolitic imidazolate 

framework-8 (ZIF-8)65 
1110 

168 F g-1 at 0.1 A g-1 

2.5-4 vs. Li/Li+ 

100            100 
87%/12000 

Ni/NiO/C 
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Table 1-2 Insertion electrodes as anodes of LICs 

Nanocomposites Morphology 

Practical capacity 

Half-cell testing (Li metal as 

reference and counter 

electrode), mA h g-1 

Energy 

density 

Wh kg-1 

Power 

density 

W kg-1 

Capacity 

Retention

/cycles 
Full-cell cathode 

V2O5
10

 Nanofibers 
316 at 0.1 C rate 

1.75-4 V vs. Li/Li+ 

18                 at 315 
80% /3500 

SWCNT  

V2O5-rGO57 Nanoparticles 
129.7 at .1 A g-1 

-0.8-0.8 V vs. Ag/AgCl 

Max: 13.3  Max: 625  
85% /8000 

Free standing rGO 

MnO/CNS66 Nanoparticles 
567 at 5 A g-1 

0-3 V vs. Li/Li+ 

90             Max:15000 
76% /5000 

CNS  

Anatase TiO2
12 Microsphere 

148 at 0.2 A g-1 

1-3 V vs. Li/Li+ 

42 800 
80% /100 

AC 

TiO2 decorated 

LTO14 
Nanosheets 

- 74.8  300 92.3% / 

3000 N-CNT 

Nb2O5@Carbon11  Core-Shell 
180 at 0.05 A g-1 

1.1-3 V vs. Li/Li+ 

Max: 63            Max:16528 
- 

AC 

Niobium nitride 

(NbN)67 

Cubic 

crystals 

332 at 0.1 A g-1 

0.01-3 V vs. Li/Li+ 

149 200 95% 

/15000 AC 

Carbon 

nanofiber/T-Nb2O5 

Nanofibers/ 

nanoparticles 

120 at 1 A g-1 

1.2-3 V vs. Li/Li+ 

80 180 80%/ 

35000 AC nanosheets 



20 

 

1.4.2.1. Electrode materials as cathodes 

Since the operation principle on the cathode side in NICs is like that of LICs, ideas on how 

to develop a high-performance cathode for NICs have been mostly borrowed from LICs’ cathode 

literature. The most common cathode materials for NICs is activated carbon possessing high 

surface area (̴ 3000 m2 g-1) and average pore diameter of 2 nm. This property is beneficial for 

electrolyte diffusion and the large double layer separation of charge. Additionally, AC is a stable 

material within 1-4.3 V vs. Na/Na+ in organic electrolytes containing NaClO4. Biomass or 

polymer-derived activated carbon is reported to show higher capacitance values due to presence 

of doped heteroatoms (such as N and S atoms) that offer fast surface processes, contributing to the 

total capacitance of the electrode.68,69 

Since the Na+ storage capacity of AC is limited (about 50 mA h g-1), some research work 

has been focusing on using layered pseudocapacitive or insertion materials as cathodes of NICs. 

For instance, Wei et al. suggested layered ferric vanadate nanosheets as the cathode and employed 

hard carbon as the anode for a NIC device.70  Although the device shows an excellent energy 

density at high rates, delivering a 100 Wh kg-1 in 6 minutes, the capacity retentions drop to ̴65% 

only after 800 cycles. This poor capacity retention challenges the advantages of using layered 

materials as cathodes for capacitors. Other insertion-type materials from NIBs literature have also 

been tried as NICs’ cathodes, including Na2Fe2(SO4)3 with theoretical capacity of 120 mA h g-1, 

and V2C-MXene with wide working potential window.71,72 However, the cycling stability cannot 

meet the requirement for capacitors device due to the intrinsically slow and irreversible chemical 

reactions in these types of materials. Accordingly, AC materials still hold promise for NICs as they 

can provide moderate capacity and long cycle life.  
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1.4.2.2. Electrode materials as anodes 

Most of the research work on NICs that published in the past few years have been focused 

on anode materials with attempts to increase the rate capability of Na+ insertion. For instance, hard 

carbons (HCs) synthesized by the pyrolysis of carbon sources such as polymers or sustainable 

biomass has been suggested as the anodes for NIBs and NICs.69,73 HCs with graphene-like carbon 

layers and abundant nano-size pores have shown promising and reversible Na+ insertion with the 

capacity of 300 mA h g-1. Nevertheless, HCs applied in NICs has shown inferior capacity retention 

compared to when it was used for LICs with the identical cathode as the NIC.74 Jayaraman et al. 

synthesized natural plant-based hard carbon and tested its Na+ and Li+ storage properties against 

AC as the cathode, synthesized from the coconut shell. They concluded that although HCs can 

offer a high energy and power density NIC device, the cycling stability drop to 60% only after 

2000 cycles, raising doubts about the benefits of using HCs as the anode of NICs.75 

Several layered oxide materials and their composites with carbon materials have been 

studied as the anodes.60,76–78 As an example, NiCo2O4, as the anodes for NIBs, can provide an 

exceptional capacity of 890 mA h g-1
, however, as the NIC anode, can only provide 20 F g-1 due 

to small layer distance that could not accommodate the Na+ insertion.76  Table 3 summarizes some 

of the recent reported NIC devices. 

1.4.3.  Criteria for the material selection 

 As discussed earlier, selection of each component of the hybrid devices such as the cathode 

and the anode strongly affect the electrochemical performance. Selection of the electrode materials 

for anode and cathode is limited by the electrochemical potential window of the electrolyte. The 

chemical potential of anode should fall below the lowest unoccupied molecular orbital (LUMO) 

and the chemical potential of the cathode should be located higher than the highest occupied 
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molecular orbital (HOMO) of the electrolyte. Selection of cathode has been limited to highly 

porous carbon-based materials in which the storing of charge mechanism relies on the separation 

of charges but not faradic reactions.  

Constraints influencing material selection for anodes stems from capacity fading of these 

materials due to the volume change during Li+/Na+ insertion/extraction. Also, high redox voltage 

of the couples in metal oxides such as Co2+/3+ in LiCoPO4 results in larger capacity fading. The 

low working potential of some of the anode materials is another constraint for the material 

selection as the formation of lithium dendrites at low potential causes strong capacity fading and 

severe safety concerns.  

In the design of these devices, Simon et al.2 determine two specific characteristics: (1) a 

linear time-dependent change in potential, and (2) a cyclic voltammogram with no apparent redox 

peaks.  This will limit the selection of many materials to be utilized for LICs and NICs. According 

to their comprehension, for example, graphite may not serve as a proper selection as it possesses 

an excellent plateau in the voltage vs. time curve.  
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Table 1-3 Recent NIC devices 

Electrodes for NICs 

Anode//Cathode[ref.] 

Potential 

window 

V 

Max energy 

density 

(Emax) 

Wh kg-1 

Max power 

density (Pmax) 

W kg-1 
Capacity 

Retention/ 

cycles 

E at Pmax, Wh kg-1 

MoSe2/graphene// 

commercial AC79 
0.5-3  

82 10752 
81%/ 5000 

30 

Carbon 

microsphere//activated 

carbon microsphere69 

0-2.5  
52 3000 

85%/ 2000 
15 

NiF2//AC80 0-4  
50 8500 

50%/ 1000 
15 

CoF2//AC80 0-4  
60 8500 

60%/ 1000 
15 

Na2Ti9O19//AC77 1-4.5  
54 5000 

75%/ 2000 
11 

Molybdenum phosphide// 

Na3V2O2(PO4)2F@ rGO78 
0.1-4.3  

120 10000 
81%/ 250 

50 

ZnO templated carbon// 

salt-templated carbon81 
1-4  

61 11500 
90% / 1300 

10 

MoS2-C//Activated 

carbon82 
1-3.8  

111.4 12000 
77.3%/ 10000 

19.1 

Hard carbon// Fe-V-O 

nanosheets70 
0-3.8 

200 4000 
65%/ 800 

30 

MoS2/carbon fibers//AC83 1-4.3 
60 900 

- 
28 

Polyimide//Polyimide-

derived activated carbon84 
0-4.2  

66 1200 
82.4%/ 1000 

13.3 
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2. Thesis objectives 

To address the performance gap between batteries and supercapacitors mentioned in the 

introduction, the research carried out for this thesis is focused on the design and development of 

highly porous and durable cathode materials for hybrid capacitors. Moreover, high-rate anodes 

that can facilitate the Li/Na ion insertion and enhance the kinetic imbalance between the cathode 

and anode are also explored. For the capacitive electrode, the focus is on tuning the surface 

characteristics of the carbon materials to maximize the Li+/Na+ charge storage capacity. For the 

insertion materials, the focus is on the rational design of nanostructured materials to enhance the 

pseudocapacitive charge storage or electronic and diffusional properties of insertion materials. 

Additionally, facile material synthesis techniques have been used to fabricate composite materials 

with nanostructures and large carbon-content to bring the Faradaic charge storage to the surface of 

the electrodes. Following the composite materials’ design and preparation, several 

physicochemical and electrochemical characterization techniques have been employed to establish 

a link between electrochemical behavior and the nanostructure at the molecular level.  

The research carried out in this thesis is divided in to three main categories. 

1. Design and optimization of a crosslinked and ultrahigh surface area carbon derived from 

polyaniline to serve as both an LIC cathode and an NIC cathode, and then study the 

cathodes' physicochemical and electrochemical performances. 

2. Design pseudocapacitive nanostructured materials to act as the anodes of LICs, and 

evaluate a full cell device based on the synthesized anode and the material prepared in 

the first category as the cathode. 

3. Utilize the carbon crosslinked structure prepared in the first step as a backbone to deposit 

transition metal dichalcogenides such as MoS2 and conduct characterization to examine 
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the molecular properties of the synthesized anode. Carry out electrochemical testing and 

study a full cell NIC comprised of the anode synthesized in step 3 and the cathode 

prepared in step 1. 

 

Figure 2-1 Schematic of this thesis work flow 

2.1. Thesis outline 

Chapter 1 introduces the topic of this thesis and briefly reviews the literature related to organic 

hybrid Li-ion and Na-ion capacitors. Chapter 2 outlines the thesis organization. Chapter 

3 covers the physicochemical and electrochemical characterization techniques that are relevant to 

this project as well as the key metrics that can be evaluated using the characterization 
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techniques. Chapter 4 starts with the preparation and optimization of polyaniline-derived carbon 

material. This material was chosen to serve several roles throughout this thesis owing to its unique 

characteristic such as nitrogen content, electronic conductivity, and distinctive morphology with 

abundant macropores for easy electrolyte access and ion diffusion. In this chapter, the carbon 

material is further activated to serve as the high surface area cathode of hybrid capacitors (LICs 

and NICs) and to enhance the double layer capacitance. The activation procedure of the carbon 

materials is optimized such that the best charge storage capacity in half-cell configurations is 

realized. Chapter 5 introduces an in-situ formed nitrogen-doped composite of T-Nb2O5 and 

carbon by studying the polymerization of aniline in the presence of the niobium oxide precursor. 

The in-situ formed Nb2O5 nanoparticles embedded in carbon microtubes are used as the LIC 

anodes. Half-cell electrochemical performances are provided as well as the performance of the full 

cell device based on the mentioned composite as the anode and the carbon material prepared 

in Chapter 4 as the cathode. The LIC device made in Chapter 5 shows promising energy density 

and power density values, bridging the Li-ion batteries and supercapacitors on the Ragone plot. 

Despite the promising charge storage capability of the LIC, the world’s defined lithium supply 

made us to consider an alternative to LICs. Therefore, the search for a promising anode material 

for NICs is the focus of Chapter 6, in which we presents the design of a composite containing 

MoS2, a promising anode material of sodium-ion batteries, and the carbon framework prepared in 

Chapter 4. We have presented an NIC device based on this anode and the cathode prepared 

previously. The chapter shows that the nitrogen moieties in the interconnected carbon have 

electronic coupling with MoS2 nanosheets, offering enhanced cycling stability compared to pure 

MoS2. Also, deposition on the conductive backbone prevented the agglomeration of the MoS2 
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nanosheets. Chapter 7 concludes this thesis and suggests future work that can be 

built on its findings. 
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3. Physicochemical and electrochemical characterizations 

3.1. Electron microscopy techniques and energy dispersive x-ray spectroscopy 

(EDS) 

Scanning electron microscopy (SEM) is a powerful and well-established imaging 

technique used to investigate the morphology of micro and nanostructured materials. SEM uses a 

forced beam of electrons to illuminate the sample, and project images based on the secondary or 

backscattered electrons.85 Data are collected over a selected area of the sample, and a 2-

dimensional image is generated. The SEM is also capable of performing analyses of selected point 

locations on the sample when analyzing chemical compositions using Energy dispersive X-ray 

Spectrometry (EDX).  

EDX which is commonly integrated with the SEM device can obtain compositional 

information using characteristic x-rays. This technique involves bombardment of electrons onto a 

materials surface which results in the emission of x-rays collected by a detector. The energy 

intensities of the emitted x-rays are the characteristics of certain elements, allowing their 

appropriate identification. Variations in the emitted x-ray intensities is an indication of the 

variations in the specific atomic contents at specific locations and can be used to map the 

concentration of different elements (elemental mapping).  A typical EDX spectrum is portrayed as 

a plot of x-ray counts vs. energy (in keV).86 Preparation of samples for SEM imaging involves 

spreading the sample onto carbon tape, secured to a sample holder stub. The stub can subsequently 

be placed into the SEM machine for imaging. During the proposed projects SEM and EDX will be 

utilized to investigate the distinct nanostructures of the fabricated electrode materials.  
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Transition electron microscopy (TEM) is an imaging tool which allows high-resolution imaging 

of samples on the nanometer scale. In this method, a beam of electrons is transmitted through the 

very small site of interest while interacting with it. A four-stage condenser lens system controls 

the aperture of illumination, which results in controlling the illumination area of the sample.  

Electrons are scattered either elastically or inelastically after interaction with the sample which 

makes thin sample preparation obligatory. The signals from the collected diffracted electrons can 

be processed to produce an image. With such high resolution, TEM is effective in determining 

nanostructures, atomic arrangements, exposed crystal facets and defects within the structure.87 

3.2. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a crystallography characterization technique that can be used 

to study the crystal structure of a material. The interactions between the monochromatic beam and 

the sample results in diffraction patterns at the angels that are the that has information about crystal 

orientations of a specific plane. The XRD is designed such that either the sample or the light source 

is swept over a range of angles. Then the diffracted beams are detected by a detector. The lattice 

spacing of a specific crystal can be derived using the Bragg’s law.  

nλ = 2dsinθ          (3-1)  

where n is an integer, λ is the wavelength of the beam, d is the interplanar spacing of the crystal 

under study. The X-ray source is used as the incident beam, as it has the same order of magnitude 

as the interplanar spacing of the crystallin materials. If the sample interacts with the incident beam 

such that the Bragg’s law is satisfied, a characteristic peak in detected. 
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3.3. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a quantitative technique that measures the 

elemental composition and electronic states existing on the surface, within 10 nm of the sample. 

In this method, the sample is irradiated with x-rays of known energy, resulting in the emission of 

electrons by the photoelectric effect. The binding energy spectrum of these photoelectrons is 

recorded by which the identification of the elements present on the surface of the sample is 

viable.88 XPS can only analyze materials with their atomic numbers equal to or greater than 3 as 

the orbitals in hydrogen or helium are too small. XPS requires high vacuum (P ~ 10-8 millibar) 

and samples to be investigated must be in the solid form.88,89 In this proposed project, XPS will be 

utilized to analyze the surface concentrations of various doped heteroatoms and elements including 

Nitrogen, carbon, oxygen, molybdenum and niobium as well as their types of bonding and 

electronic states.  

3.4. Brunauer-Emmett-Teller (BET) surface analysis 

Brunauer-Emmett-Teller (BET) analysis is the first choice to investigate the surface area 

of porous materials. The technique accurately determines the amount of gas adsorbed on a solid 

material: a direct measure for the porous properties and structure. Sample preparation involves 

degassing, in which the combination of vacuum and heat treatment is applied to remove the 

contaminants from the surface and pores of the sample. Then, the sample is cooled to a cryogenic 

temperature (77 k) and an adsorptive (nitrogen) is dosed to the sample in controlled relative 

pressure. After each dose of adsorptive the quantity adsorbed is calculated. The theory works based 

on a number of assumptions; adsorption occurs only on well-defined sites of the sample, there is 

no interaction between the adsorption layers, and the layer number tend to go infinity at the 

saturation pressure. Besides surface area, pore size and pore volume are other key parameters to 
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be evaluated by gas adsorption technique. Typically, t-plot is used to characterize micropores and 

BJH method is utilized to distinguish mesopores and small macropores and pore size 

distribution.90,91 During this project, these key parameters are source of evidence as they directly 

influence the interaction between highly porous materials and electrolyte. It is worthwhile to 

mention that mesoporous facilitate ion diffusion while micropores enhance the double layer 

capacitance in supercapacitor applications.  

3.5. Raman spectroscopy 

Raman Spectroscopy is a non-destructive technique, capable of obtaining the information 

on the structural and electronic state of a system. This technique is a popular characterization tool 

for carbon-based samples, such as amorphous carbons, graphite, graphene, and nanotubes. Raman 

Spectroscopy is based on the inelastic scattering of a monochromatic light. Raman Effect is small 

but detectable and it is based on the molecular deformation in an electric field. A laser beam which 

can be considered as an electromagnetic wave interacts with the sample, resulting in excitation and 

deformation of the molecule. This transfers molecules into vibrating dipoles and results in shifting 

the energy of the laser photons. This shift in energy provides characteristic information of the 

vibrational mode of the sample.92 In this project, Raman Spectroscopy will be used to study the 

degree of the graphitization or the degree of the structural disorder of the carbon-based materials 

(ID/IG). 

3.6. Half-cell electrochemical evaluations  

The first set of electrochemical studies after materials’ design and preparation is half-cell 

testing where electrochemical properties of the synthesized material is tested with reference to a 

Li/Na metal chip, using a two-electrode system configuration n CR2032 coin cells (shown in 
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Figure 3-1). Separators (Celgard or glass fibers) are wetted by 1M LiPF6 in a 1:1 mixture of 

ethylene carbonate (EC) and diethyl carbonate (DEC)/ 1 M NaClO4 in a 1:1 EC: DEC and separate 

the anode and cathode electrically. Coin cell assembly is conducted in an argon filled glovebox 

with low oxygen concentration (<0.5 ppm O2) and low humidity (<0.5 ppm H2O) to prevent 

unwanted reactions between water/oxygen with metal chips. 

 

Figure 3-1 Illustration of a CR2032 half-cell device 

The cathode half-cell performance is presented in Chapter 4, and the half-cell results for the 

composite materials as LIC and NIC anodes are presented in Chapter 5 and Chapter 6. 

3.6.1. Constant current charge discharge (CCCD)  

Characterization via the charging–discharging curve at constant current is the most widely 

used approaches to determine specific capacity, energy density, power density, and equivalent 

series resistance. Also, using this method, studying the cycling stability is feasible. Although the 

conventional three-electrode or two-electrode test cells can be employed, the two-electrode cell 

configuration is advantageous because it more closely resembles practical applications. Figure 3-

2 reveals that the capacitive electrodes exhibit straight lines in their CCCD curve, while the 
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insertion type electrodes depict a plateau during charge and discharge, which is the characteristic 

of the phase transition during Li-ion/ Na-ion intercalation/deintercalation. 

Specific capacitance can be determined based on the result from CCCD test. Normally, discharge 

time (Δt) is used for measuring the charge transferred. 

𝐶𝑠 =
∆𝑄

𝜎∆𝑉
=

𝐼 ∆𝑡

𝜎∆𝑉
         (3-1) 

 

where I is the constant discharge current, and ΔV is the cell potential window. 𝜎 is active material 

mass. 

 

Figure 3-2 Differentiating  EDLC, pseudocapacitive, and battery materials’ electrochemical 

signature, with permission from Ref. 23. 
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3.6.2. Cyclic Voltammetry (CV) 

CV testing is a commonly used potential-dynamic electrochemical technique that applies 

a linearly changed electric potential between the reference and working electrodes for three-

electrode configurations. The current change during the cathodic and anodic sweeps is recorded 

and the data are plotted as current vs. potential or sometimes as current or potential vs. time. For 

supercapacitors application, the test results can be analyzed by examining the shape of the CV 

curves. For EDLC and most pseudocapacitor materials, the shape of the resulting CV curves is 

rectangular or quasi-rectangular, respectively, while for some insertion type materials, reversible 

redox peaks may occur. In order to differentiate different charge storage mechanisms (capacitive 

or faradaic) , several CV testing at various scan rates is required to be done. The current induced 

by the electrical double layer is proportional to the scan rate, while the diffusion limited reaction 

current is proportional to the square root of the scan rate. Figure 3-2 illustrates the CV profiles for 

a capacitive, pseudpocapacitive, and insertion type electrodes. 

3.6.3.  Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a widely used method to measure the 

equivalent series resistant (ESR) and electrolyte resistance of an electrochemical device. By 

modeling the device to a circuit containing various elements and experimental curve fitting, 

reaction mechanisms can be studied. EIS’ working principles consist of the application of a 

sinusoidal AC signal and study of the AC response. During the test, the frequency of the AC input 

changes, and the impedance of the system is calculated and recorded with magnitude, Z, and phase 

shift, Փ (𝑍(𝜔) = 𝑍0 𝑒𝑥𝑝 (𝑐𝑜𝑠𝜙 + 𝑗𝑠𝑖𝑛𝜙). The Nyquist plot with the real impedance on the real axis 

and imaginary impedance on the y axis, contains ESR and electrolyte resistance information. 
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3.6.4. Galvanostatic Intermittent titration technique (GITT) 

Analysis of galvanostatic intermittent titration technique is conducted to study the diffusion 

coefficient of the composite materials in Chapter 6. During this method, the coin cells, with a Na 

foil as the counter and reference electrode and the synthesized materials as the working electrode, 

were charged/discharged with a constant current density of 10 mA g-1 for 10 minutes. The current 

was then removed for 1 h to relax the system back to the equilibrium. This procedure was repeated 

to reach the cut-off voltage limitations. Then the chemical diffusion coefficient can be calculated 

at each step, with the following formula:93 

𝐷 =
4

𝜋
(

𝐼𝑉𝑚

𝑍𝐴𝐹𝑆
)

2

(
𝑑𝐸(𝛿)

𝑑𝛿
/

𝑑𝐸(𝑡)

𝑑√𝑡
)

2

      (3-2) 

 

Where I denotes the constant current applied during pulse time; Vm is the molar volume of the 

electrode which is calculated according to the rule of mixtures; F is the Faraday’s constant; S is 

the electrode/electrolyte interface area; and ZA is the charge number. dE(δ)/dδ is the change in 

steady state voltages before and after each titration steps. dE/d√𝑡 is the change of the voltages 

during the charge/discharge time (t).93 

3.7. Full-cell electrochemical evaluation 

Full cells (LICs and NICs) are assembled with the same components as half-cells replacing 

the Li/Na foil with negative electrode and their full cell performances are provided in Chapter 5, 

and Chapter 6. The first set of electrochemical experiment on full cells starts with CV for the 

realization of safe potential window within which the decomposition of the electrolyte is 

prevented. CCCD discharge curve is used to calculate energy density and power density by 

equation 3-3 and 3-4:94 
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𝐸 = ∫ 𝐼 𝑉 𝑑𝑡
𝑡2

𝑡1
  (𝑊 ℎ 𝑘𝑔−1)       (3-3) 

𝑃 = 𝐸
𝑡⁄     (𝑊 𝑘𝑔−1)        (3-4) 

 

where I is the discharge current density based on the total mass of the active materials in both 

electrodes, V is the working potentials during the discharge process, and t is the discharge time. 

Energy density values are plotted against power density and are plotted in Chapter 5 and 6. It 

worth to mentioning that although methodologies for electrochemical performance evaluation of 

supercapacitors are available in the literature,94–96 there is still inconsistency on how to calculate 

the key parameters such as energy density or power density. For example, while many studies 

define their current density as the current applied per mass of the active material in both electrodes, 

others have defined it as the current per the active material in one electrode only.66 These 

discrepancies have resulted in extraordinary electrochemical performance of some hybrid 

capacitors that outperforms batteries.66 
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4. N-doped interconnected carbon structure from polyaniline as the 

cathode for hybrid capacitors 

4.1. Introduction 

As mentioned in previous chapters, LIBs, NIBs, EDLCs, and hybrid devices are among the 

electrochemical energy storage devices that have received tremendous attention in research and 

have found their practical applications in EVs and HEVs.30,34,97 Hybrid devices have emerged to 

fill in the performance gap between batteries and supercapacitors, providing high energy, power 

density, and long cycle life.98 LICs and NICs are among the hybrid devices and have been 

thoroughly introduced in the first chapter of this thesis. Designing anode materials for these 

devices has been the primary focus of most research works in this area, disregarding the 

significance of designing the cathode materials. In these hybrid devices, cathode materials possess 

capacitive behavior in which charge is stored in a double layer formed in the interface of the 

electrode and electrolyte.22 Commercial activated carbon, the most common electrode materials in 

EDLCs, offers limited energy density to hybrid devices.36 Therefore, fine-tuning the morphology 

and surface area of the carbon materials and adding heteroatoms to the carbon structure, are 

promising approaches to improving the energy density of LICs and NICs’ cathodes. As mentioned 

earlier, heteroatoms can add fast surface reactions or pseudocapacitive mechanism to the 

capacitive performance of the carbon materials as the cathode of hybrid devices.99,100 

The study in this chapter highlights the development of nitrogen-doped, highly porous, and 

cross-linked carbon materials synthesized from polyaniline. More specifically, this study was done 

to evaluate and optimize the electrochemical and physicochemical properties of polyaniline-

derived cross-linked carbon for three main purposes throughout this thesis: (1) as the LIC and NIC 
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cathodes after chemical activation, (2) as a scaffold to incorporate a metal oxide (Nb2O5) for LICs 

anode, and (3) a framework to deposit a metal dichalcogenide (MoS2) for NICs anode. This type 

of carbon material possesses several critical features beneficial to electrode materials: (1) the 

unique hierarchical morphology owns many macropores, mesopores, and micropores that ensure 

efficient electrolyte infiltration and high surface area for large double layer separation of charge, 

(2) doped nitrogen atoms that introduce fast surface reactions to electrodes, and (3) and high 

electronic conductivity despite having ultrahigh surface area. The study in the present chapter not 

only offers a promising cathode candidate for hybrid capacitors, but also opens up possibilities for 

researchers to design composite materials as anodes to circumvent the challenges associated with 

anode materials’ low conductivity and volume variations during ion insertion/extraction.   

4.2. Experimental 

4.2.1. Preparation of N-doped high surface area carbon 

The synthesis procedure of the carbon materials was borrowed from Ref. 50 and was further 

modified and optimized to maximize the capacitance of LICs’ and NICs’ cathodes in this thesis. 

Polyaniline was synthesized using the oxidative polymerization of aniline. Briefly, 570 mg of 

ammonium persulfate (APS) was mixed with de-ionized distilled water (DDI) in a 20 mL vial 

(Solution A).  In another vial, 460 µL of aniline was mixed with 2 mL DDI following by 1 mL 

phytic acid to prepare a homogenous solution of the monomer (Solution B). Both solutions were 

kept at 4°C for several minutes. Solution A was added to solution B, followed by mixing for several 

seconds and was then rested for one hour while polymerization occurred. The resulting dark green 

polyaniline, known as emeraldine salt, was immersed in DDI and washed with plenty of DDI. The 

prepared polymer was freeze-dried or vacuum-dried for two days followed by subsequent 

annealing in argon at 900 °C for 3 hours. Activation of the resulting materials was carried out by 
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mixing KOH with carbon in a slurry followed by drying at 60 °C, in a convection oven. The powder 

was loaded to a tube furnace and the material was activated at different temperatures under argon. 

The reactions that are involved during the chemical activation of carbon using KOH is explained 

in chapter 1. The prepared highly porous carbon was washed thoroughly with 2M HCl to remove 

potassium metals, DDI, and ethanol, followed by drying in a vacuum oven at 60°C. The activation 

temperature and KOH: carbon mass ratio are two key parameters that are optimized based on the 

electrochemical characterization of the cell (specific capacity of the half-cell against Li and Na 

foil). Samples before and after the activation are called NC and NAC, respectively, followed by 

the temperature and KOH: carbon ratio at which they are activated. Figure 4-1 illustrates the 

synthesis procedure and electrode preparation. 

 

Figure 4-1 Schematic representation for the preparation of polyaniline and free-standing 

electrodes from NACs 

4.2.2. Physicochemical and electrochemical studies 

SEM (SEM, LEO FESEM 1530) was used to study the morphological properties of the 

samples. Raman spectroscopy was performed to determine the graphitization degree of the 

samples, and BET surface area analysis was done to determine the surface area and pore size 
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distribution of the synthesized materials in this chapter. For the electrochemical studies, free-

standing electrodes are prepared using 90% of the NAC samples and 10% of 

polytetrafluoroethylene (PTFE). The two were uniformly mixed with ethanol and DDI (1:1 v/v), 

and the mixture was dried in an oven for 12 hours.  Next, the dried sample was mixed with a few 

drops of ethanol to prepare a paste. Using a roller press, electrodes were pressed, followed by 

punching into circular disks. The punched electrodes are dried at 80 °C in a vacuum oven. The 

free-standing electrodes were transferred to the argon-filled glove box for the coin cell assembly 

(CR2032 coin cells were used). Li metal foil, 1 M LiPF6 dissolved in a 1:1 v/v mixture of ethylene 

carbonate/diethyl carbonate (EC/DEC), a Whatman glass fiber, and the synthesized electrodes 

were used as the counter electrode, the electrolyte, separator and the working electrode, 

respectively. CV tests were carried out at voltage ranges of 3.0−4.3 V vs. Li/Li+. CCCD tests were 

performed at different current densities within 3.0−4.3 V vs. Li/Li+.  

To test the synthesized material as cathode of NICs, the CR2032 coin cells were assembled 

in the glove box with sodium foil as the reference and the counter electrodes, and NACs as the 

working electrode. The electrodes were separated by a Whatman glass fiber wetted by the 1.0 M 

NaClO4 in 1:1 (v/v) mixture EC/DEC as the electrolyte. Electrochemical tests were done at voltage 

range of 3-4.4 V vs. Na/Na+. 

4.3. Results and discussion 

High surface area nitrogen-doped carbon materials were derived from cross-linked 

polyaniline by annealing and activation. Table 4-1 summarizes the charge storage performance of 

NAC samples as a LIC and NIC cathode during discharge. The activation temperature was varied 

between 700-900 °C, and the sample treated at 800 °C presented the highest capacity in 
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electrochemical LIC and NIC’s half-cell tests. The ratio of KOH: NC was also changed between 

3 to 5, and the NAC-800-3 showed a superior Li+ and Na+ charge storage capacity. Figure 4-2 

presents the nitrogen adsorption/desorption isotherms for the NC-800 and NC-800-3. NC-800 

shows type II (according to IUPAC classification of nitrogen adsorption isotherms of materials) 

with BET specific surface area of 30 m2 g-1, indicating the macroporous (pore size> 50 nm) nature 

of NC-800. This suggests that this low surface area scaffold can also serve as a substrate for the 

deposition of intercalation-type materials to boost the electronic conductivity as well as diffusional 

properties on the anode side.  

 After activation with KOH, the isotherm transfers to type I, showing that NAC-800-3 is 

highly microporous with the specific surface area of 2425 m2 g-1. (relative pressure interval used 

for BET analysis was 0.02- 0.1).  

 

Figure 4-2 N2 adsorption/desorption isotherms of NC-800 and NAC-800. 

Using BET analysis, the surface area and the pore size distribution report for all the NAC 

samples are also summarized in Table 4-1. The total pore volume is defined as the volume of liquid 

nitrogen adsorbed at a relative pressure of 0.995. The micropores’ volumes are calculated from t-
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plot, and the microporosity content is calculated by dividing the result from t-plot by the total pore 

volume. With increasing activation temperature, an optimum in BET surface area and pore volume 

is seen. These results suggest that increasing the activation temperature to 800 °C creates a larger 

number of micropores with a higher extent of microporosity, leading to larger specific surface 

area. Further increase in the temperature, however, results in the formation of larger pores 

(mesopores, 2-50 nm). Thus, the extent of mesoporosity increases as a result of more carbon 

erosion, showing smaller specific surface area.101  

Table 4-1 Electrochemical half-cell performances of NAC samples and their surface area 

analysis 

Half-cell performance of 

NACs @ 0.1 A g
-1 

Effect of the activation temperature,  
KOH: NC, 3:1 

Effect of KOH: 

NC,  

at 800 °C 

Sample’s name NAC-

700-3 
NAC- 

750-3 

NAC-

800-3 
NAC-

900-3 
NAC-

800-4 
NAC-

800-5 

Capacitance vs. Na/Na
+  

(F g
-1

) 
81.8 80 132 73 98 77.4 

Capacitance vs. Li/Li
+  

(F g
-1

) 
118 123.2 145.9 95.81 110.4 90.8 

BET Surface area 

(m2 g-1) 1927 2017 2425 1800 2311 971 

Total pore volume 

(cm3 g-1)  

1.13 1.01 1.309 

 

1.20 1.05 

 

0.530 

Mesopores and 

macropores 

(%)/Micropores (%) 

distribution 

24%/ 

76% 

17%/ 

83% 

18%/ 

82% 

66%/ 

34% 

20%/ 

80% 

32%/ 

68% 

On the other hand, increasing the KOH: NC ratio resulted in an excessive reaction of KOH with 

carbon and carbon structure collapse. Therefore, drops in total pore volume, microporosity, and 
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surface area were observed.102 NAC-800-3 possessed the highest surface area and capacitance, 

thus was further used for physicochemical characterizations.  

 Figure 4-3 (a) and shows representative SEM images of NC-800 and Figure 4-3 (b) and 

is the SEM images of NAC-800-3. NAC-800 demonstrates a macroscopic interconnected network 

of carbon after annealing, emerged from the continuous framework of polyaniline. SEM images 

for NAC-800-3 relatively reveal shrinkage of the structure as a result of the activation procedure. 

On the other hand, it clearly demonstrates that KOH activation has introduced channels in the 

interconnected structure which favors the facilitated electrode wetting and mass transfer of ions.  

 

 

Figure 4-3 SEM images of (a) NC-800 and (b) NAC-800-3. 

Figure 4-4 (a) illustrates the Raman spectra for the NC-800 and after its activation. The 

Raman spectra for NAC-800-3 confirms the presence of sp2 hybridization or graphitic sheets (G-

band at 1580 cm-1), as well as D-band at 1333 cm-1 attributed to the presence of the defects, 

suggesting a partially graphitized structure. Generally, the relative intensity ratio of D-band and 

G-band (ID/IG) represents the degree of the graphitization of the material.92 As shown in the figure, 

activation of the carbon materials resulted in producing more defects and distortion to the structure, 

increasing ID/IG from 1.03 to 1.09. It has been shown that higher carbonization temperature offers 

a) b) 
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higher graphitization degree and there is a trade-off between the degree of graphitization and the 

specific surface area of the carbon materials.103 On the other hand, a higher surface area carbon 

structure results in an enhanced double layer capacitance at the cathode of NICs, while a higher 

graphitization degree favors electrode conductivity.  

 

Figure 4-4 (a) Raman spectra of NC-800 and NAC-800-3 with their relative ratio of ID to IG, 

(b) XPS N 1s spectrum of NAC-800-3 

For these reasons, electronic conductivity of NAC samples was measured using a home-

made two-probe conductivity mold and the linear polarization resistance (LPR) technique. The 

electronic conductivity of NAC-700-3, NAC-750-3, NAC-800-3, and NAC-900-3 samples were, 

106 S m-1, 119 S m-1, 104 S m-1, and 86 S m-1, respectively. The variation of electronic 

conductivities with increasing the activation temperature, denotes an initial increase in the 

electronic conductivity. This together with the increase in the surface area, indicates the generation 

of more pores without sacrificing the electronic conductivity of the sample. Further increase in the 

temperature presents a continuous drop in electronic conductivity due to further erosion of carbon 

and the creation of larger pores, as confirmed by pore size distribution.  
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XPS analysis was performed to study the nitrogen doping content and types of nitrogen 

moieties in the NAC-800-3 sample. The N 1s spectrum of NAC-800-3 is shown in Figure 4-4 (b) 

and was deconvoluted to four different nitrogen moieties with corresponding atomic percentages: 

Pyridinic (398.77 eV, 44.2%), pyrrolic/pyridine (399.98 eV, 30.57%), quaternary (401.4 eV, 

10.96%),104 and N-oxide species (403.6 eV, 14.2 %) resulted from carbon activation. Nitrogen 

atoms can introduce fast surface redox reaction and enhance the capacitance. Also, possessing the 

electron donor characteristics, this heteroatom is beneficial for designing robust composite 

materials, suppressing the active material dissolution or structural changes during electrochemical 

testing. These claims will be discussed in details in the following chapters of this thesis. 

LICs’ half-cell test of NAC-800-3 is provided in Figure 4-5. CV results shows the regular 

rectangular shape with no faradaic peaks at low scan rate, which is the characteristic of the 

capacitive electrodes. A linear dependence between the anodic/cathodic current densities and the 

applied scan rates is shown in Figure 4-5 (b),  suggesting that the charge storage mechanism is 

based on fast surface adsorption/desorption process; the formation of electric double layer at the 

electrode/electrolyte interface during charging/discharging process is based on the 

adsorption/desorption of PF6
-
 anions on the surface of the NAC-800-3 electrode. The CCCD results 

shown in Figure 4-5 (c) reveal the effect of the drying method during the synthesis on the 

capacitance and more importantly, the rate performance of NAC-800-3. The freeze-dried sample 

maintains 87% on the initial capacity, whereas vacuum-dried sample only provide 63% of its initial 

capacitance at 2 A g-1. This signifies the role of open pores for fast adsorption/ desorption of ions. 

KOH activation significantly enhances the rate performance of these materials (Figure 4-5 (c)). 

Discharge specific capacitance (capacity) at current density of 0.2 A g-1 for NAC-800-3 are 144 F 

g-1 (52 mA h g-1) and 58 F g-1 (20.9 mA h g-1), respectively. NAC-800-3 shows a good rate 
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performance maintaining 87% of initial capacitance at 2 A g-1. Rate performance of NAC-800-3 

can be compared to the commercial activated carbon (HDLC-20BST-UW, coconut shell derived 

supplied by Haycarb) which maintains 80% of the initial capacity at the 2 A g-1. Moreover, the 

specific discharge capacitance obtained from the synthesized material is higher than that of 

commercial activated carbon (100 F g-1) and other activated carbon materials reported in the 

literature.15,63,64  

NICs’ half-cell test of NAC-800-3 is provided in Figure 4-6. To obtain an optimal working 

voltage, the CV tests were performed on three coin cells with different voltage windows as shown 

in Figure 4-6 (a). All coin cells had the NAC-800-3 as their working electrode. The cell cycled at 

the largest voltage window shows the onset of two broad peak on the anodic and cathodic scans at 

around 3.7 and 3.4 V vs. Na/Na+, respectively. This may indicate the decomposition of the 

electrolyte or the reaction of the activated carbon’s functional groups with the electrolyte. 

Following the CV test, the long cycling tests were performed (presented in Figure 4-6 (e)) to 

choose an optimal voltage window based on the capacity fading after 1000 cycles. The voltage 

window of 3-4.4 V vs. Na/Na+ was chosen for more electrochemical tests. The scan rates were 

varied between 2-5 mV s-1 with no apparent redox peak indicating that the N-doped activated 

carbon provides storage of charges by capacitive and pseudocapacitive mechanisms (Figure 4-6 

(b)). The CCCD results provided in Figure 4-6 (c) and (d) show fast linear profile and provide 

130 F g-1 at the current density of 0.05 A g-1. These values are much larger than the commercial 

activated carbon (from Calgon) tested in our lab (35 F g-1) and those reported in the literature.68,105 

These results emphasize the nitrogen-doped activated carbon as a high capacitance with promising 

rate performance, attributed to the morphological features and high electronic conductivity, can be 

a viable cathode material for hybrid capacitors.  
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Figure 4-5 LIC half-cell performance of NAC-800-3 (a) CV at different scan rates, (b) plot 

of anodic and cathodic current density at 3.6 V vs. Li/Li+ versus scan rates, (c) galvanostatic 

charge/discharge revealing the effect of freeze drying compared to vacuum drying (d) 

voltage-time curves  and e) cycle stability and coulombic efficiency within 3-4.3 V vs. Li/Li+, 

at 0.2 A g-1. 
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Figure 4-6 NIC half-cell performance of NAC-800-3 (a) voltage limits optimization, (b) CV 

curves at various scan rates, (c) Galvanostatic charge/discharge with different current 

densities, (d) rate capability at different current densities with the voltage window of 3-4.4 V 

vs Na/Na+, (e) Long cycling performance at 0.5 A g-1 with different cutoff voltages. 
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4.4. Summary 

An ultrahigh surface area carbon framework was developed and characterized by SEM, 

BET, XPS, CV, and CCCD techniques. The preliminary results show an improved capacity 

performance comparing to the records in the literature. The synthesized material meets the criteria 

for the cathode of LICs and NICs as it can provide relatively high capacitance and cycle stability 

and fast charge/discharge characteristics. Moreover, the carbon framework tunable morphology 

suggests that polymer-derived carbon’s pore structure and degree of graphitization could be further 

optimized by templating and pyrolysis procedures to be employed as a scaffold for the preparation 

of carbon-based hybrid materials. 
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5. 3D N-doped Hybrid Architectures Assembled from 0D T-Nb2O5 

Embedded in Carbon Microtubes Toward High-rate Li-ion 

capacitors 

This chapter is reprinted in adapted form from the below article106 with permission from 

Elsevier. 

Hemmati, S.; Li, G.; Wang, X.; Ding, Y.; Pei, Y.; Yu, A.; Chen, Z. “3D N-Doped Hybrid 

Architectures Assembled from 0D T-Nb2O5 Embedded in Carbon Microtubes toward High-Rate 

Li-Ion Capacitors” Nano Energy 2019, 56, 118–126.  

5.1. Introduction 

Among energy storage systems, Li-ion capacitors (LICs) have progressively received 

attention because they achieve a good balance between high-energy density and high-power 

density systems by combining a Li-ion battery (LIB) anode with Li-ions intercalation capability 

and an electric double-layer capacitor (EDLC) cathode with fast surface processes.5 Commonly 

used electrode materials for LICs are graphite and activated carbon as anode and cathode, 

respectively, and a device based on this design has been commercialized by JM Energy.107 

Nevertheless, sluggish Li-ion intercalation/deintercalation into graphite and lower operating 

potential of graphite (~0.3 V vs. Li+/Li) than that of organic electrolyte reduction (around 1 V vs. 

Li+/Li) results in a significant irreversible capacity decay and a poor cycle performance.8 As a 

result of these limitations, designing novel anode materials for LICs is a matter of ongoing research 

and several comprehensive review papers on electrodes materials and their selection criteria for 

LICs have been published, recently.5,53,108,109  



51 

 

Among various reported LIC anodes materials, orthorhombic niobium oxide (T-Nb2O5) 

has received a considerable attention due to several intriguing properties, including high-rate 

lithium-ion transport through (001) plane with minimal energy barriers,110 low but safe potential 

window, minimal volume change (3%) upon cycling,111 and multiple redox couples (Nb5+/Nb4+, 

Nb4+/Nb3+). 55,112 Nevertheless, poor electron conductivity of Nb2O5 (3×10-6 S cm-1) and sluggish 

Li-ions diffusion dynamics in bulk are two of the major obstacles that are required to be 

surmounted. Accordingly, three main rational approaches have been developed: 1) nanostructuring 

and designing enlarged surface-to-volume ratio materials, 2) incorporation of a highly conductive 

components, and 3) modification of the electronic structure of the metal oxide by doping 

heteroatoms such as nitrogen. First approach ensures accessible active sites to electrolytes, second 

provides sufficient inter-grain electronic pathways, and the latter noticeably meliorates the 

electronic conductivity by narrowing the Nb2O5 bandgap. 113–115 For instance, Wang et al. 116 

reported that a polydopamine-derived carbon-coated T-Nb2O5 nanowires with reduced charge 

transfer resistance and enhanced electronic conductivity delivers an excellent rate capability and 

cycle lifespan. Lai et al,117 in another study, prepared uniformly grown T-Nb2O5 nanoparticles on 

reduced graphene oxide which were further deposited on a carbide-derived carbon scaffold. Such 

a scaffold not only remarkably contributes to an effective electronic conduction, but also inhibits 

aggregation of active nanocomponents, enabling the realization of full potential of the active 

material upon lithiation/delithiation. Despite the encouraging progress, there remains the necessity 

to design a facile methodology encompassing all the abovementioned approaches through which 

no initial preparation of the metal oxide is required while incorporation of conductive materials, 

heteroatom doping, and the metal oxide preparation can be simultaneously carried out. 
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Herein, a novel and effective approach for a hollow-structured nitrogen-doped composite 

of niobium oxide and carbon is designed and demonstrated. This facile preparation route involving 

the rational selection of the niobium oxide precursor (ammonium niobate oxalate hydrate, aNbO) 

and the carbon source (aniline) leads to an in-situ oxidative polymerization of aniline with a unique 

and intriguing supramolecular structure owing to the chelation effect, electrostatic interaction, and 

hydrogen bonding between aNbO and aniline. Hydrothermal and heat treatments further 

simultaneously result in carbonization of polyaniline and reduction of aNbO to T-Nb2O5. This 

unique nanoarchitecture provides several favorable features for sufficient and fast Li-ion storage: 

(i) hollow interior and porous nanostructure facilitates electrolyte infiltration, and nanoscale active 

particles shorten Li-ion diffusion distance; (ii) orthorhombic niobium oxide (T-Nb2O5) 

nanoparticles evenly distributed, wired, and ingrained in the hollow-structure carbon component 

deliver enhanced electronic conductivity with high-rate lithium-ion transport through the (001) 

plane during lithiation and delithiation; and (iii) the presence of polyaniline ensures a high N-

doping level (N: ~ 5.3 atomic%) that can contribute to an elevated electron conductivity in addition 

to charge storage. Owing to the distinctive structural advantages, the resulting nanocomposite, 

shows reversible capacitance of 370 F g-1 at 0.1 A g-1 and retains 81% of its initial capacitance 

after over 1100 cycles at a current density of 0.5 A g-1 in a half-cell configuration. Besides, an 

assembled LIC device based on the as-synthesized materials delivers a remarkable energy density 

(86.6 kW h kg-1) and high-power density (6.09 kW kg-1) and a promising cycle lifespan.  
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5.2. Experimental 

5.2.1. Material synthesis 

5.2.1.1. Synthesis of NbOC-N (anode) 

The material preparation procedure is schematically illustrated in Figure 5-1. A unique 

synthetic approach was chosen to prepare the N-NbOC nanocomposite using an in-situ 

polymerization of aniline in the presence of an acidic and a water-soluble niobium oxide precursor, 

aNbO, followed by hydrothermal treatment and annealing. The synthesis of N-NbOC was 

performed through dissolving 1.3 g of aNbO (1.32 mmol based on Nb) in deionized water. Then 

458 µl of aniline was added and stirred for several minutes (pH 1). Next, 0.572 mg of ammonium 

persulfate dissolved in deionized water is added to the solution to start the polymerization of 

aniline. The polymerization continued for 4 hours at ~ 0 ℃ and the resulting dark green composite 

of emeraldine base polyaniline (Pani) encapsulating the niobium precursor was then filtered. The 

hydrothermal treatment was performed by re-dispersing the composite in de-ionized water and 

transferring it in a 30 ml Teflon liner followed by heating at 180 ℃ for 10 h, during which the 

nucleation of niobium oxide nanoparticles along with the hydrothermal carbonization of 

polyaniline initiated. Finally, the resulting composite was dried and transferred to a tubular furnace 

for heat treatment at 5 ℃ min−1 to 700 ℃, where it was held for 3 h under argon to complete the 

niobium oxide crystallization and carbonization of the Pani. The resulting material is a nitrogen-

doped carbon microtubes with uniformly dispersed deposited niobium oxide nanoparticles (N-

NbOC).  
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Figure 5-1 Schematic diagrams showing materials preparation steps for the 

pseudocapacitive intercalation electrode as anode (N-NbOC). Reproduced in adapted form 

from ref. 104 with permission from Elsevier. 

5.2.1.2. Synthesis of the control groups 

Synthesis of the comparison materials was performed to study the electrochemical 

performance of each component and a possible synergistic effect due to nitrogen doping and/or 

carbon coating. To synthesize niobium oxide nanoparticles (Nb2O5) and carbon from Pani (CP), 

an approach identical to the one that used for N-NbOC was employed, however, in the absence of 

aniline for the former and in the absence of aNbO for the latter. 

5.2.1.3. Synthesis of the cathode 

The NAC-800-3 sample which was prepared during the first project introduced in chapter 

4 has been employed as the cathode of LIC for this chapter. This sample is called AC in chapter 5 

and chapter 6. 
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5.2.2. Electrochemical characterizations 

For half-cell studies a slurry of the active material was prepared with poly (vinylidene 

fluoride) (PVDF) as a binder and SuperP as a conductive agent (Active material: SuperP: 

PVDF=85:5:10 by weight). The slurry is then deposited on nickel foam current collectors and dried 

at 80 ℃ for 12 h in a vacuum oven. Finally, electrodes were pressed and transferred to Ar-filled 

glove box for coin-cell assembly. The CR2032-type coin cells were fabricated by sandwiching 

polypropylene separator, soaked in 1.0 M LiPF6 in EC: DEC (1:1), between the Li foil as the 

counter electrode, and the working electrode (N-NbOC or AC). Half-cell studies for anode was 

performed within 1-3 V vs. Li/Li+ and for cathode within 3-4.3 V vs. Li\Li+ voltage window. 

Specific capacitance values in the half-cell (CN-NbOC) was calculated considering the measured 

capacitance based on the total mass of the electrode when the capacitance contribution of the 

carbon (CCP) is neglected. To fabricate the hybrid device, electrodes were prepared by coating the 

slurry of active material (80%), SuperP (10%), and PVDF (10%) on copper and aluminium foil 

for anode and cathode, respectively. The electrodes were then pressed and dried at 80 ℃ for 12 h 

in a vacuum oven followed by coin cell fabrication with the identical separator and electrolyte as 

half-cell devices. CV and EIS were performed using Gamry Potentiostat (Gamry Instruments, 

interface 1000). The EIS were measured in the frequency range of 100 kHz to 0.01 Hz with an 

amplitude of 10 mV at an open-circuit potential (OCV). During CV studies, the hybrid device was 

cycled in the voltage range of 0.05 to 3 V with several scan rates. The galvanostatic charge-

discharge cycling was conducted using a Land CT2001A battery tester.  

5.3. Results and discussion 

For preparation of anode material, in-situ polymerization of aniline in the presence of 

aNbO, as both a niobium oxide precursor and acid dopant, was performed. Then, N-doped T-
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Nb2O5/N-doped carbon microtubes (N-NbOC) were obtained by hydrothermal and subsequent 

heat treatment. The as-synthesized N-NbOC morphological features and phases were first 

physically characterized (Figure 5-2). All XRD diffraction peaks of the as-prepared N-NbOC can 

be well assigned to orthorhombic crystal structure (PDF No. 030-0873).110,118 Chen et al. have 

recently proposed a mechanism for li-ion migration path in T-Nb2O5. Using in operando Raman 

spectroscopy and computational approaches, they claimed that the planar distance (4 Å) between 

the highly dense layer of atomic arrangements provide spacious room for Li-ion intercalation, thus 

depicting a fast charge kinetics,119 as shown in Figure 5-1. The morphology of the composites was 

characterized by SEM, TEM, and HRTEM. A tubular structure was identified for N-NbOC 

composite (Figure 5-2 (b)). The intermolecular interaction of N-H and O atoms (hydrogen bonds) 

and electrostatic interactions between protonated aniline and ionic species of [NbO(C2O4)2(H2O)2]
- 

is expected to direct the in-situ polymerization of aniline and in-situ encapsulation of Nb2O5 nano-

active components in the N-NbOC, resulting in the formation of the unique tubular hybrid 

structure.   

To investigate the role of the intermolecular interactions during the polymerization, the 

control groups, including carbon derived from polyaniline (CP) and Nb2O5, were separately 

synthesized and their corresponding SEM images (Figure 5-3) indicate a featureless morphology 

for CP, and nanosphere/nanoparticle structure for Nb2O5, thus validating the proposed role of the 

intermolecular interactions during synthesis of N-NbOC composite. Figure 5-2 (c) shows the SEM 

image of the hollow structure and corresponding elemental mapping using energy dispersive X-

ray analysis (EDX), depicting a uniform distribution of the T-Nb2O5 nanoparticles and nitrogen 

species. Figure 5-2 (c) also reveals the encapsulation of niobium oxide into the microtubular 

structure. 
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 It is worthwhile to note that the positively charged nitrogen atoms on the polymer chain 

not only can electrostatically attract the anionic precursor, but also may act as catalytic nucleation 

sites for the formation of niobium oxide nanoparticles via enhancing the surface energy and surface 

reactivity,120 resulting in a uniform distribution of niobium oxide nanoparticles. Scanning 

transmission electron microscopy (STEM) together with the elemental line-scan (Figure 5-2 (d) 

and Figure 5-2 (e)) further confirm the hollow structure of the N-NbOC. This intriguing structure 

design allows for a sufficient electrolyte accessibility to the active sites by providing high specific 

surface area, while uniform distribution of the carbon materials secures adequate electronic 

pathways.121 The HRTEM image shown in Figure 5-2 (f) reveals nanoparticles with sizes of 

approximately 11 nm, which enables efficient charge and ion transport, thus maximizing the use 

of the active material. Besides, the orthorhombic structure of T-Nb2O5 is confirmed as the lattice 

parameter 0.31 nm and 0.39 nm can be attributed to the (180) and (001) plane of T-Nb2O5, 

respectively. Additionally, the HRTEM image shows the presence of a thin layer of carbon coating 

(~2 nm). The clear lattice fringes (white arrows) indicate the formation of graphitic carbon with a 

sp2-type carbon atomic arrangement. So far, only a few metal elements have been reported to be 

able to catalyze the graphitization of carbon including Ni, Fe, and Co. 122–124 A thorough search in 

the relevant literature reveals that this is the first report on niobium or niobium-containing 

compounds with the catalytic effect on the conversion of amorphous to graphitic carbon. This layer 

of the graphitized carbon coating is highly desirable due to offering enhanced electronic 

conductivity as well as buffering behavior of the electrode structure during lithiation/delithiation.    
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Figure 5-2 (a) XRD patterns of N-NbOC and Nb2O5, (b, c) SEM images with different 

resolution and corresponding elemental mapping (d-e) HAAD-STEM image and 

corresponding EELS line-scan profiles, and (f) HRTEM of N-NbOC. Reproduced in adapted 

form from Ref. 104 with permission from Elsevier. 

Raman spectroscopy was performed to further examine the structural features of the N-

NbOC compared to CP and Nb2O5 structures. As shown in Figure 5-4 (a), for N-NbOC and Nb2O5 

samples, signals at 500-800 cm-1 can be attributed to Nb-O-Nb symmetric stretching modes of 

NbO6, and signals around 200 cm-1 can be assigned to Nb-O-Nb angular deformation.113,125 The 

Raman signal with peak at 990 cm-1 for N-NbOC sample may be attributed to the terminal Nb=O 

symmetric.113,126 The Nb-O-Nb bridging bond of distorted NbO6 denotes a Raman red shift (626 

cm-1) compared to the one for Nb2O5 (688.5 cm-1), seen also in previous studies,127 which may be 



59 

 

explained by differences in niobium oxide nanoparticle sizes, as well as increased disordered 

structure due to the carbon and nitrogen incorporation. The CP and N-NbOC nanocomposite show 

distinctive D and G Raman bands at ∼1332 and ∼1573 cm−1, respectively (Figure 5-4 (b)) N-

NbOC nanocomposite demonstrates an elevated degree of graphitization (ID/IG=0.938) compared 

to CP (ID/IG=1.07), thus delineating a possible catalytic behavior of niobium-containing materials 

as confirmed by HRTEM.  

 

Figure 5-3  SEM images of control groups, (a,b) Nb2O5, and (c,d) CP. Reproduced in adapted 

form from ref. 104 with permission from Elsevier. 

To further identify the chemical states of elements in N-NbOC, XPS was carried out. The 

XPS full spectrum and the characteristic spectra of Nb3d, O1s, and N1s of the N-NbOC are shown 

in Figure 5-4 (c-f). Peaks from a strong Nb spin-orbit splitting located at 207.1 eV (Nb 3d5/2) and 

209.9 eV (Nb 3d3/2) and the deconvoluted O1s peak at 530.3 eV verifies the formation of Niobium 

oxide. 128,129 By comparing XPS spectra of Nb 3d for Nb2O5 (207.3 and 210.0 eV) which is shown 
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in Figure 5-5, and that of N-NbOC, a shift in binding energy is observed, which is attributed to 

the increase of the electron density caused by N substituting for O around the Nb atom. The 

deconvolution of the O1s spectrum into peaks at 531.3 eV, 532.7 eV, and 534.4 eV indicates the 

presence of C=O, C-O-C, and carboxylic groups, respectively. The N 1s XPS spectrum of N-

NbOC is shown in Figure 5-4 (f, top) and it is deconvoluted to four different nitrogen moieties: 

Pyridinic (398.4 eV), pyrrolic/pyridine (399.6 eV), quaternary (400.8 eV),104 and N-oxide species 

(402.9 eV) 130,131 that exist on the surface of Nb2O5. To further investigate whether niobium oxide 

in the N-NbOC sample is doped with nitrogen, N-NbOC was calcined in air at 450 ℃ for 3h to 

remove carbon and the N 1s spectrum is presented in Figure 5-4 (f, Bottom). The N 1s spectrum 

after calcination is deconvoluted into 395.2 eV, attributed to substitutional N,132 and 399.4 eV, 

assigned to O-Nb-N linkage,129 corroborating that nitrogen is doped into the metal oxide lattice. 

The presence of nitrogen-containing functions has been shown to contribute to the total 

capacitance of electrode by providing fast surface faradaic reaction and enhancing the conductivity 

of the electrode due to improvement in the electron donor properties of the nanocomposite.  
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Figure 5-4 (a) Raman Spectra of N-NbOC, Nb2O5, and CP, (b) Raman Spectra of N-NbOC, 

and CP in a narrower region (c) XPS survey, (d) Nb 3d, (e) O 1s, and (f) N 1s of N-NbOC 

(top) after calcination (bottom). Reproduced in adapted form from ref. 104 with permission 

from Elsevier. 
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Figure 5-5 XPS spectra of Nb 3d for Nb2O5. Reproduced in adapted form from ref. 104 with 

permission from Elsevier. 

Thermogravimetric analysis (TGA), shown in Figure 5-6, indicates the composition of the 

nanocomposite (43.5 wt. % Nb2O5). The specific surface areas measured by N2 sorption isotherms 

Brunauer-Emmett-Teller (BET) surface areas measured by N2 sorption isotherms of N-NbOC, 

Nb2O5, and CP are 193.1 m2g-1, 12.2 m2g-1, and 30 m2g-1, respectively. Therefore, the N-NbOC 

offers expanded electrode/electrolyte interfacial area and thus shortened ion diffusion pathways. 
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Figure 5-6 Thermogravimetric analysis of N-NbOC. Reproduced in adapted form from ref. 

104 with permission from Elsevier. 

The insertion/extraction behavior of Li+ in N-NbOC were first investigated in half-cell 

configurations with lithium metal chip as both counter and reference electrode. The Cyclic 

voltammetry (CV) of the N-NbOC of first five cycles are shown in Figure 5-7. The first cathodic 

and anodic scans show one cathodic peak at ∼1.79 V and one anodic peak at ∼1.61 V, being in 

accordance with the previous CV profile reported for T-Nb2O5.
55,128 In addition, second and 

subsequent cycles show reversible peaks, indicating a high reversibility of Li-ion storage 

properties.  
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Figure 5-7 CV profile of the first five cycles of N-NbOC at 1 mV s-1. Reproduced in adapted 

form from ref. 104 with permission from Elsevier. 

To study the capacitive and diffusion-limited mechanisms’ contribution to the total 

capacitance, CV curves with different sweep rates are provided in Figure 5-8 (a). The current (i, 

A) and potential scan rate (v, mV s-1) relation can be expressed by the power law: 67,110  

𝑖 = 𝑎𝜗𝑏                   (5-1) 

where a and b values are adjustable parameters, and b varies from 0.5, characteristic of the 

diffusion-controlled process, to 1, attributed to surface processes. Figure 5-8 (b) is a plot of log(i) 

versus log(v) within 0.1-50 mV s-1 scan rates for cathodic peak in which the slop determines b in 

Equation 5-1. From 0.1 to 10 mV s-1 sweep rates, the slop is 0.92, manifesting fast surface redox 

kinetics; in other words, capacitive and pseudocapacitive charge storage contribution surpass 

diffusion-controlled or slow-kinetic performance. The b-value reported in this paper, within 0.1-

10 mV s-1, is closer to 1 compared to previous studies on niobium oxide or its nanocomposites 

within the same or narrower scan rate range,55,133 suggesting the as-prepared nanocomposite can 
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be intriguingly beneficial for hybrid capacitors applications. For sweep rates between 15-50 mV 

s-1, the slope decreases to 0.56, showing that the charge storage is mainly diffusion-controlled.  

To quantitatively analyze the charge storage mechanism, the current response (i, mA) at a 

specific potential (V) can be written as the combination of the two abovementioned charge storage 

mechanisms: 134  

𝑖(𝑉) = 𝑘1𝜗 + 𝑘2𝜗1/2                   (5-2) 

 

where v is the scan rate. Constant values (k1 and k2) can be calculated by plotting i/v1/2 vs. v1/2 

followed by linear regression at a given potential. Based on these calculations, the CV profile for 

the capacitive currents is plotted in Figure 5-8 (c, shaded area) compared to the total current 

acquired at 5 mV s-1, depicting a 90% capacitive contribution to the total charge storage. The broad 

redox peaks in the shaded area further validate that N-NbOC possesses a pseudocapacitive 

electrochemical performance. Specific capacitance of N-NbOC, Nb2O5, and CP at varied current 

densities is shown in Figure 5-8 (d). The Li+ insertion and extraction process for the niobium 

oxide can be expressed by Nb2O5+ x Li+ + x e-→LixNb2O5, where x is the mole fraction of the 

inserted Li-ions (0 < x < 2) with a maximum theoretical capacitance of ~360 F g-1 within 1-3 V 

vs. Li/Li+ when x is 2 110,111. As illustrated in Figure 5-8 (d), the as-prepared Nb2O5 reaches its 

theoretical capacitance for the first cycle, dropping to 37.6 F g-1 at 2 A g-1. However, N-NbOC 

provides 471.1 F g-1 during the first cycle and can provide 126.9 F g-1 at 2 A g-1, thus depicting 

remarkably higher capacitance and rate capability than pure Nb2O5 owing to the enhanced 

electronic conductivity and unique nano architecture. As expected, CP does not noticeably 

contribute to the total capacitance, providing only 28.8 F g-1, due to its low surface area and low 

Li-ion intercalation potential in carbon materials (<1 V vs Li/Li+) that is well below the voltage 
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window employed in this work. The outstanding electrochemical performance of N-NbOC can be 

attributed to a synergistic effect arising from: (i) nitrogen doping into the crystal lattice that not 

only contributes to the improved conductivity but also can provide fast surface faradaic reactions, 

(ii) the micrometer size of the tubes which significantly facilitates electrolyte access to the 

electroactive sites of N-NbOC, and nanometer size of homogeneously embedded  niobium oxide 

nanoparticles within carbon mictrotubes that shortens the lithium transport path throughout the 

whole particle, and (iii) immediate contact between the carbon layer and metal oxide that 

efficiently provide electronic pathways.  

To elucidate the difference between the conductivity of N-NbOC and Nb2O5 electrode, 

electrochemical impedance spectroscopy (EIS) was carried out and the Nyquist plots are shown in 

Figure 5-8 (e). The equivalent series resistance (RESR) of N-NbOC and Nb2O5 electrodes after two 

cycles are 1.9 Ω and 4.6 Ω, respectively. Moreover, N-NbOC shows smaller charge transfer 

resistance (RCT), 116 Ω, than that of Nb2O5, 237 Ω. Although RCTs for both samples decrease after 

100 cycles, a significant difference between the two remains. The decrease in resistance after 100 

cycles can be explained by the improved electrolyte wetting, and as a result increased ionic 

conductivity upon cycling. 135 The EIS results indicate that conductivity of N-NbOC is superior 

due to carbon coating and nitrogen doping, manifesting the previously discussed results.  
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Figure 5-8 Electrochemical performance of N-NbOC electrode (a) CV with various scan 

rates, (b) linear dependence of the peak currents vs. various scan rates (0.1 mV s-1-50 mV s-

1), (c) capacitance contribution (blue) to the total current at 5 mV s-1, (d) rate capability of 

N-NbOC, Nb2O5, and CP (e) EIS of N-NbOC and Nb2O5 after 2nd and 100th cycles. (f) cycling 

performance of N-NbOC and Nb2O5 and their respective coulombic efficiencies. Reproduced 

in adapted form from ref. 104 with permission from Elsevier. 
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Cyclability at 0.5 A g-1 is shown in Figure 5-8 (f). In a half-cell configuration, Nb2O5 drops to 

52.9 F g-1 only after 200 cycles, maintaining 67% of its initial capacitance. N-NbOC, however, 

maintains 81% of its capacitance after 1100 cycles, exhibiting an excellent cycle stability owing 

to the higher conductivity and unique morphological features as discussed earlier. This cycling 

stability is superior than that of other niobium oxide or niobium oxide-containing composites in a 

half-cell configuration, reported elsewhere.55,116,133 

A full cell device was fabricated to study the application of the as prepared N-NbOC in 

LICs, using N-NbOC as anode and the activated carbon (AC) as cathode. The LIC device with 

optimized electrodes mass ratio (mcathode: manode, 1.2:1) was tested within 0.05 and 3.0 V and the 

results are presented in Figure 5-9. The optimization of electrodes masses is provided in a Ragone 

plot in Figure 5-10. It is worth to mention that during the electrode preparation effort is devoted 

to keep the cathode mass loading constant (~1 mg) while the mass loading of the anode is varied.  

CV curves of the N-NbOC//AC with different scan rates resembles a nearly ideal CV profile of 

supercapacitors (Figure 5-9 (a)), offering capacitive and pseudocapacitive intercalation 

mechanisms. The charge/discharge profiles, presented in Figure 5-9 (b), reveals a quasi-

symmetric triangular profile, validating the capacitive/pseudocapacitive processes. More 

importantly, the LIC device exhibits a promising stability with ∼81% capacitance retention after 

3500 cycles at 3 A g-1 and 0.4 A g−1 with approximately 100% coulombic efficiency during cycling 

(Figure 5-9 (c)) which outperforms several cycling performances previously reported. 55,116 To 

further explore the energy and power characteristic of N-NbOC//AC and to provide comparison 

with other LIC devices, a Ragone plot is provided in Figure 5-9 (d). The assembled LIC device 

provides a maximum energy density of 86.6 W h kg-1 at the power density of 112 W kg-1. At faster 

discharging time (48 s) a remarkable performance is observed with energy and power densities of 
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58.7 W h kg -1 and 3.84 kW kg-1, respectively. As can be seen in Figure 5-9 (d), N-NbOC//AC 

exhibits a superior electrochemical performance compared to 3D-CNWs/T-Nb2O5//CAN 136, N-

doped urchin-like Nb2O5, 
115 Nb2O5/Graphene//AC,127  Nb2O5/CMK-3//PSC,137 and Nb2O5-rGO-

CDC//AC, 117 owing to its distinctive structural features.  

 

Figure 5-9 Electrochemical performance of N-NbOC//AC (a) CV with various scan rates, (b) 

Galvanostatic Charge\ Discharge at 0.05- 2 A g-1, (c) Long cycling performance at 0.4 and 3 

A g-1 within 0.05-3 V vs. Li/Li+, (d) Ragone plot of N-NbOC//AC and other LIC devices. 

Reproduced in adapted form from ref. 104 with permission from Elsevier. 
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The corresponding EIS profile of the LIC prepared in this work (Figure 5-10 (b)) depicts a small 

RCT. Besides Rw indicates a high electronic conductivity explaining the high rate capability of the 

LIC. To the above merits, the low loading of metal oxide in anode is needed to be additionally 

counted. Despite having only 43.5% of Nb2O5 in the anode the performance of the LIC prepared 

in this work is superior to the similar devices with higher Nb2O5 content which denotes the 

significance of the synergistic effect. Furthermore, the simplicity of the proposed synthesis 

methodology would facilitate carbon-coated metal oxide-containing nanocomposite utilization in 

energy storage applications. 

 

Figure 5-10 Optimization of the electrodes mass ratio (mcathode/manode) (a) Ragone plot for 

coin cells with various electrodes ratios and (b) corresponding EIS measurements at OCV. 

Reproduced in adapted form from ref. 104 with permission from Elsevier. 
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by subsequent hydrothermal and heat treatment to introduce several key features to Li-ion device 

electrode structure. When used as anode materials, the N-NbOC exhibit a promising Li-ion 

storage, revealing a synergistic effect between the individual components. Besides, an improved 

rate capability compared to the pure Nb2O5 and excellent cycle stability is realized after 1100 

cycles. Also, a N-NbOC//AC full cell is prepared demonstrating a notable electrochemical 

capacitive behaviour compared to similar devices that stems from the in-situ formed hollow carbon 

structure and uniformly distributed nanometer-sized orthorhombic niobium oxide with enhanced 

electronic features, which guarantees shortened diffusion pathway for Li-ions and fast energy 

storage performance. This work provides a facile strategy to improve the energy density of LICs 

and could be further extended to study of the in-situ polymerization of aniline in acidic transition 

metal oxides precursors, thus holding a great promise in nanocomposites preparation for hybrid 

capacitors applications. 

  



72 

 

6. MoS2 nanosheets anchored to a nitrogen-doped crosslinked 

carbon structure towards a high-energy sodium-ion capacitor 

6.1. Introduction 

Electrochemical energy storage devices (EESs) have been addressing the progressively 

higher demand of storing and delivering energy. Among EESs, sodium-based storage systems have 

received great attention as sustainable and in-expensive devices.33,35 Many researchers have 

devoted significant efforts toward designing new materials as sodium-ion hosts.6,33,34,138 The 

popularity of this line of research stems from the remarkable electrochemical performances of 

several sodium-ion batteries (NIBs) and sodium-ion capacitors (NICs) that rival that of lithium-

ion devices: the most-developed and forgoing storage systems now commercially available for 

various applications.25 Moreover, using the world’s non-toxic and abundant sodium resources is 

preferable to using its costly and finite lithium supply.33 

Although the similar chemical properties and monovalency of Li and Na considerably ease 

choosing the best material for SIBs, a few critical criteria must be considered: (1) Na cations are 

larger and heavier than Li cations (1.06 Å vs. 0.76 Å).98,139 Therefore, graphite, a common and an 

inexpensive anode material for Li-ion batteries (LIBs), cannot efficiently accommodate sodium 

ions in its interlayers;33 (2) The standard electrochemical potential of Na+/Na is higher than that of 

Li+/Li, which critically challenges sustaining comparable energy and power densities; and (3) due 

to the larger volume expansion during ion intercalation/deintercalation, electrode pulverization is 

drastic in sodium-based devices compared to in lithium-based ones.35,138 To address these issues,  

innovative electrode materials that can enhance sodium-ion storage performance are urgently 

needed. Recent studies have substantially contributed to meeting this need by developing  
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nanocomposite anode materials such as graphitized carbon, hard carbon, heteroatom doped carbon 

materials,81,139,140 nanostructured transitional metal oxides, conversion materials,141 and layered 

transition metal dichalcogenides (TMDs).142 Yet, their low initial coulombic efficiency (ICE), 

unsatisfactory rate performance and limited energy density, especially for NICs, still necessitate 

extensive research.  

In recent years TMDs, mainly MoS2, have received considerable attention as anode 

materials for SIBs. MoS2 is characterized by dynamic Van der Waals interactions between the 

layers and strong in-plane covalent bonds.142 This structure is beneficial since weak van der Waals 

forces can theoretically accommodate ion insertion/extraction in an open/close reflex while under 

load or charging.143 Binding energy calculations performed between Na and MoS2 have uncovered 

their thermodynamically favorable reactions.144 Despite its firm promise, MoS2 has shown inferior 

rate capability due to electrode pulverization, structural degradation, and volume variations upon 

cycling.145,146 To circumvent this problem, it is essential to design composite materials with an 

electrically conductive component that can provide a mechanical buffer during ion insertion. MoS2 

and its hybrids with graphene,143 graphite,105 CNT,147 and carbon nanofibers148 have been 

suggested. For instance, a comparison between MoS2/S-doped graphene’s sodium storage 

performance and that of MoS2 showed 75% and 55.7% capacity retention, respectively, after 100 

cycles, at the current density of 100 mA g-1.143 In another study, a MoS2-carbon monolayer 

interoverlapped structure was used as the NICs anode, showing an excellent energy density of 

111.4 Wh kg-1 at low rates. At moderate scan rates, however, a resistive behavior is detectable in 

cyclic voltammograms, which resulted in low energy density at high rates.82 These studies 

suggested that the enhanced performance of MoS2 is due to the synergistic coupling of the 

components and the composites’ improved electronic conductivity. However, how the conductive 
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backbone affects the Na+ diffusion coefficient and its variations during charge/ discharge remains 

unclear. 

Herein, we report the use of a 3D hierarchical polyaniline structure on which to deposit 

molybdenum disulfide and synthesize a new MoS2/NC hybrid as an anode material for Na+ storage, 

as shown in Scheme 1. Protonated nitrogen atoms in the polyaniline structure are beneficial for 

electrostatic adsorption of molybdate anions and uniform dispersion of MoS2. This unique design 

provides several improvements to Na+ storage, including enhanced diffusional properties as well 

as robust superstructure to buffer volume changes during ion insertion/extraction. The half-cell 

sodium storage performance of MoS2-NC shows significantly better rate performance than pure 

MoS2. Moreover, a NIC comprising of the MoS2/NC (anode) and activated carbon (AC, cathode) 

provides an excellent maximum power density and energy density of 19,060 W kg-1 and 58 Wh 

kg-1, respectively. This device offers superior Na+ storage behavior over similar reported devices 

due to the molecular interaction of carbon and MoS2 that governs enhanced mass transport of Na+ 

and boosts the integrity of the electrode upon cycling. 

6.2. Experimental 

6.2.1. Preparation of crosslinked polyaniline 

Crosslinked polyaniline was chosen as a robust framework to buffer the electrode volume 

change during cycling, enhance the electronic conductivity, and provide immediate 

electrode/electrolyte contact by preventing nanosheets restacking during synthesis. We followed 

the synthesis procedure described in our previous work106 adapted from literature.50 In brief, 0.458 

ml of aniline and 0.921 ml of phytic acid were dispersed in 2 ml of DDI (solution A). Then, 0.572 

mg of ammonium persulfate was stirred in 1 ml of DDI (solution B). Solutions B and A were then 
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mixed, and polymerization of the aniline occurred within 30 minutes, resulting in a dark green 

hydrogel and crosslinked polyaniline. After immersing the polymer in DDI water for 72 hours and 

rinsing it repeatedly, the polymer was freeze dried for 2 days. This material was furthered treated 

for three purposes: (1) to deposit MoS2 nanosheets (MoS2/NC), (2) to serve as a cathode (AC) in 

a full NIC device after the carbonization and activation processes, and (3) to synthesize 3D-NC 

for comparative morphology and XPS studies. 

 

Scheme 6-1 The schematic of MoS2/NC composites synthesis and how molecular interaction 

between nitrogen moieties and the molybdenum disulfide precursor during synthesis result 

in efficiently anchoring MoS2 on to carbon core. This 3D structure ensures abundant ion 

insertion channels while buffering volume fluctuations during charge/discharge. 

6.2.2. Preparation of MoS2/NC, MoS2, AC, and 3D-NC  

To synthesize MoS2/NC, 2-Sodium molybdate dehydrate (200 mg) was dissolved in DDI 

water (2 mL). The two synthesized polyaniline samples were then immersed in this solution, one 

for 24 hours and the other for 48, during which Molybdate was electrostatically adsorbed on the 
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positively charged amine groups. The resulting mixture was then filtered and washed with DDI. 

Thiourea (200 mg), dissolved in DDI, and sulfur powder (20 mg) dissolved in ethylene glycol and 

the above filtrate were mixed thoroughly. This dispersion was then transferred to an autoclave and 

treated at 120 °C for 10 h and another 10 h at 220 °C followed by washing and drying. The resulting 

powder was annealed to 800 °C in argon and was kept for 6 h at this temperature. The samples are 

called MoS2/NC-1 or MoS2/NC-2, depending on whether they had been immersed for 24 or 48 

hours in the sodium molybdate solution, respectively. A bulk MoS2 sample was prepared under 

identical conditions without polyaniline. 3D-NC was also prepared form the crosslinked 

polyaniline with the identical conditions as the nanocomposites without the presence of MoS2 

precursor, thiourea, and sulfur. 

To synthesize AC, the crosslinked polyaniline was initially carbonized at 900 °C for 3 h 

under argon. Then, this sample was further activated with KOH with mass ratio of 3 (KOH 

/carbonized polymer) at 800 °C for 1 h. AC was repeatedly washed with DDI and ethanol followed 

by drying in vacuum oven overnight and was used as the cathode of NIC. 

6.2.3. Materials characterization 

Crystal structures were identified using X-ray diffraction (XRD, X’Pert Pro X-ray 

diffractometer, Panalytical B.V.) technique. X-ray photoelectron spectroscopy (XPS, Thermal 

Scientific K-Alpha XPS spectrometer) measurement was done to study the molecular interaction 

of the components. Using thermogravimetric measurements (TGA, on TA Instruments Q500), 

with a ramp rate of 10 ℃ min-1 starting from 50 ℃ to 650 ℃, composition of each components was 

realized. Transmission electron microscopy (TEM, Philips CM10 transmission electron 

microscope) and scanning electron microscopy (SEM, LEO FESEM 1530) were conducted to 
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investigate the morphology of the materials. Elemental mappings were determined by electron 

energy dispersive analysis, EDX.  

6.2.4. Electrode fabrication and electrochemical measurements 

To prepare the electrodes, a conventional slurry preparation and coating techniques were 

utilized. The synthesized MoS2-NC, a conductive agent (SuperP), and a binder (poly (vinylidene 

fluoride, (PVDF)) were mixed (ratio, 85:5:10) overnight in N-Methyl-2- pyrrolidone (NMP). Cu 

foils and Al foils were used as the current collectors. After slurry coating on the current collectors, 

the electrodes were dried in a vacuum oven at 80 ℃ overnight. Then they were cut and pressed 

before coin cell assembly with a mass loading of  ̴ 1 mg cm-2. The CR2032 coin cells were 

assembled in an argon-filled glovebox with the working electrode and a piece of sodium foil as 

the reference and counter electrodes for half-cell studies. The electrodes were separated by a 

Celgard 2500 membrane wetted by the 1.0 M NaClO4 in 1:1 (v/v) mixture of ethylene carbonate 

(EC) and diethyl carbonate (DEC) as the electrolyte. For the NIC devices, MoS2/NC-1 electrodes 

were presodiated by direct contact between the electrodes and the Na foil for several hours. AC 

electrodes were used as the cathode of NICs where the optimized mass ratio of anode to cathode 

was 2:1, and other components of the NIC were identical to the half-cell assembly. The 

electrochemical studies including the electrochemical impedance spectroscopy (EIS), cyclic 

voltammetry (CV) and linear polarization resistance (LPR), were conducted using a Gamry 

potentiostat (Gamry Instruments, interface 1000). The electrical conductivity was measured using 

a homemade two-point-probe technique coupled with LPR. The galvanostatic charge/discharge 

cycling was conducted between 0.05 to 3 V vs. Na/Na+ for the half-cell and between 0.6 to 3.6 V 

for the full cell at different current densities. Galvanostatic charge/discharge cycling and 

galvanostatic intermittent titration (GITT) were studied using a Land CT2001A battery tester. For 
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the GITT measurements, coin cells with sodium foil as the counter and reference electrode and the 

synthesized materials as the working electrode were charged/discharged with a constant current 

density of 10 mA g-1 for 10 minutes. The current is then removed for 1 h to relax the system back 

to the equilibrium. This procedure was repeated to reach the cut-off voltage limitations (0.05 to 3 

V vs. Na/Na+).  

6.3. Results and discussion 

6.3.1. Morphology, structure, and composition of as-synthesized MoS2/NC 

The MoS2/NC composite materials were prepared by a facile solvothermal reaction 

followed by an annealing process using polyaniline as a framework for the deposition of MoS2 

nanosheets. The morphologies of 3D-NC and MoS2/NC-1 were observed by scanning electron 

microscopy (SEM). As shown in Figure 1a, 3D-NC resembles a 3D microporous structure with 

branch sizes in a range of ̴ 200 nm. Such a structure can hinder MoS2 aggregation and electrode 

pulverization during charge and discharge. Moreover, it offers highly conductive pathways (242 S 

m-1, measured using LPR) for electrons compensating for the bulk MoS2’s low electronic 

conductivity (10-4 S m-1).149 Figures 6-1(b-g) show SEM, TEM and EDX images of MoS2/NC-1. 

As evidenced by TEM and the EDX, several layers of MoS2 with ̴100 nm dimensions are uniformly 

distributed on the 3D-NC scaffold. The crystal structures of the as-synthesized products were 

studied by XRD. Figure 6-1 (h) exhibits the XRD pattern of MoS2/NC-1 and MoS2/NC-2. The 

detectable diffraction peaks at 2θ 14.1°, 33.25°, 39.34°, 49.59°, and 59° matched well with the 

(002), (101), (103), (105), and (110) planes of the 2H-MoS2 (JCPDS No. 77‐1716).  

https://www.sciencedirect.com/topics/chemistry/crystallinity
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Figure 6-1 (a) SEM images 3D-NC and (b) MoS2/NC-1, (c) TEM image of MoS2/NC-1 (d-g) 

elemental mapping of C, Mo and S and the corresponding SEM image, (h) XRD pattern of 

MoS2/NC nanocomposites. 

The chemical states of the elements in MoS2/NC-1 were analyzed using X-ray 

photoelectron spectroscopy (XPS). The characteristic high-resolution spectra of Mo 3d is 

deconvoluted into 4 major peaks: 229.27 eV and 232.48 eV, which can be assigned to Mo4+ 3d5/2 

and Mo4+ 3d3/2, respectively, in agreement with 2H-MoS2;
150 and 235.71 eV assigned to Mo6+, 

suggesting partial oxidation of Mo during the solvothermal process; and 226.55 eV for S 2s 

(Figure 6-2 (a)).151 Figure 6-2 (b) represents the high-resolution S 2p region for MoS2/NC-1, 

consisting of a single doublet of 2 p1/2 (163.2 eV) and S 2p3/2 (162.01 eV), attributed to the 

existence of S2-.152 Comparison of the Mo 3d and S 2p spectra of the bulk MoS2 and MoS2/NC-1 

illustrates an obvious peak shift to the lower binding energy, presenting a higher electron density 
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around MoS2 in the composite. On the other hand, comparison of the N 1s of 3D-NC and 

MoS2/NC-1 in Figure 6-2 (c) shows a blue shift for N 1s-pyrrolic of MoS2/NC-1, indicating a 

possible shift of electron density from nitrogen pyrrolic moieties in 3D-NC to MoS2, as it is  

generally realized that nitrogen dopants provide electron-rich centers in carbon materials.153 This 

finding suggests that pyrrolic moieties plays a pivotal role as the nucleation sites for MoS2 growth, 

resulting in a robust composite structure for reversible sodium-ion storage. The composition of 

each component is studied using thermogravimetric analysis (TGA). As can be seen in Figure 6-

2 (d), the composites are decomposed in air through two main reactions. According to the 

derivative thermogravimetric (DTG), MoS2 decomposes to MoO3 between 380-425 ֯C 

demonstrated with the initial peak centered at 400 ֯C; and 3D-NC is burnt between 425-520 ֯C 

reflected with the second peak in DTG, centered at 443 ֯C.154 Based on these curves, the MoS2 

compositions in MoS2/NC-1 and MoS2/NC-2 are calculated to be 52% and 65%, respectively.   

6.3.2. Electrochemical properties tied with diffusion coefficient analysis 

The insertion/extraction properties of Na+ in the as-synthesized composites were investigated in 

half-cell configurations with sodium metal foil as both the counter and reference electrodes and 

the composites as the working electrodes. The cyclic voltammograms of MoS2/NC-1 and 

MoS2/NC-2 for the first three cycles at the scan rate of 0.1 mV s-1, are shown in Figure 6-3 (a) 

and Figure 6-4, respectively. The first cathodic scan for these two samples contains three reductive 

peaks centered at 0.8, 0.5, and below 0.3 V vs. Na/Na+ corresponding to the intercalation of Na+ in 

MoS2 interlayers, the passivating solid-electrolyte interface layer (SEI), and the succeeding 

conversion reaction of sodiated MoS2 to Mo and Na2S, respectively.155,156  
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Figure 6-2  (a-b) XPS spectra of Mo 3d, S 2s core level peak regions in MoS2/NC-1 and MoS2; 

(c) comparison of N 1s binding energy before and after the deposition of MoS2; and (d) TGA 

and DTG curve of MoS2/NC nanocomposites. 

The second and third cathodic scans of MoS2/NC-1 and MoS2/NC-2 present a reversible broad 

peak at 0.7 V vs. Na/Na+ and the small tail at the end of discharge curves. First anodic scan of the 

composites show one main peak at 1.7 and a broad peak at 2.49 V that are ascribed to the oxidation 

of Mo and decomposition of Na2S according to the following reaction:155 

 𝑁𝑎𝑥𝑀𝑜𝑆2 + (4 − 𝑥)𝑁𝑎+ + (4 − 𝑥)𝑒− ⟺ 𝑀𝑜 + 2𝑁𝑎2𝑆 
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In contrast, the second and the third cathodic scans of MoS2 (Figure 6-4 (b)) do not overlap, 

signaling an irreversibility in Na+ storage. These performances may suggest that the MoS2/NC’s 

structural distortion during ion insertion/extraction is supressed compared to pure MoS2, 

highlighting the significance of a mechanical buffer presence in the MoS2/NC composites.157 

The initial charge/discharge voltage curves of MoS2/NC composites were measured 

between 0.05 and 3.00 V vs. Na/Na+ at a constant current density of 0.05 A g-1. Figure 6-3 (b) 

shows the charge and discharge curves of MoS2/NC-1, which exhibit a voltage plateau at around 

1.8 during the first charge that agrees with the identified peak in the CV curves for MoS2/NC-1.157 

Here it should be noted that using Raman spectroscopy, the degree of graphitization (ID/IG) of the 

3D-NC sample was measured to be 1.03 (shown in Figure 6-5) indicating that the carbon is 

partially disordered.50 The Na+ intercalation’s signature into disordered carbon material is a 

voltage plateau around 0.1 V vs. Na/Na+.158  Since there is no observable plateau at the end of the 

discharge curves of the MoS2/NC composite, the ion intercalation in carbon component is not 

considered. The initial capacities based on discharge and charge are 545.8 and 401.1 mA h g-1, 

corresponding to the ICE of 73.5%. The ICE improves to 91.8% and 96.2% during the second and 

third cycles, respectively. The charge and discharge curves of the MoS2 and MoS2/NC-2 are shown 

in Figure 6-6. Bulk MoS2 delivers ICEs of 70% for the initial cycle, reaching 91.5% after the third 

cycle, confirming the immature SEI formation compared to MoS2/NC-1. Although MoS2/NC-2 

provides higher initial discharge capacity, the initial ICE is only 67%. This low ICE could arise 

from the high concentration of MoS2 nanosheets, resulting in more irreversibility due to conversion 

reactions compared to MoS2/NC-1.159,160  

The rate capability of the MoS2 and its’ derivatives was further evaluated at different 

current densities as shown in Figure 6-3 (c). MoS2/NC-1 exhibit the best rate performance, 
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maintaining 67% of its initial capacity when the current density increased from 0.05 to 2 A g-1. 

This retained capacity is significantly higher than that of MoS2/NC-2 (40%) and bulk MoS2 (10%), 

presumably due to better electronic conductivity and/or diffusional properties. The cycling 

performance of the three synthesized samples is provided in Figure 6-3 (d).  

 

Figure 6-3 (a) First three CV curves of MoS2/NC-1 nanocomposite electrode at  0.1 mV s−1 in 

a voltage window of 3.0–0.05 V; (b) Galvanostatic charge and discharge curves of MoS2/NC-

1 composite electrode at a current density of 50 mA g−1 for the first three cycles; (c) Rate 

capability of MoS2/NC nanocomposites and bulk MoS2 and (d) their corresponding cycling 

performance. 
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MoS2/NC-1 possesses a noticeably higher capacity retention of 81.13% after 320 cycles at 0.5 A 

g-1 compared with MoS2/NC-2 (43.8%) and MoS2 (29.8%). The rapid capacity drop of MoS2 

originates from significant volume variation and structure destruction during 

sodiation/desodiation. Likewise, MoS2/NC-2 with lower carbon content than that of MoS2/NC-1 

(13% carbon content difference) shows inferior capacity retention.146 This behavior may have 

emerged for two primary reasons: (1) inadequate percolation of the conductive network in 

MoS2/NC-2 composite and (2) agglomeration of MoS2 nanosheets due to their high 

concentration.161 These hypothesis were further studied by EIS measurements (shown in Figure 

6-7) The calculated charge-transfer resistance (RCT) of MoS2/NC-1, MoS2/NC-2, and MoS2 are, 

166.4 Ω, 163.4 Ω, and 160.5 Ω, respectively. Since the samples’ RCTs have maximum difference 

of 3%, we concluded that change in conductivity may not be the sole reason behind different rate 

performances of the synthesized samples. To examine the second hypothesis GITT measurements 

are done. 

 

Figure 6-4 Cyclic voltammograms of (a) bulk MoS2 and (b) MoS2/NC-2 with scan rate of 

0.1 mV s-1 with the voltage range of 3-0.05 V vs. Na/Na+ for the first three cy cycles. 
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Figure 6-5 Raman spectra of 3D-NC and its relative ratio of ID to IG 

 

Figure 6-6 Galvanostatic charge/discharge curves of (a) MoS2, and (b) MoS2/NC-2 electrode 

at a current density of 50 mA g−1 for the first three cycles. 

0 100 200 300 400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

P
o
te

n
ti
a

l 
(V

 v
s
. 
N

a
/N

a
+
)

Specific Capacity (mAh g-1)

0 100 200 300 400 500 600
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

P
o

te
n

ti
a

l 
(V

 v
s
. 
N

a
/N

a
+
)

Specific Capacity (mAh g-1)

a) b)



86 

 

 

Figure 6-7 EIS spectra of MoS2, MoS2/NC-2, MoS2/NC-1 electrodes at open circuit voltage 

after 5 galvanostatic charge/discharge cycles. 

Figure 6-8 and Figure 6-9 (a) depict the GITT steps and curves for MoS2/NC-1. The Na+ 

diffusivity of the synthesized materials is calculated based on the GITT measurements using the 

following formula:93 

𝐷 =
4

𝜋
(

𝐼𝑉𝑚

𝑍𝐴𝐹𝑆
)

2

(
𝑑𝐸(𝛿)

𝑑𝛿
/

𝑑𝐸(𝑡)

𝑑√𝑡
)

2

        (6-1) 

where I denotes the constant current applied during pulse time; Vm is the molar volume of the 

electrode; F is the Faraday’s constant; S is the electrode/electrolyte interface area; and ZA is the 

charge number. dE(δ)/dδ is the change in steady state voltages before and after each titration steps. 

dE/d√𝑡 is the change of the voltages during the charge/discharge time (t).93 Equation 6-1 can be 

simplified into Equation 6-2 if (1) dE(δ)/dδ and (2) dE/d√𝑡 show a linear behavior.162 The validity 

of these assumptions has been confirmed and is shown in Figures 4b-4d and equation 2 was used 

for the calculation of ion diffusitivty. 



87 

 

𝐷 =
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𝑚𝐵𝑉𝑚

𝑀𝐵𝑆
)

2

(
∆𝐸𝑠

∆𝐸𝑡
)

2

         (6-2) 

 

τ is the pulse duration; MB is the molar weight, and mB is the mass of the electrode; ΔEs is the 

change in two consecutive open circuit potentials after rest; ΔEt is the difference in potential after 

each titration step. As shown in Figure 6-9 (b), the steady state voltage is divided in to three 

different regions within which the dE(δ)/dδ is considered linear. This categorization is used as a 

guidance to verify the linearity of dE/d√𝑡 where five galvanostatic pulses are randomely chosen 

in each region, and voltage changes are plotted against t0.5. As can be seen in Figure 6-9(c) and 

Figure 6-9 (d), linearity is controlled in all three regions, validating Equation 6-2 for ion 

diffusitivity calculations. 

Figure 6-9 (e) depicts the apparant diffusion coefficients (DNa+) for the Na+ obtained from 

GITT during the second discharge cycle. During sodiation, where Na+ intercalates to the interlayer 

of the structures, the MoS2/NC-1 nanosomposite reveals a superior mass transport of Na+, agreeing 

with the rate capability studies. DNa+ values for all three samples show fluctuations, signaling the 

dependence of DNa+ on the state of charge, as also reported in the literature.163–165 The values inside 

Figure 6-9 (e) shows the initial voltage of  the galvanostatic pulse, corresponding to the shown 

composition. The diffusion coefficient variations for all three samples, start with the first few 

discharge cycles and continue to drop until the voltage is lower than 1.4 V, approximately. From 

there, for MoS2, two minima around 0.8 V and 0.3V, are recognized, referring to the two voltage 

plateaus in the CCCD curves for Na+ intercalation and conversion reactions, respectively. 

Generally, the minimas of the diffusion coefficient values in the GITT analysis are indicative of 

structural rearrangements.93,163 For instance, insights on Na+ storage mechanism in hard carbon 

showed higher diffusitivity values at the beginning of ion insertion during GITT. The author 
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further explains that initial sodiation is easier than when most of the sites are sodiated, because 

new ions have to overcome the repulsive charge gradient resulted from previously inserted ions.166 

The drastic and abrupt diffusion coefficient fluctuations for MoS2 below 0.6 V compared to the 

small gradual drop for MoS2/NC-1 may represent several major points: (1) the integrity of the 

MoS2/NC-1 nanocomposite in which the 3D-NC has a buffering role, maintaining the 

nanocomposite’s open framework and increasing accessible sites for easier insertion of  Na+ (2) 

the superior mass transport properties of MoS2/NC-1, manifesting the highest apparent diffusion 

coefficient values compared to other samples;165 and (3) the severe DNa+ drop for MoS2/NC-2 

compared to MoS2/NC-1 before the onset of the conversion reaction (V> 0.5), demonstrating the 

effect of carbon: MoS2 composition on  Na+ intercalation kinetics. It is crucial to mention that the 

higher diffusion coefficients can be also attributed to higher adsorption energy of Na+ and 

increased favorable kinetics. However, theoretical studies have shown higher affinity of Na+ 

towards MoS2 than that of, for instance, heterointerphase of MoS2 and graphene.167 The higher 

apparent diffusion coefficient of MoS2/NC-1 than that of MoS2/NC-2 indicates the effect of 

structural arrangments exceeds that of adsorption energy of Na+ twards the electrode surface. 

Apparent DNa+ values are also calculated based on galvanostatic charging steps and are  presented 

in Figure 6-9 (f). Again MoS2/NC-1 shows the highest DNa+ values over the composition range 

involved in the titration. 

6.3.3. MoS2/NC//AC: a hybrid high-rate sodium-ion capacitor 

NICs are designed to provide higher power energy than that of sodium-ion batteries (NIBs) 

and higher energy density than that of capacitors.2 They have two electrodes in which reactions 

(intercalation, conversion, and/or redox) occur on the anode side, and physical separation of 

charges takes place on the cathode. Although this design ensures fast dynamics on the cathode and 
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high charge storage on the anode, kinetic imbalance between the two greatly hinder NICs 

development.168 As a result, a high-power anode is a crucial component of high-rate NICs. Here, 

a NIC device with presodiated MoS2/NC-1 as the anode and activated AC as the cathode has been 

prepared and its electrochemical properties are studied (Figure 6-10). 

It is well understood that presodiation not only provides higher energy density for NICs by 

widening the operating voltage window, but also compensates for Na+ loss during metal 

dissolution and immobilization in SEI layer during first few cycles.169 Therefore, to enhance the 

electrochemical properties of the prepared NIC, the anode has been presodiated by using a direct 

contact method according to a previous study.169 The half-cell Na+ charge storage of AC is 

provided in Chapter 4 of this thesis, demonstrating a high capacitance of 145 F g-1 at 50 mA h g-1 

and long cycle life with capacitance retention of 80% after 1000 cycles, when charged to 4.4 V vs. 

Na/Na+. The best voltage range has been chosen based on the CV curves results and long cycling 

performances (Figure 4-6). 

 

Figure 6-8 GITT program steps during discharge and charge 
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Figure 6-9 (a) GITT curves of MoS2/NC-1. The GITT test was performed by 

charging/discharging the electrode at a current pulse of 10 mA g−1 for 10 min and a 

relaxation of 60 min; (b) linear dependence of E(δ) on δ is fulfilled; (c) and (d) linearity of 

voltage during the current pulse with t^0.5 (second criteria of Equation 6-1 is  fulfilled); (e) 

diffusion coefficient calculations based on e)discharge; and f)charge (numbers inside Figure 

(e) and (f) show the corresponding potential values (V vs. Na/Na+). 
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Figure 6-10 (a) shows the optimization of the voltage range. The upper and lower voltage 

limits are set at 3.6 V and 0.6 V, respectively, to avoid the decomposition of the electrolyte.  CV 

curves at different scan rates show a quasi-rectangular profile with one anodic and one cathodic 

broad peak, which may be indicative of the intercalation pseudocapacitance behavior (Figure 6-

10 (b)).47 Constant current charge/discharge curves, as shown in Figure 6-10 (c) and Figure 6-11, 

also resemble a quasi-linear profile, confirming fast surface reactions.2 It is worth mentioning that 

the charge storage capacity of presodiated NIC is higher than that of NIC without presodiation at 

slow rates, suggesting the significance of possible Na+ deficiency (shown in Figure 6-12); the 

difference, however, continues to decrease since a kinetic barrier is a limiting factor for charge 

storage at high rates . 

The energy and power densities have been calculated based on the total mass of active 

materials in both electrodes, using charge/discharge curves, and the result is shown in a Ragone 

plot (Figure 6-10 (d)) The NIC device can provide an energy density of 58 Wh kg-1 at 197.6 W 

kg-1 and maintain energy density of 32.5 Wh kg-1 at 19060 W kg-1. This device clearly shows a 

distinct power capability over other NICs in the literature,82,83,170–172 as shown in the graph, owing 

to its unique structure, containing robust 3D carbon structure that allows for random orientation of 

MoS2 nanosheets, resulting in abundant ion insertion channels. This design provides shortened 

diffusion path for ion transport, while performing a buffering role in limiting the MoS2’s crystal 

volume variations. Furthermore, the prepared NIC device maintains 70% of its initial capacitance 

after 5000 cycles at 0.7 A g-1, representing a very stable performance because of suppressed 

structural degradation offered by anchored MoS2 nanosheets to the carbon framework upon long 

cycling. 
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Figure 6-10 (a) Determining the NIC working voltage by CV at 5 mV s-1; (b) CV curves of 

the NIC at various scan rates; (c) Galvanostatic charge discharge curves at different current 

densities; (d) Ragone plot of the prepared NIC device compared with MoS2-C/PDPC,82 E-

MoS2 carbon fibers//AC,83 Nb2O5 nanosheet//PSC,170 TiOxNy/C//NHPC,171 Na3V2(PO4)3-

AHD// Na3V2(PO4)3-AHD172; (e) cyclability of the NIC device at 0.7 A g-1 
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Figure 6-11 Galvanostatic charge/discharge for MoS2/NC-1//AC with presodiated anode. 

 

Figure 6-12 Comparison of the charge stored in presodiated MoS2/NC-1//AC and 

MoS2/NC-1//AC. 

 

6.4. Summary 

A novel nanocomposite of MoS2 and a nitrogen-doped crosslinked carbon with 3D heterostructure 

was synthesized, providing high initial capacity of 545 mA h g-1 at 50 mA g-1; and 240 mA h g-1 
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at 2000 mA g-1. The MoS2/NC-1 also provides 81.13% of its initial capacity after 320 cycles at 0.5 

A g-1. XPS measurements of the nanocomposite reveal that pyrrolic nitrogen in the interconnected 

carbon has an electronic coupling with MoS2, suggesting strong interactions between the two; 

therefore, inhibiting the volume expansion of MoS2 that is commonly reported in the literature. 

Electrochemical studies reveal that MoS2/NC-1 can significantly raise rate performance and cycle 

life compared to pure MoS2; and GITT studies attribute the fast and stable Na+ storage of the 

composite to an increased apparent Na+ diffusion coefficient. MoS2/NC-1 was used as anode in 

the NIC and at high power density (19060 W kg-1), a high energy density of 58 Wh kg-1 was 

realized. Our findings provide new opportunities for developing high-rate and long-cycling anode 

materials for NICs and NIBs. 
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7. Conclusions and Future Work 

In this thesis work, various electrode materials have been investigated for use in LICs and 

NICs. Considering the criteria for the materials selection, we first investigated a carbon material 

that, if its properties are tuned, can act both as the cathode of the hybrid devices and a framework 

for the in-situ incorporation or deposition of the intercalation-type materials to serve as the other 

electrode in hybrid systems. With the physicochemical and electrochemical characterization tools, 

we have explained the charge storage mechanisms and the underlying cause for any enhancement 

in electrochemical performances. The objectives described in the beginning of this thesis have 

been met, and a new understanding been provided of the surface and bulk properties of the 

synthesized nanocomposites and how they affect the power density and energy density of hybrid 

devices. This chapter outlines the conclusions from the previous chapters and presents proposed 

future work based on the work done in this research. 

7.1. Conclusions 

7.1.1.  N-doped interconnected carbon structure from polyaniline as the cathode for hybrid 

capacitors 

In this study, to prepare a nitrogen-doped high surface area carbon, first, an oxidative 

polymerization of aniline was done in the presence of phytic acid, which protonates nitrogen 

groups in aniline and directs the polymerization into an interesting interconnected morphology. 

Then the resulting polymer was heat treated, followed by KOH activation. The effect of activation 

temperature on the electrochemical performance of the synthesized samples revealed a trade-off 

between the specific surface area and the electronic conductivity. The maximum charge storage 

capacitance was obtained from the sample with the highest total pore volume and specific surface 
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area, confirming the significance of specific surface area on double layer capacitance. The half-

cell electrochemical performance showed an improved specific capacitance of NAC-800-3 

compared to the commercial activated carbon duo to (1) the unique morphology that enabled easy 

electrolyte infiltration and facilitated electron transfer, and (2) the heteroatom dopants that 

introduced pseudocapacitive charge storage. Also, the linear charge/discharge curves depict that 

the fast and capacitive charge storage mechanism which is expected from the cathode side is 

fulfilled. This study also provided the realization that the intermolecular interactions during aniline 

polymerization produce unique morphological features.  

7.1.2.  3D N-doped Hybrid Architectures Assembled from 0D T-Nb2O5 Embedded in Carbon 

Microtubes toward High-rate Li-ion capacitors 

Inspired by the polymerization of aniline in the presence of a multidentate acid in the first 

study, microtubes of carbon with embedded niobium oxide nanoparticles were prepared using the 

in-situ incorporation of the niobium oxide precursor during polymerization of aniline, followed by 

subsequent hydrothermal and heat treatments. This unique design offered several key features to 

the anode: (1) an interesting structure of microtubes with hollow interiors that shortened the 

electron transfer path and enhanced the electrode-electrolyte interface, (2) nano-size and well-

distributed orthorhombic niobium oxide particles within the carbon microtubes that improved 

pseudocapacitive charge storage and enabled high-rate lithium-ion storage through the (001) plane, 

and (3) improved electronic conductivity as evidenced by EIS. Moreover, XPS analysis revealed 

a peak shift of Nb 3d, attributed to elevated electron density caused by N substituting for O around 

the Nb atom. This shift, together with an assigned peak to the O-Nb-N linkage of the sample after 

burning the carbon composition, confirmed nitrogen doping of the metal oxide, which may 

reduce  the metal oxide band gap and contribute to increased electronic conductivity. The 
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simultaneous formation of carbon from polymer and niobium oxide from the niobium precursor 

offered a possible catalytic effect of the Nb atoms on graphitizing the carbon layers, as confirmed 

by HRTEM. The graphitized carbon layer is beneficial for mechanically maintaining the crystal 

structure during lithiation and delithiation. Overall, this work presents a new and straightforward 

strategy for enhancing the electrochemical performance of LICs. Additionally, this synthesis 

strategy could be further extended to the in-situ polymerization of aniline in the other acidic 

transition metal oxides precursors, offering a new design procedure.  

7.1.3.  MoS2 nanosheets anchored to a nitrogen-doped crosslinked carbon structure towards 

a high-energy sodium-ion capacitor 

In the last study, utilizing the 3D network of polyaniline from the first study, a new 

heterostructure nanocomposite of MoS2 nanosheets and a nitrogen-doped crosslinked carbon was 

prepared. The unique morphology was achieved owing to the intermolecular interaction of doped 

polyaniline and molybdate moieties. XPS analysis revealed that pyrrolic nitrogen has an electronic 

coupling with MoS2; thus, the volume variation of the electrode was suppressed upon cycling. 

Electrochemical studies revealed that the nanocomposite can significantly raise rate performance 

and cycle life compared to pure MoS2 and GITT and EIS studies assigned the fast and stable Na+ 

storage of the composite to an increased apparent Na+ diffusion coefficient. Using GITT 

technique, we not only confirmed that the Na+ apparent diffusion coefficient of nanocomposite 

showed superior mass transport properties compared to those of MoS2, but also that the carbon 

framework plays a role in maintaining accessible sites for electron transfer during different states 

of charge. It was also realized that the carbon: MoS2 composition affects the diffusional properties 

of the electrode. When used as an anode in a full cell NIC, the nanocomposite showed a high 

energy density and power density with promising cycling stability. The analysis of the surface 
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properties and the apparent diffusion coefficients of the nanocomposite and its variations during 

charge/discharge can be applied to other nanocomposites to further explain their electrochemical 

performances. 

7.2. Future work 

Future work based on the knowledge gained from this thesis could potentially improve the 

energy density, power density, and cycle life of hybrid devices. Several recommendations for this 

work are listed here and further explained later in this section. First, further analysis can be 

performed to deepen our understanding of the capacity fading of polyaniline-derived porous 

carbon when acting as the cathodes of hybrid capacitors. Second, doping of the polymer-derived 

activated carbon can be done with the intrinsic or extrinsic pseudocapacitive materials such as 

MoO3 or NiO, to serve as the cathode of hybrid capacitors. Third, in-situ polymerization of aniline 

can be performed in the presence of multidentate and acidic precursors of pseudocapacitive 

materials. Another approach could be the use of the crosslinked polymer with doped nitrogen 

moieties that can serve as a scaffold for the deposition of TMDs as hybrid capacitor’s anode 

materials. 

7.2.1. Analysis of capacitance fading of hybrid capacitors’ cathodes 

To further enhance the cyclability of hybrid devices, a systematic analysis is required to 

understand the reason behind the cathode’s capacitance fading. Using surface area analysis 

together with other physicochemical characterization after extended charge/discharge cycling, we 

can realize the relation or any trade-off between the surface area and carbon corrosion. Increasing 

the surface area, on the one hand, enhances the double layer capacitance. However, a higher degree 

of carbon activation results in the elevated creation of micropores and more functional groups 
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concurrently and thus increases the probability of carbon corrosion during cycling. Therefore, 

there might be a trade-off between the increased microporosity and degrading the electrode upon 

cycling. Novel strategies can be designed after the realization gained from extended cycling 

analysis to suppress the capacitance fading. 

7.2.2. Doping porous carbon materials with pseudocapacitive materials for cathodes 

As discussed in Chapter 1, a hybrid device stores energy with different charge storage 

mechanisms on its anode and cathode. This hybridization can be designed in more advances level, 

in which each electrode could store energy using multiple charge storage mechanisms, being 

capacitive, redox pseudocapacitive or intercalation pseudocapacitive. This hybridization level has 

been utilized to design various anodes in the literature. However, on the cathode side, the research 

has been mainly focused on capacitive mechanism using porous carbon materials doped with 

heteroatoms. The charge storage capacity of these materials could be further enhanced by doping 

these materials with pseudocapacitive metal oxides nanoparticles with suitable redox potential. 

For instance, the study performed in Chapter 4 can be extended to introducing metal oxides to the 

interconnected and highly porous carbon. The atomic composition of the metal oxide and carbon 

should be engineered such that the criteria of the cathode’s electrochemical performance explained 

in Chapter 1 is fulfilled. It is critical to maintain the hierarchical structure of the electrode to 

prevent compromising on the device’s rate performance.  

7.2.3. Novel composites as hybrid capacitors anodes 

In Chapter 5 and Chapter 6, novel synthesis routes are provided. Using the in-situ polymerization 

concept in Chapter 5, it is possible to design composite materials possessing novel morphology, 

enhanced electronic conductivity, and developed charge transport property. The benefits also 
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include fast and simple synthetic routes without using templates that can incorporate the insertion 

component in-situ. The 3D continuous electrical conduction pathway would benefit the realization 

of all the active sites for charge storage as it ensures fast electron and ion accessibility to the 

electrode. The design must be based on the acidity of the synthesis media and molecular 

interactions of the monomer/polymer and the metal oxide precursor. The synthesis methodologies 

introduced in Chapter 5 and 6 are recommended to be employed for various other metal oxides 

and transition metal dichalcogenides with precise morphological and compositional control that 

plays a vital role on the physical and electrochemical property of the anode.  
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