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Abstract 

 To address the energy crisis and environmental pollution issues, urgently need 

to develop an inexpensive, environmentally-friendly, and safe electrochemical energy 

storage system (EES). Supercapacitors (SCs) are considered promising energy storage 

device candidates due to their fast delivery rate, high power density, and long cycling 

life. However, finding an eco-friendly, low-cost, and high-energy density SC to meet 

commercial applications is still a challenge. To target the above-mentioned challenges, 

four aspects were investigated in this research: 1) energy storage mechanism through 

these functional nanocomposites, especially characterization and understanding of the 

electron and ionic transport behavior in complex interface,  which could give us 

better design of the nanocomposite to improve the performances of the devices; 2) 

low-cost, sustainable raw materials (graphene, metal oxide, conducting polymer, 

cellulose) were chosen to synthesize electrodes for lower production cost; 3) 

functional nanocomposite electrodes were designed and fabricated to overcome the 

disadvantages of single component electrode material to enhance the performance of 

SC; 4) establish of facile, ultra-fast and high energy efficient approach for 

manufacturing of functional nanocomposites, with scale-up possibilities. 

In the first project (Chapter 2), a high energy efficient and ultra-fast microwave 

heating technique was used to fabricate NiOx@graphene electrode. Electrochemical 

studies indicated that the combination of NiOx and graphene leads to a high specific 

capacitance of 623 F/g and excellent cycling stability due to the synergistic effect 

between NiOx and graphene. Furthermore, three different types metal precursors 
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((Ni(OH)2, Ni(Ac)2·4H2O and Ni(NO3)2·6H2O) were used to prepare the 

NiOx@graphene nanocomposite, and explore the electrode formation mechanism. It 

demonstrated that the microstructure and morphology of electrode materials were 

metal precursor-dependent, and directly related to the electrochemical performance. 

This work provides experimental support for the design of nanocomposite electrode 

architectures with high electrochemical performance for next generation energy 

storage devices. 

Vanadium pentoxide (V2O5) possesses layered structure, a high theoretical 

specific capacity (2120 F/g), and a wide working potential window (up to 1.2 V in 

H2O). According to the definition of energy density ( E =
1

2
𝐶𝑉2 ), which is 

proportional to the electrochemical potential window, V2O5 is believed to be one of 

the most promising electrode materials for the preparation of supercapacitors. In 

project 2 (Chapter 3), V2O5@polypyrrole (V2O5/PPy) core-shell nanofiber was 

synthesized by combining an economical, easy-to-process, and eco-friendly sol-gel 

with an in situ polymerization method to improve the energy density of SC. The PPy 

coating, with high conductivity, facilitated charge transfer and protected the 

dissolution of V2O5 in the aqueous solution. The symmetric device of V2O5/PPy 

device exhibited a maximum energy density of 37 Wh/Kg when the power density 

was 161 W/kg. The synergistic effect between the V2O5 and PPy and the individual 

role of each component in the electrochemical process were studied to further 

understand the growth mechanism and provide the rational design electrode material 

fundamental in the future. 
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With the development of rechargeable consumer electronics, portable and 

wearable electronic devices are rapidly appearing in our life, such as roll-up displays, 

smart textiles, etc. Flexible supercapacitor has become an emerging frontier research 

area. In project 3 (Chapter 4), nature abundant, renewable, non-toxic, biocompatible 

and biodegradable nanocellulose was used as building blocks to fabricate the 

freestanding, binder-free flexible polypyrrole/poly(styrene sulfonate)/cellulose 

nanopaper (PPy:PSS/CNP) electrode by a facile and fast vacuum filtration method. 

The optimized PPy:PSS/CNP exhibited high areal specific capacitance of 3.8 F/cm
2
, 

an energy density of 122 μWh/cm
2
 and good cycling stability (80.9% capacitance 

retention rate, 5,000 cycles), which was superior to other cellulose-based composite 

materials. It is worth noting that PPy:PSS/CNP functions well as a flexible 

supercapacitor electrode material because of the following reasons: 1) poly(styrene 

sulfonate) (PSS) serves as a dopant and forms a water-soluble polymer network 

(PPy:PSS) with PPy, effectively improving the dispersity and processibility of PPy; 2) 

PPy with high conductivity enhances the charge transport rates and electrochemical 

properties (high specific capacitance, long cycling life, high power density); 3) 

Cellulose (CNF) is chosen as the flexible substrate, which provides good flexibility 

and mechanical strength for the electrodes due to large number of hydrogen bonds 

among cellulose molecules. 

Compared to PPy, polyaniline (PANI) has a higher doping level of 0.5 (i.e. two 

monomer units per dopant) and a higher theoretical specific capacitance (750 F/g). In 

project 4 (Chapter 5), we used PANI, instead of PPy used in project 3, to synthesize 
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another promising flexible PANI:PSS/CNP electrode. The optimized PANI:PSS/CNP 

electrode exhibited a lower specific capacitance (2.56 F/cm
2
), better cycling stability 

(81.5% capacitance retention rate, 8000 cycles), and higher mechanical strength (29.1 

MPa) than PPy:PSS/CNP. The lower specific capacitance of PANI:PSS/CNP can be 

attributed to the lower conductivity of PANI (0.1-5 S/cm) than PPy (10-50 S/cm). The 

better cycling stability and higher mechanical strength properties of PANI:PSS/CNP 

might be explained by a stronger interaction between PANI and CNF. In comparison 

to the PANI:PSS/CNP, the cross-sectional morphology of PPy:PSS/CNP displayed 

obviously expanded interior lamellar structures, indicating a possible interruption of 

more hydrogen bonds among CNFs. The number of intermolecular and intramolecular 

hydrogen bonds reducing in nanocellulose will affect the mechanical properties of the 

nanopaper. 

In summary, we have successfully designed and prepared four high-performance 

nanocomposite electrodes through simple, fast, high energy efficient, and low-cost 

approaches (microwave heating, in situ polymerization, and vacuum filtration). The 

charge transport and energy storage mechanism in the nanocomposites were 

investigated during the charge-discharge process. Our work is expected to provide 

experimental support to design functional nanocomposite electrodes with high 

electrochemical performance for next-generation energy storage devices. 
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Chapter 1: Introduction 

With the rapid development of the world that has led to the gradual exhaustion of 

fossil fuels, global warming, and the pollution situation; there is an urgent need to 

develop secure, sustainable energy to satisfy the future development of low-carbon and 

sustainable economies. However, some renewable energy sources such as solar, wind, 

ocean, and biomass are intermittent and geographical, which limits their applications. 

Therefore, safe electrochemical energy storage systems (EESs) play a critical role in 

utilizing sustainable and renewable energy resources, especially with the advent of 

electric vehicles, smart grids, and various portable and integrated of wireless devices in 

our life. The conventional energy storage systems such as (batteries, capacitors, and 

fuel cells) that convert energy through diffusion and migration of ions are widely 

employed in high technology industries. Among them, batteries dominate the market 

for electrical energy storage devices because of their good energy density. However, the 

rechargeable batteries store the charge through electrochemical reactions within the 

crystalline structures of electrode materials, resulting in ‘‘phase-transformation’’ of the 

electrode material, significantly reducing the power density and battery charging and 

discharging rates. The conventional dielectric capacitor can provide high power density 

and fast charging and discharging process, but its energy density is less than 1-2 orders 

of magnitude than that of battery. It is worth noting that neither traditional batteries nor 

capacitors can meet the requirements of modern technology with high power density 

and high energy density. 
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As shown in Figure 1.1, the ragone plot can explain the performance gap between 

batteries and capacitors. This plot explains that capacitors are high power systems, 

whereas batteries and fuel cells are high-energy systems. The supercapacitor (SC) 

overlaps with traditional capacitors and batteries, which means that it maintains the 

high power nature of the capacitor and high energy density characteristics of the battery 

at the same time, filling the power/energy gap between the battery and the capacitor. 

Besides, it is clear that developing high energy density SCs that are close to current 

rechargeable batteries is a major challenge in the future. In addition, SCs store electrical 

energy through the ion adsorption/desorption process between the electrode and 

electrolyte interface and the surface faradic redox reactions. The electrostatic work 

mechanism makes them lower in internal resistance, exhibiting a very high degree of 

reversibility with good cycle stability (˃500,000 cycles) compared to batteries. Table 

1.1 gives the comparison of SCs with capacitors and batteries. [1] The great advantages 

of SCs make it best suit applications such as back-up devices for mobile electronic 

equipment (telephone, laptop, camera, etc.), surge-power delivery devices for hybrid 

electrical vehicles, and solar lighting system, etc. (Figure 1.2). SC as an advanced 

energy storage device has fascinated massive attention from the world. 
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Figure 1.1 Ragone plot of different electrochemical energy conversion systems 

Table 1.1 The comparison of supercapacitors with capacitors and batteries  

Features Capacitor Supercapacitor Battery 

Specific energy 

(Wh/kg) 

˂0.1 1-10 10-100 

Specific power (W/kg) ≥10,000 500-10,000 ˂1000 

Discharge time 10
-6

 to 10
-3

 s s to min 0.3-3 h 

Charge time 10
-6

 to 10
-3

 s s to min 1-5 h 

Cycle-life Almost infinite ˃500,000 About 1000 

Storage mechanism Physical Physical Chemical 
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Figure 1.2 Applications of supercapacitors 

Normally, the SC device is composed of two electrodes separated by a 

semipermeable membrane separator, electrolyte solution, and current collector Figure 

1.3.[2] The electrode material directly determines the characteristic of SCs; particularly, 

the surface area and the distribution of pore-size. Hence, the selection and design of 

electrode materials and their modification are very important in the development of 

advanced high-performance SCs. Researchers usually prefer to use larger specific 

surface area carbon-based materials, multiple oxidation states metal oxides, and high 

conductivity conducting polymers as electrode materials. Also, to improve the SC 

performance, various synthesis techniques were applied to control the structures and 

properties of the materials for suitable electrochemical SC applications including 

electrochemical deposition, hydrothermal/solvothermal methods, microwave-assisted 

method, and sol-gel method based on the reported articles. The electrolyte is another 

important constituent that determines the performance of a SC and that influences the 
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operating voltage. For example, ionic liquids electrolytes allow the cell operating 

voltages range from 2 to 6 V, which is much higher than that of the aqueous electrolytes, 

operating within 1.23 V, with low conductivity  10 mS/cm. On account of the fact that 

the energy density (E =
1

2
𝐶𝑉2) is proportional to the square of the cell voltage and the 

energy density is mostly influenced by the electrolyte. Clearly, the fabrication of 

high-performance SC should consider the combined effect of the above factors. 

 

Figure 1.3 (a) Schematic diagram of supercapacitor; (b) The charging stage (ion 

adsorption) and (c) discharging stage (ion desorption)  

1.1 History of supercapacitors  

The capacitor originated from the famous Leyden jar experiment in 1754. The 

device consisted of a metal foil served as the electrode and a glass vessel served as the 

dielectric. During the charging process, the positive and negative charges moved in 

the opposite direction and accumulated on the electrode, forming the capacitor. In 
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1879, the concept of double-layer was proposed by Von Helmholtz to define this type 

of charge storage mechanism by Von Helmholtz.[3] Unfortunately, the concept was 

applied in practice until 1957 when the first patent technology of electric double-layer 

capacitor (EDLC) was granted to General Electric Company. For the first SC, the 

activated charcoal electrode was separated by an ion-permeable film and immersed in 

an electrolyte. During the charging process, the carbon pores were used to store 

energy.[4] The device showed high specific capacitance due to the porous structure of 

activated charcoal with a high surface area. At this time, the EDLCs were not 

commercialized. In 1968, SOHIO, the standard oil company of Ohio, obtained 

another patent for a device with a capacitance higher than Becker to further promote 

the development of SCs. However, they had to transfer the patent to NEC in 1975 due 

to the company’s administrative issue. In 1978, NEC began to apply the device to 

electric vehicles and named them “Supercapacitor”. Since then, the doors of 

commercial applications have opened to SCs, and until now it has been widely used in 

various fields. Nowadays, to further improve the energy storage performance of SC, 

various active electrochemical materials have been studied from traditional carbon 

materials with high surface areas such as graphene, carbon nanotubes (CNTs), and 

activated carbons (ACs) to a variety of pseudocapacitive materials, which normally 

have a higher capacitance and energy density than EDLC materials, for example, 

metal oxide and conducting polymer.[5-11] Moreover, companies such as Panasonic, 

Maxwell, and NESS have also invested a great deal of interest in SC. In general, the 

research and commercialization of SCs mainly developed in Japan, United States, 
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South Korea, Russia, Switzerland, and France at the early stage. However, the current 

SC market almost filled the products from the United States, Japan, and Russia.  

1.2 Fundamentals of supercapacitors  

Understanding the ion storage and transport mechanisms of energy storage 

systems is extremely important, which gives a direction to advance the performance of 

devices. According to the charge storage mechanism, SCs can be classified into two 

types of capacitors: electric double-layer capacitors (EDLCs) and pseudocapacitors.[12] 

The EDLC stores energy through the electrostatic storage process, which prevents the 

production of defects in the electrode by forming/opening the chemical bonds, resulting 

in excellent cycle life, high power density, and rapid charge rate compared to 

conventional batteries. In Figure 1.4, when the potential is applied to the electrodes, 

opposite ions in the electrolyte accumulate on the surface of each electrode, leading to 

double-layer, which separated by solvent molecules. The energy was stored during the 

charge adsorption process.[13]  

 

Figure 1.4 (a) The charge process of EDLC; (b) The formation of EDLC; (c) The 

discharge process of EDLC 
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The stored total charge Qc for EDLCs is a linear function of the potential 

difference ΔU: 

                           Qc= CΔU                           (1.1) 

The capacitance of the electrochemical double layer capacitor is given by: 

                         𝐶 = 𝜀0 𝜀𝑟
𝐴

𝐷
                           (1.2) 

Where C is the capacitance of a single electrode; 

A is the area of the electrode; 

D is the distance between the double layers; 

𝜀0 is the electric constant of free space;  

𝜀𝑟 is the dielectric constant of the insulating material between the electrodes. 

The specific capacitance (C) is directly proportional to the surface area A of each 

electrode and inversely proportional to the distance D between the double layer. 

When the capacitance of the EDLC is constant, the response current can be 

presented by  

                        𝐼 =
𝑑𝑄

𝑑𝑡
= 𝐶

𝑑𝑉

𝑑𝑡
                          (1.3) 

Where V is the applied voltage and the charge time is t. if using the 𝑣 present 

the scan rate 

                             𝑣 =
𝑑𝑉

𝑑𝑡
                           (1.4) 

The equation converts to 

                             𝐼 = 𝐶𝑣                           (1.5) 

This equation can better explain why the electrochemical behavior of electric 

double layer capacitors is triangular in galvanostatic charge/discharge curves and 
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rectangular in cyclic voltammogram curves.  

The energy stored is calculated according to： 

                            𝐸 =
1

2
𝐶𝑉2                        (1.6) 

Where C is the specific capacitance in Farads, V is the nominal voltage, and E is 

the energy density. The stored energy in a capacitor is directly proportional to its 

capacitance. The specific power (P) of SC is dependent on the voltage during 

discharge of the capacitor and the equivalent series resistance (ESR) in ohms, given 

by the following equation [16]. Ideal the ESR is expected to be as low as possible.   

                              𝑃 =
𝑉2

4𝑅
                             (1.7) 

This equation shows the relation between the ESR and the maximum power of a 

capacitor.  

The pseudocapacitor is another kind of SC, considered as a complementary form 

of EDLC, which stores energy not depending on the electrostatic in origin but relies 

on the faradaic redox reaction or ion intercalation between or near the surface of the 

electrode and electrolytes. Similarly to the EDLC, which presents a continuous, 

highly reversible change in the oxidation state during charge/discharge, the 

electrochemical signatures of ideal pseudocapacitors exhibit the (quasi)-rectangular 

cyclic voltammetry (CV) curves and almost linear galvanostatic charge-discharge 

(GCD) curves. The relationship between the potential and the time and between the 

potential and the stored charge is demonstrated from the figure of the voltage versus 

capacity under a constant current measurement. According to equation 1.1, the 

capacitance can be estimated by 
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                        𝐶 =
𝑑𝑄𝐶

𝑑∆𝑈
                               (1.8) 

Although both batteries and pseudocapacitors store charges via redox reaction, 

nevertheless, batteries depend on the intercalation/de-intercalation of cations (H
+
 or 

Li
+
) within the crystalline framework of the active material which is often 

accompanied by a phase transformation of material. This characteristic can be 

presented in the CV curves with distinct peaks and in the galvanostatic 

charge-discharge profiles with plateaus. On the other hand, the electrochemical 

feature of pseudocapacitive materials is the quasi-linear relationship between capacity 

and voltage compared to battery-type materials. To sum up, whether we have a redox 

reaction or not, from the definition of pseudocapacitance proposed by B. E. Conway 

we can have a clear boundary of between EDLC and pseudocapacitors. Figure 1.5 

summarizes the electrochemical behavior of different type electrode materials.[14] 

 

Figure 1.5 The electrochemical behavior of different types electrode materials. (a,d) 

electrical double layer, (b, e) pseudocapacitive, and (c,f) battery type. (a-c) Schematic 

of galvanostatic charge-discharge profiles showing linear and nonlinear responses with 

time and (d-f) corresponding CV profiles 
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In recent years, with the rapid development of nanotechnologies, more and more 

electrodes based on nanomaterials have been developed in batteries. Nanoscale size 

materials decreased the diffusion distance of ions and increased the specific surface 

area of materials, which changed the “bulk redox reaction” to “surface redox 

reaction”. Under such circumstances, some battery materials exhibited extrinsic 

pseudocapacitive properties that were signatures in CV and GCD profiles. For 

example, LiCoO2 was a typical battery material that showed redox peaks at 4.0/3.85V 

for layer LiCoO2 and quasi-reversible process at 3.85/3.3V for spinel LiCoO2 and in 

CV curves.[15] The lower reversibility for the LiCoO2 spinel arose from the structure 

difference between LiCoO2. The spinel structure of LiCoO2 with tetrahedral sites had 

smaller Li-ion insertion volume sites than layered LiCoO2 with octahedral sites. With 

the decrease in material size, the discharge peaks almost disappeared and the capacitor 

behavior became more dominant. Dunn et al. defined this behavior as “extrinsic 

pseudocapacitance”.[16] Figure 1.6 shows the effect of material size on the 

electrochemical performance of LiCoO2.[15, 17]  

 

Figure 1.6 Cyclic voltammograms for (a) spinel (b) layer structure of LiCoO2 (c) 

Discharge curves of LiCoO2 in various crystallite sizes 
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From this aspect, the traditional definition of "pseudocapacitor material" cannot 

distinguish it well from "battery material". On the other hand, in order to overcome 

the shortcoming of the lower power density of batteries and low energy density of 

capacitor, hybrid SC systems combing the battery-type electrodes and SC type 

electrodes were designed and fabricated, resulting in further confusion. In terms of 

kinetics, pseudocapacitive materials limited by surface-related processes could be 

distinguished from battery-type materials controlled by diffusion reactions by analysis 

of electrochemical experiments. The new charge storage mechanism named 

“intercalation pseudocapacitance” was further defined by Dunn and Simon et al.[18] 

Compared to surface redox pseudocapacitance, the faradaic charge transfer of 

intercalation pseudocapacitance occurs in the bulk. On the other hand, there is no 

phase change when ion intercalation and de-intercalation into the tunnels or layers of 

the electrode material. As a practical example, a pseudocapacitive material will 

generally have the electrochemical characteristics of one, or a combination, of the 

following categories: (i) monolayer adsorption pseudocapacitance (under-potential 

deposition), (ii) surface redox pseudocapacitance and (iii) intercalation 

pseudocapacitance (Figure 1.7).[19] Underpotential deposition is not a very common 

approach, it occurs mainly under the reduction potential higher than itself when 

deposition a metal on to another metal surface resulting in an absorption monolayer 

(e.g., Pd
2+

 on Au).[20]  Surface redox pseudocapacitance is the most common 

pseudocapacitive reaction that depends on the redox reaction at or near the surface of 

a material. For example, the first surface redox pseudocapacitive behavior material is 
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RuO2 in 1971.[21] Intercalation pseudocapacitance with no crystallographic phase 

change occurs when insertion cations into the crystal structure of the electrode are 

accompanied by a Faraday charge transfer process (e.g., Nb2O5).[22] Based on the 

above description, we can summarize the different charge storage mechanisms shown 

in Figure 1.8 and 1.9.[14, 23] 

 

Figure 1.7 Schematic diagrams of the different faradaic processes that give rise to 

pseudocapacitance: (a) monolayer adsorption pseudocapacitance (underpotential 

deposition), (b) surface redox pseudocapacitance, and (c) intercalation 

pseudocapacitance 
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Figure 1.8 Illustration of the electrode processes occurring at (a) electrical double-layer 

capacitive, (b) pseudocapacitive, and (c) faradaic electrodes  

 

Figure 1.9 Schematic of different charge storage mechanisms. (a) Charge 

storagemechanism of rechargeable battery, (b) Charge storage mechanism of 

supercapacitor, (c) Charge storage mechanism of intercalation pseudocapacitance  
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As discussed above, different ion and charge transport paths are produced when 

the redox reaction involving both surface intercalation/de-intercalation and 

sorption/desorption of electrolyte cations takes place due to the dispersive nature of 

the electrode composites. As a result, understanding the structural parameters (e.g., 

size, crystalline structures, and morphology) and the kinetic parameters (e.g., scan rate, 

potential window) during the redox reactions process is important, which is related to 

the charge storage mechanism. In 2007, Dunn et al.[18] put forward that by kinetics 

analysis the CV curves distinguished contributions from slow diffusion-controlled 

processes and capacitive effects. In CV measurements, the total current at a given 

potential is derived from the capacitive contribution (𝑖𝑐) and the diffusion controlled 

contribution (𝑖𝑑). 

                                                        𝑖𝑡𝑜𝑡𝑎𝑙 = 𝑖𝑐 + 𝑖𝑑                          (1.9) 

The capacitive current (𝑖𝑐) from the EDLC capacitance and pseudocapacitance is 

proportional to the sweep rate 𝑣 according to equation 1.5. 

                                                           𝑖𝑐 = 𝑘𝑐𝑣                           (1.10) 

In addition, the current (𝑖𝑑) from diffusion-limited redox reaction is proportional 

to the square root of the scan rate 𝑣.   

                           𝑖𝑑 = 𝑘𝑑𝑣0.5                        (1.11) 

Therefore, equation 1.9 can be changed into: 

                      𝑖𝑡𝑜𝑡𝑎𝑙 = 𝑘𝑐𝑣 + 𝑘𝑑𝑣0.5                     (1.12) 

Where the 𝑘𝑐𝑣  is capacitive effect and the 𝑘𝑑𝑣0.5  is diffusion-controlled 

contribution. Equation 1.12 can be transformed to: 
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 𝑖𝑡𝑜𝑡𝑎𝑙

𝑣0.5 = 𝑘𝑐𝑣0.5 + 𝑘𝑑                       (1.13) 

Through plotting 
𝑖𝑡𝑜𝑡𝑎𝑙

𝑣0.5
 versus 𝑣0.5 , 𝑘𝑐  and 𝑘𝑑  can be determined. The 

contributions of capacitive effects and diffusion-controlled to total capacitance are 

able to quantitatively determine.  

In addition, the total current (𝑖𝑡𝑜𝑡𝑎𝑙) in the CV curve and the potential scan rate 

(𝑣) follow the power law relationship, which can be described as:  

                       𝑖 = 𝑎𝑣𝑏                               (1.14) 

Where a and b are variable constants.[24] By determining the value of b, we can 

determine the contribution of diffusion control and capacitive to the total capacitance. 

When the b value is close to 0.5, the total capacitance is dominated by the 

diffusion-controlled faradaic process. When the b value is close to 1, the charge 

storage process is controlled by capacitive. As the value of b ranges from 0.5 to 1, it 

proves that the electrochemical process benefits from both capacitive and 

diffusion-limited redox processes. However, even though Dunn ś method has been 

widely used to analyze the kinetic performance of materials since it was reported, we 

need to note that 1) this method could be suitable for low rates CVs according to what 

Dunn et al. did; 2) it could be wrong to consider the charge storage process controlled 

by capacitive, and not diffusion, when the b value is close to 1. This could be due to 

the size effect, i.e. when the size of the material was small enough (nanosize effect; 

surface process), some battery materials would also show that b is equal to 1. It 

should also be noted that, although the behavior of intercalation pseudocapacitive was 

similar to the capacitive or conventional pseudocapacitive behavior, the 
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electrochemical signature was still close to the battery-type electrode.[16] Figure 1.10 

shows the kinetic analysis of the storage capacity of VSe2 for sodium ions.[25] Figure 

1.10a shows the CV curves of VSe2 at various scan rates, there are four redox peaks. 

The b values calculated according to equation 1.14 were 0.89, 0.78, 0.84, and 0.93, 

respectively, suggesting that the charge storage of VSe2 benefited from both 

diffusion-controlled and capacitive mechanisms (Figure 1.10b). The overall capacity 

could be divided into two parts: diffusion-controlled and capacitive contributions 

through equation 1.12 (Figure 1.10c) and the detail of each part at different scan rates 

could be found in Figure 1.10d. 

 

Figure 1.10 (a) CV profiles of VSe2 at different scan rates and (b) Relationship 

between log (i) and log(υ) at each redox-peak pair; (c) Capacitive contribution of 

pseudocapacitive at 1.1 mV/s; (d) The contribution ratio of pseudocapacitive  
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1.3 Electrochemical testing system 

Generally, the test apparatus used to characterize the performance of electrode 

materials included a three-electrode and two-electrode system. The two-electrode 

system focuses on characterizing the performance of the full SC devices, while the 

three-electrode system is typically used to evaluate the electrochemical properties of 

electrode material.[26] As illustrated in Figure 1.11, the test configuration of the 

two-electrode testing system that is more close to the performance of a cell is 

comprised of positive and negative electrodes. Based on the types of electrode 

materials, the SC is classified into symmetric and asymmetric devices. The 

three-electrode system consists of a working electrode (WE), counter electrode (CE), 

and reference electrode (RE). The working electrode is normally the material that is 

being analyzed. The main effect of the counter electrode is to adjust the potential 

during measurement by supplying the necessary current to balance the reaction that is 

occurring on the working electrode. In most cases, inert materials such as Pt are often 

used as counter electrode. The Ag/AgCl, saturated calomel electrode, and Hg/HgO 

electrode are common reference electrodes. Because of the stability of the material 

used to prepare the reference electrode, the reference electrode is considered to have 

an almost constant half-reaction potential. The reference electrode is used to 

accurately measure the potential on the working electrode with respect to the 

reference electrode. 
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Figure 1.11 Schematic illustration of two and three-electrode measurements for 

on-chip supercapacitor materials 

1.4 Electrochemical experiment evaluation 

The electrochemical performance of a single electrode or SC device is examined 

by the parameters of specific capacitance (F/g), energy density (Wh/kg), power 

density (W/kg), charging/discharging cycling stability, equivalent series resistance 

(ESR) and rate capacity. Generally, cyclic voltammetry (CV), galvanostatic current 

charging-discharging experiments (GCD), and electrochemical impedance 

spectroscopy (EIS) were used to evaluate the performance of SCs. 

1.4.1 Cyclic voltammetry (CV)  

CV is a fundamental experiment and the most common electro-analytical 

technique. Generally, CV measurement is tested in a three-electrode system. A given 

potential is applied to the working and reference electrodes in a given electrolyte and 

the signature of the current-voltage behavior of the electrode material under constant 
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scan rates.[26] The voltage and current vary plotted against the time shown in Figure 

1.12a and 1.12b. Since the stored charge varies linearly as a function of potential, for 

ideal SC, the CV shape will be a rectangle, as shown in Figure 1.12c. The plot of the 

current versus the applied voltage of the working electrode is called the cyclic 

voltammogram curve. However, in most cases, we are in a non-ideal environment, so 

Figure 1.13 shows three common CV diagrams. The deformation of Figure 1.13a can 

be attributed to the fact that the electrons in the electrodes or the ions in the electrolyte 

do not have enough time for transmission to form an electric double-layer capacitance 

under high scan rate. The electrolyte degradation is the second limitation. There is a 

limited stable voltage window for a specific electrolyte solution, and the electrolyte 

solution will no longer be stable if this voltage is exceeded.[26] For example, the 

water decomposition voltage is 1.23V. If exceeding this voltage, the water will be 

hydrolyzed into hydrogen and oxygen. The latter one can be attributed to the unique 

energy storage mechanism of pseudocapacitors. 

 

Figure 1.12 (a) Cyclic voltammetry potential sweeps plotted vs. time, (b) The resulting 

measured current of an ideal SC plotted vs. time, (c) The CV curve, showing the current 

plotted vs. potential 
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Figure 1.13 Sample SC CV non-idealities: (a) sweep rate limitations, (b) potential 

window that exceeds electrolyte stability window, (c) pseudocapacitive charge storage  

The specific capacitance of the materials can be estimated by CV measurement, 

as in equation 1.15: 

                      𝐶 =
∫ 𝑖𝑑𝑉

𝑣2
𝑣1

𝑚𝑠∆𝑉
                              (1.15) 

Where C is the specific capacitance (F/g); ∫ 𝑖𝑑𝑉 is the integrated area of the CV 

curve; 𝑖 is the discharge current (A); m is the mass loading of active materials on the 

working electrode (mg); s is the scan rate (mV/s); and ∆𝑉 is the voltage window (V);  

V2 and V1 are the high and low potential limits of CV tests. 

1.4.2 Galvanostatic charge-discharge (GCD)  

The galvanostatic charge-discharge test is the most efficient method to determine 

the capacitance of the electrode. Compared to the cyclic voltammetry method, the 

galvanostatic charge-discharge test used a constant current during the testing process, 

which can more accurately reflect real world performance. The typical formula used 

to calculate the capacitance is as follows. 

                        𝐶 =
𝐼∆𝑡

𝑚∆𝑉
                              (1.16) 

Where I is a constant current (A), and ∆𝑡 is the discharge/charge time (s). 
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The same as the CV curves, for an ideal EDLC, the GCD curves show a linear 

voltage versus time response (a triangular-shaped profile) during current 

charging/discharging (Figure 1.14a). And, in reality, the deformation of the curve can 

be attributed to the limitation of the electrolyte stability and the energy storage 

mechanism of the electrode (Figure 1.14b). The effect of high current density is the 

same as the high scan rates in the CV that result in a short time for transfer of ions in 

the electrolyte and electrons in the electrode. On the one hand, an extremely low 

current density induces a leakage current and self-discharge. On the other hand, an 

instantaneous voltage drop is observed when converting from charging to discharging, 

known as the IR drop, coming from the ohmic resistances that are related to the 

internal resistance. 

 

Figure 1.14 Galvanostatic charge-discharge plots of (a) EDLC and (b) 

pseudocapacitive material 
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1.4.3 Energy and power density 

The energy density is the amount of energy stored per mass/unit volume of active 

material. For a full device, the energy density and power density are two key 

parameters to evaluate the overall performance of a supercapacitor. The energy 

density (E, Wh/kg) is obtained by 

                        𝐸 =
𝐶∆𝑉2

2
                             (1.17) 

The energy released per unit of time is the power density, which is used to evaluate 

the speed of the charge and discharge. 

𝑃 =
3600𝐸

∆𝑡
                              (1.18) 

Where, P is the power density (W/kg). 

The maximum power density (𝑃𝑚𝑎𝑥) is related to the equivalent series resistance 

(ESR), which is comprised of the electrode resistance, the electrolyte resistance, and 

the diffusion resistance. The relationship is presented as follows: 

                         𝑃𝑚𝑎𝑥 =
𝑉𝑚𝑎𝑥

2

4𝑅𝑠
                          (1.19) 

Where, V is the maximum voltage and Rs is the ESR. Here, the ESR is deduced 

from the following equation： 

                   ESR =
∆𝑉

|𝐼𝑐ℎ𝑎𝑟𝑔𝑒|+|𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒|
                     (1.20) 

Where △V represents the voltage difference. Icharge and Idischarge represent the 

magnitude of the charge and discharge currents, respectively. Normally, 

electrochemical impedance spectroscopy (EIS) is an effective method to determine 

the ESR.  

The ragone plot has been widely employed to compare the performance of 
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different energy storage devices in Figure 1.1. For a fuel cell and a battery, it has high 

energy density, while the capacitor reveals a high power density. For an ideal device, 

the ragone plot should locate in the right-up hand side with high energy density at 

high power density. 

1.4.4 Electrochemical impedance spectroscopy (EIS) 

EIS measurement is a popular way to provide information about the impedance 

of SC at the open-circuit potential by applying a small voltage amplitude (5-10 mV) 

corresponding to a wide range of frequencies (10
-2

-10
5
 Hz). The EIS can be plotted 

into the Nyquist plot and the Bode plot.[27] The most commonly used is the Nyquist 

plot that includes three regions 1) in higher frequency regions, the internal resistance 

caused by the intrinsic electronic resistance of the active material and current collector, 

the electrolyte ionic resistance and the contact resistance between the active material 

and the current collector; 2) the high to medium frequency is the second part, 

indicating the charge transfer resistance. 3) the vertical line in the low-frequency 

region corresponding to the Warburg impedance arising from ion diffusion at the 

electrolyte and the electrode interface reflects the capacitive behavior of the 

electrode.[28, 29] Figure 1.15 is a typical Nyquist plot showing a semicircle in the 

higher frequency region and a spike in the lower frequency region. The V2O5 network 

showed the smallest semicircle compared to the stacked V2O5 and V2O5/PPy 

core/shell network, which could be attributed to the network structure that is 

beneficial to accelerate charge transfer. The V2O5/PPy core/shell network showed the 
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steepest straight line corresponding to the lowest Warburg impedance. This result is 

explained by the high conductivity after PPy coating.[30] 

 

Figure 1.15 Nyquist plots of the three prepared different material electrodes  

1.5 Synthetic method 

To improve the SC performance, various synthesis techniques were applied to 

control the structures and properties of the materials for suitable electrochemical SC 

applications. Synthetic methods include the electrochemical deposition, sol-gel 

method, hydrothermal/solvothermal method, and microwave-assisted method. 

1.5.1 Electrochemical deposition 

The benefits of the electrochemical deposition method are low cost and precise 

control of the film thickness, as well as on the rate of polymerization. The working 
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principle of electrochemical deposition is based on the electrochemical redox reaction. 

When the electric current flows through the electrolyte, the ions with positive charge 

transfer to the cathode. After reaching the substrate, the ions obtain electrons from the 

substrate (cathode) and form materials through a reduction reaction. It is widely used 

to prepare conducting polymers (CPs) (such as polyaniline (PANI), 

Poly(3,4-ethylenedioxythiophene) (PEDOT), polypyrrole (PPy)), exfoliated graphene, 

and various metal oxides/hydroxides based composite electrode materials (Figure 

1.16).[31-41] 

 

Figure 1.16 The materials prepared by electrochemical deposition method 

1.5.2 Sol-gel method 

Sol-gel technology is a method for converting precursor solutions into inorganic 

solids through chemical synthesis that provides a convenient way to prepare materials 
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with higher purity and uniformity. The precursors mix in a liquid (water or alcohol)，

then the acid or a base as the active agent is added. The particles in the solution (sol) 

gather together and connect together to form an integrated network (gel) under 

specified conditions. We can concisely summarize the sol-gel technique into three 

steps: (i) preparation of precursor solutions, (ii) formation of the intermediates sol, (iii) 

transformation from sol to gel. The structures of electrode material can be modified 

by controlling the surfactants, solvents, reaction time, and temperature, to produce a 

better electrochemical behavior. This method has been widely used to prepare 

transition metal oxides (TMOs).[42-44] 

1.5.3 Hydrothermal/solvothermal methods 

The hydrothermal/solvothermal method is a low-temperature sintering process.  

When water as the solvent, we call it hydrothermal synthesis, and the water is instead 

by other solvents, as solvothermal synthesis. The hydrothermal/solvothermal method 

was widely used to synthesize the material due to simple to implement environmental 

friend, and scale-up and it was an ideal method to prepare high purity, crystalline, 

quality designer particulates with good chemical and physical characteristics. The 

basic principle of hydrothermal synthesis is based on the relationship between 

dissolution and crystallization. The specific operation method is that undissolvable 

compounds and solvents are put in a steel pressure vessel, also called a Teflon vial, 

and heated to 60 C  260 C, at the same time the pressure of steel pressure vessel is 

gradually increased, and then precursors are dissolved and crystallized again with 
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slowly cooling. Due to low equipment requirements, many SC electrodes have been 

manufactured using this method, such as various transition metal oxides and metal 

oxide composites.[45-49] However, the reaction is carried out in a closed space, so 

the change of the reactants cannot be observed intuitively, thus increasing the 

difficulty of controlling the reaction process. In addition, the long reaction time and 

requirements for high temperature and high pressure also limit the application of this 

method.  

1.5.4 Microwave-assisted method 

The microwave-assisted method can overcome the disadvantages of 

hydrothermal and solvothermal methods, providing a simple and fast method for the 

fabrication of nanosized crystalline material. Microwave consists of electromagnetic 

radiation, which lies between radio waves and infrared frequencies, with relatively 

large wavelengths of 1 mm to 1 m and the frequency is from 0.3 to 300 GHz. The 

electromagnetic field has two components, the electric field component and the 

magnetic field component. Therefore, microwave heating can be divided into electric 

field heating which heats the substance by ionic conduction and dipolar polarization 

and magnetic field heating that the principal mechanisms are eddy current losses, 

hysteresis losses, magnetic resonance losses, and residual losses.[50] Compared to 

conventional heating, microwave heating directly applies the microwave energy to the 

molecules of the reaction mixture, energy transfer occurs in less than a nanosecond, 

causing a rapid rise in temperature. It reduces the reaction times from days to hours to 
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minutes or seconds. Besides, shortening the reaction time also reduces the occurrence 

of side reactions, thereby improving the purity and yield of the product. The structure 

and morphology of the material can be controlled by controlling the applied 

microwave intensity, the reaction time and the ratio of the substrate. Based on these 

advantages, the microwave-assisted method technique was acted as the preferred 

emerging technique for SCs studies nowadays. For example, a variety of porous 

materials inorganic, complex, and nanocrystalline particles were synthesized by the 

one-pot method.[51-53] In particular, coupling the microwave and solvothermal 

method not only can reduce reaction time, but can fabricate desired morphology 

leading to excellent electrochemical properties of the material.[54, 55] 

1.6 Electrolyte effect 

The electrolyte, including solvent and salt, is another important constituent 

influencing the performance of SC. An ideal electrolyte material should include the 

following characteristics, such as a wide potential window, low resistivity, high 

electrochemical stability, low solvated ionic radius, low viscosity, low toxicity, low 

volatility, low cost, and availability at high purity. The energy density is proportional 

to the square of the cell voltage and the power density is mostly influenced by the 

electrolyte.[56, 57] The conductivity and temperature coefficient of the electrolyte are 

also critical to the ESR of the capacitor. Therefore, the interaction between the 

electrolyte and the electrode material is a major factor that impacts the life-time and 

self-discharge of energy storage. Up to now, various types of electrolytes have been 
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widely developed and reported in the literature and can be classified as aqueous 

electrolytes, organic electrolytes, and ionic liquid electrolytes. 

1.6.1 Aqueous electrolyte 

Generally, aqueous electrolytes are the most preferred choice in the reporting due 

to the advantages of high ionic concentration and conductivity, inexpensiveness, 

lower resistance, non-flammability, safety, small ionic size, and ample proton supply. 

High conductivity is beneficial in reducing the ESR and power delivery of energy 

storage. However, when commercial applications are considered, the narrow voltage 

windows make aqueous electrolytes become a low choice. Normally, the voltage 

window for aqueous electrolytes is 1.23 V for the acidic or alkaline electrolyte and 1.6 

V for the neutral aqueous electrolyte which is restricted by water decomposition.[58] 

The aqueous electrolytes of H2SO4, KOH, NaOH, and Na2SO4 are the most frequently 

used. For instance, the ionic conductivity of 1M H2SO4 is 0.8 S/cm at 25 ℃, which is 

higher than that of organic and IL electrolytes by at least one order of magnitude.[59] 

The maximum ionic conductivity value of 6M KOH is 0.6 S/cm at 25 ℃.[55] 

Between various neutral electrolytes, Na2SO4 has been the most broadly used neutral 

electrolyte, providing a wider window than acidic and alkaline electrolytes. 

1.6.1.1 Organic electrolytes 

The conducting salts are dissolved in organic solvents to prepare the organic 

solvents, which can provide the high operating potential window between 2.5 and 2.7 



31 
 

V.[60] From the perspective of commercial SC market, the higher operating potential 

window of organic electrolytes is a wise choice to improve the energy density of SCs 

compared to aqueous electrolytes. However, the performance of SC is still limited by 

the nature of organic electrolytes.[61] First, the electrolyte needs to be purified from 

water through the number of purification cycles, increasing the cost and posing a 

threat of electrode corrosion. Otherwise, the ions size of the organic electrolyte is 

larger than that of aqueous electrolytes. The number of ions that match the carbon 

pore diameter material is reduced and the maximum specific capacitance is limited. 

For instance, acetonitrile is toxic but can dissolve more salts than other solvents, 

whereas propylene carbonate has the merits including a wide operating voltage, a 

wide operating temperature, environmental friendliness, and good conductivity. They 

are the most widely used organic electrolyte solvents. Among salts, 

tetraethylammonium tetrafluoroborate, tetraethylphosphonium tetrafluoroborate, and 

triethylmethylammonium tetrafluoroborate have been widely reported.[62, 63]  

1.6.1.2 Ionic liquid electrolytes 

The ionic liquid electrolytes exhibit the advantages including non-toxic, high 

thermal, chemical and electrochemical stability, negligible volatility, non-flammability, 

wide operating voltage window ranging from 2 to 6 V, but low conductivity less than 

10 mS/cm.[64] These characteristics profit from the dual functionality units of ionic 

liquids including an asymmetric organic cation and a weakly coordinating 

inorganic/organic anion. They not only participate in conductance, but also act as a 
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route for dissociation. This special composition of ionic liquids reduces the stability 

of the crystal lattice and is conducive to a low melting point. Moreover, because the 

diversity of cation and anion combinations provides a high degree of adjustability of 

ionic liquids, we can control properties like the melting point, viscosity, voltage 

window, and conductivity by adjusting their structure. In this regard, ionic liquids are 

called "design solvents". The anions (PF6
−, BF4

− , TFSI− , or FSI−) coupled with 

imidazolium, pyrrolidinium, and aliphatic quaternary ammonium salts are the main 

ionic liquids studied for energy storage applications. Some results show that the use of 

ionic liquids as an electrolyte is a good way to improve the performance of 

electrochemical capacitors.[59, 65] 

1.7 Electrode material 

The electrode material occupies a key position in the SCs device, which directly 

determines the characteristics of the SCs. Hence, the selection and design of electrode 

materials and their modification are very important in order to develop advanced 

high-performance SCs. Based on the principle of two energy storage mechanisms: 

EDLCs and pseudocapacitors, the electrode material should possess the following 

conditions: 

1) High specific surface area, which increases the contact area between the electrolyte 

and the active material facilitating rapid ion transfer; 

2) High conductivity, which reduces the charge transfer resistance; 

3) High thermal and chemical stability, which impact the stable cycling ability; 
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4) Desirable electroactive sites, which benefit for ions intercalation/de-intercalation; 

5) Low cost and environmentally friendly. 

A large number of electrode materials have been studied, in which we can divide 

them into two subsections comprising EDLC (carbon-based materials) and 

pseudocapacitor materials (metal oxide and conducting polymers).[66-69] 

1.7.1 EDLCs materials 

EDLCs materials store the energy based on the pure electrostatic charge process, 

which strongly depends on the surface area, pore-size distribution, pore shape, and 

and surface functionality of the electrode materials, which gives a general rule to 

choose the SC electrode materials. Carbon-based materials have the advantages of 

easy availability, easy processing, large specific surface area, non-toxicity, good 

electronic conductivity, high chemical stability, and wide operation temperature range. 

They widely meet the requirements of EDLC materials.[70] Under normal conditions, 

a larger specific surface area of carbon-based materials provides a more effective 

contact area and enhances the charge accumulation capacity between the electrode 

and the electrolyte interface, leading to higher specific capacitance.[71, 72] However, 

the relationship between surface area and capacitance is nonlinear. Because the 

appropriate electrode pores size in different electrolytes will affect the maximum 

capacitance. For organic electrolytes, the size of the electrolyte ions is larger than that 

of aqueous electrolytes, so the pore size of 0.4 or 0.7 nm shows more charged activity 

in aqueous media, and the pore size above 0.8 nm is more suitable for organic 
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electrolytes. Hence, the pore size of the electrode should be considered. In addition, 

surface functionalization of electrode materials is also an effective strategy for 

improving the performance of the electrode material. The introduced surface 

functional groups or heteroatoms, on the one hand, can improve the hydrophilicity of 

the material and heighten the wet ability, on the other hand, it may participate in the 

faraday redox reaction to increase the total capacitance.[73] This section describes 

several common carbon-based materials. 

1.7.1.1 Activated carbon (AC) 

Activated carbon (AC) is the most widespread used electrode material for SC 

due to the low cost, easy synthesis, and high useable specific surface area (1000-2000 

m
2
/g). Abundant carbon sources come not only from synthetic precursors such as 

polymers but also from natural renewable resources (coconut shells wood, pitch, coal, 

or coke), and the relatively low cost and mature industrial production processes make 

activated carbon the preferred material for commercial applications. As we all know, 

the porous structure of AC can advance the surface area and facilitate ion transport, 

bringing a high rate capability and high power density. Nevertheless, the wide pore 

size distribution from micropores (<2 nm) to macropores (>50 nm) and random 

connected micropores hinder the performance of activated carbon.[74] Because the 

transport of electrolyte ions can be slow down by improper pore size, which limits the 

energy and power density. For example, when the pore size of activated carbon is less 

than 2 nm, electrolyte ions are almost inaccessible, especially in organic electrolytes. 
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To obtain an activated carbon material that matches the pore size of the electrolyte ion 

and has a high surface area, various synthesis methods are studied. Lota G at el 

modified the porous structure and chemical features of the commercial carbon surface 

by KOH treatment at 850℃. The effective surface areas of reactivated materials 

reached 1300-1500 m
2
/g compared with activated carbons 700-1000 m

2
/g leading to 

three times capacitance value than the raw carbon. The capacitance value of this 

material in the aqueous electrolyte was higher than that of the aprotic electrolyte (1M 

(C2H5) 4NBF4/AN), because the ion size of the aqueous electrolyte was more 

applicable to the pore size of the material.[75] Active carbon treated by pyrolysis of a 

natural cellulose-based precursor (banana fibers) that has a high surface area of more 

than 2000 m
2
/g. Zinc chloride and KOH acted as pore-forming agents that were used 

to form the pore structure and modify the morphology of the electrode. The 

electrochemical performance advanced showing a columbic efficiency of ∼88 % at 

500 mA/g with 500 cycles.[76] 

1.7.1.2 Carbon nanotubes (CNTs) 

The carbon nanotube (CNT) is a one-dimensional (1D) nanostructure made by 

rolling planar graphene sheet, and the more surface area is offered by the tubular 

structure than solid structures. According to the way of wrapping a cylinder, 

nanotubes are categorized as an armchair (n, m = n), zigzag (n, m =0) and chiral (n, 

m), where n, m are the index of vectors in the x, and y directions, called chiral indices. 

The carbon nanotube can be divided into single-walled nanotube (SWCNT) and 
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multi-walled nanotube (MWNT) depending upon the number of graphene layers 

present in the carbon nanotube. Figure 1.17 displays different types of carbon 

nanotubes.[77] The sp
2
 bonds in the carbon nanotube give it high tensile strength and 

elasticity, which is more conducive to resisting changes in the volume of material 

during charge and discharge, thereby improving the cycle stability. Contrasted with 

active carbon (AC), CNTs exhibit a lower equivalent series resistance (ESR) due to 

the open interconnected mesopores, allowing the electrolyte ions to diffuse easily into 

the mesoporous network. Since the power density is determined by the overall 

resistance of the components. It dragged a lot of attention from researchers due to its 

inherent high electrical conductivity, high surface area, good mechanical, thermal and 

chemical stability. CNT has been a significant development in electric energy 

storage.[78-80] However, the small specific surface area (<500 m
2
/g) gives a low 

energy density value of CNTs. In order to have an important breakthrough in the new 

generation of SCs, combining pseudocapacitance materials (metal oxides or 

conductive polymers) with CNTs is a widely studied method. With the rapid 

development of wearable, portable, and miniaturized electronic, the flexible energy 

storage devices are ever-growing demands nowadays. The ultrathin CNT film 

decorated with MnO2 nanosheets was used to fabricate the stretchable SC by Wang Q 

in 2019.[81] CNT-MnO2 nanosheet as the positive electrode and CF@FeSe2 nanonuts 

as the negative electrode, the asymmetric supercapacitor (ASC) displayed a wide 

operation window (0-1.7 V), high energy density (29.84 Wh/kg, at a power density of 

571.3 W/kg), and good capacity retention after 8000 cycles in the two electrode 
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system (Figure 1.18). 3D N-doped CNT was synthesized by the plasma-enhanced 

chemical vapor deposition method, which provided higher porosity and larger surface 

area. Then, N-doped CNT substrate and current collector, polyaniline (PANI), was 

coated on the N-doped CNT by electrodeposition. The core-shell/CNT-PANI electrode 

showed high rate capability, with a specific capacitance of 359 F/g at 4.95 A/g.[82] 

 

Figure 1.17 Different types of carbon nanotubes  

 

 

Figure 1.18 Fabrication of coaxial yarn asymmetric supercapacitor 
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1.7.1.3 Graphene 

Graphene with thickness on the atomic scale and carbon atoms with sp
2
 bonded 

is a two-dimensional (2D) layered honeycomb nanostructure that is the basic building 

block of other carbon materials, as illustrated in Figure 1.19.[83] The layered 

structure of graphene reduces the thickness of the electrode, which reduces the 

diffusion distance of electrolyte ions. Another advantage of the graphene layered 

structure is that it can make full use of both sides of the layered structure to with high 

surface to volume ratio. The ion transport kinetics is improved by the honeycomb 

nanostructure with an open pore system. Compared to AC and CNT, graphene as an 

electrode material reduces the dependence on the pore size distribution, which is 

suitable for increasing the rate capability of the electrode. It has gained significant 

attentions due to the large theoretical surface area, superior electrical conductivity, 

good electrochemical stability, outstanding intrinsic strength. However, the van der 

Waals interaction between adjacent layers makes graphene easy to restacking, thereby 

increasing the capacity loss. To avoid this shortcoming, the preparation of a composite 

of metal oxide and graphene and the doping of electron donors and acceptors with 

graphene seemed to be a good solution. Rakhi RB reported that metal 

oxides/graphene (SnO2/GN, MnO2/GN, and RuO2/GN) improved the capacitance 

performance of GN due to the influence of spacers and redox reactions.[84] Chee WK 

fabricated polypyrrole/graphene oxide/zinc oxide (PPy/GO/ZnO) nanocomposite by 

electrochemical polymerization. The supercapacitor, PPy/GO/ZnO nanocomposite as 

electrodes, which combined the pseudocapacitance of polypyrrole and zinc oxide with 
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the EDLC capacitance of graphene, showed high energy (10.65 Wh/kg) and power 

density (258.26 W/kg ) at 1 A/g.[85] 

 

Figure 1.19 Illustration of 2D graphene sheet as the building blocks for other carbon 

materials such as particle, 1D CNT, and 3D graphite  

1.7.2 Pseudocapacitor materials 

Compared with EDLC materials, pseudocapacitor materials that store the energy 

through both the faradic and non-faradic processes show much higher special 

capacitance. Pseudocapacitor materials include mainly conducting polymers and 

metal oxide. 
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1.7.2.1 Metal oxide 

Relative to various electrode materials, TMOs (transition metal oxides) with high 

theoretical capacitance have acted as a candidate electrode material for developing 

advanced performance SCs. Various transition metals have been extensively studied 

to improve the specific capacitance and energy density of SC in the past few decades, 

such as nickel oxide (NiO), cobalt oxide (Co3O4), manganese oxide (MnO2), 

vanadium oxide (V2O5) etc. Figure 1.20 shows the theoretical capacitances of the 

different TMOs based on cyclic voltammograms.[86] Unfortunately, easy 

agglomeration at high mass loading, poor rate capability, and low conductivity 

properties are the shortcomings of the TMOs, which hinder the further development 

of this kind of material. Therefore, extensive researchers have tried to incorporate the 

conductive materials with the TMOs or to change of the structural properties of the 

TMOs using various synthetic techniques to overcome these drawbacks. 
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Figure 1.20 The different TMOs theoretical capacitances based on cyclic 

voltammograms  

1.7.2.1.1 Manganese oxide (MnO2) 

MnO2 has been widely applied in catalysis, biosensor, and energy storage due to 

its properties including low cost, low toxicity, eco-friendly, and abundance. The 

theoretical specific capacitance of MnO2 is 1370 F/g based on one-electron redox 

reaction calculations. Transfer of protons and/or cations in various manganese valence 

states (Mn(III)/Mn(II), Mn(IV)/Mn(III) and Mn(VI)/Mn(IV)) provides a wide 

electrochemical window (about 0.9 ~ 1 V) . The mechanism can be expressed as: 

MnO2 + C
+
 + e

- ↔ MnOOC 

It shows the bulk faradaic reactions based on the insertion of electrolyte cations 

(C
+
 = H

+
, Li

+
, Na

+
, and K

+
).[87, 88] Another describes the surface faradaic reaction of 
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the MnO2 electrode as follows:[89] 

(MnO2)surface + C
+
 + e

- ↔  (MnOOC)surface 

The charge storage capabilities of manganese dioxide related to the crystal 

structures. The size of the tunnels controlled the intercalation of cations, and the 

microstructure mainly impacts the cycling stability. The available surface area and 

conductivity of the structure are limited by the crystalline. If the crystalline is high, 

the surface area is low, and the conductivity will increase, vice versa.[90] For example, 

Brousse et al. reported the capacitance of 1D tunnel structure (β- or γ-MnO2) which 

stored the charge by the surface faradaic reaction depended on the 

Brunauer-Emmett-Teller (BET) surface area of the crystalline material. The 2D 

birnessite structure showed high capacitance values compared to the 1D and 3D 

tunnel structure. Since the charge storage process was controlled by both the surface 

cation insertions and partial cation insertions. The electrochemical performance of the 

3D tunnel structure (𝜆-MnO2) was somewhere between.[91]  Figure 1.21 shows 

some structure of MnO2.[92]  
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Figure 1.21 Four polymorphs of MnO2: (a) α-MnO2, (b) λ-MnO2, (c) β-MnO2, and (d) 

γ-MnO2  

In order to further improve the electrochemical performance of MnO2, the 

strategies by incorporating other conductive materials with MnO2 were developed to 

overcome the low electrical conductivity defect of MnO2. The electrical conductivity 

of MnO2 is about 10
-5

-10
-6

 S/cm. Chen et al. reported ternary hybrid sphere powders 

(Ni(OH)2-MnO2-RGO) which showed a high specific capacitance of 1985 F/g due to 

the synergetic effect between three i) The Ni(OH)2-MnO2 constituent contributed to 

the pseudocapacitance output ii) The insertion of graphene sheets could inhibit 

excessive self-aggregation of hybrid nanosheets, improve electron transport of binary 

metal oxide/hydroxide and increase the specific surface area.[93] 
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1.7.2.1.2  Nickel oxide (NiO) 

Among the various metal oxides, nickel oxide (NiO) is regarded as a promising 

pseudocapacitors electrode material, due to its environmental friendliness, high 

theoretical capacitance (2584 F/g), non-toxicity, good thermal and chemical stability, 

and a high surface area behavior. The structure of NiO is cubic with the space group 

Fm3m and similar to the rock-salt structure NaCl with octahedral Ni
2+

 and O
2−

 

occupation.[94] NiO based electrode is applied in SC applications, the common 

requirements are as follows: 

1) The oxide should be conductive; 

2) The metal should have two or more oxidation states and can coexist within a 

certain potential range; 

3) It should have a high specific surface area; 

4) The electrolyte ions can freely intercalate/de-intercalate in the lattice on reduction 

/oxidation;[95] 

Based on two main theories: 1) electrochemical reactions occur between NiO 

and NiOOH, 2) firstly, NiO changes to Ni(OH), then the energy storage process 

occurs between Ni(OH)2 and NiOOH; the redox reaction of NiO or Ni(OH)2 in the 

alkaline electrolyte determines the performance of nickel oxide-based 

pseudocapacitor electrode materials, as equations. 

NiO + 𝐻2𝑂 ↔ 𝑁𝑖𝑂𝑂𝐻 + 𝐻+ + 𝑒− 

NiO + 𝑂𝐻− ↔ 2𝑁𝑖𝑂𝑂𝐻 + 𝑒− 

Normally, more researchers prefer the first theory, but the second theory is more 
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suitable for practical applications.[55] 

As mentioned above, NiO has high theoretical specific capacitance. However, 

the poor electrical conductivity (from 0.01 to 0.32 S/m) limits the performance of 

material.[94] Moreover, the energy storage process happens on or near the surface 

area of the electrode, so the structural features of the electrode occupied a vital role. 

Recently, most reports have focused on improving SC performance by modifying 

material construction or forming composites. Gao et al. prepared a binderless 3D 

Ni@NiO nanowire membrane by a facile filtration method and then calcination with 

an appropriate annealing temperature.[96] The ultralong Ni nanowire as the “core” 

was a highly efficient current collector and the NiO layers were “shell” served as an 

active material. The binder-free method was used to prepare the electrode, which 

could guarantee a well-welded and good conductive network to each other. With the 

benefit of this design, the interface electrons could transfer from NiO to Ni at a high 

rate. As a result, the SC showed a wonderful rate capability. 96.1% of the original 

capacitance was reserved at a high current density (2.048 A/cm
2
). 1D NiO nanofibers 

were synthesized by Natarajan et al. and presented a reversible capacitance of 248 F/g
 

at 1 A/g.[97]  Wang et al. reported that NiO nanoparticles grown on highly 

conductive 3D graphene foam by pulsed laser deposition process, with ozone as the 

oxidant (Figure 1.22).[96] The composite showed interconnected pore structures that 

were conducive to rapid electron and ion transportation resulting in a high specific 

capacitance and a superb rate capability (68% of capacity was maintained when the 

current density increased from 2 A/g to 100 A/g). Using the hierarchical porous 
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N-doped carbon nanotubes as the negative electrode and the NiO/GF as the positive 

electrode to assemble the asymmetry supercapcitor (ASC) that shown a high power 

density of 42 kW/kg at an energy density of 32 Wh/kg and outstanding cycling 

stability. In addition, Das et al. prepared NiO/polyaniline-multi-walled nanotube 

core-shell nanocomposites via an in situ polymerization technique. The core-shell 

structure was confirmed by TEM (transmission electron microscopy). The study has 

shown that after NiO and multi-walled nanotube were incorporated into the polymer 

matrix, the material's supercapacitance value and electrochemical stability were 

significantly improved.[98] 

 

Figure 1.22 (a) 3D free-standing binder-free Ni@NiO nanowire membrane; (b) 

Volume capacitance with respect to the current density; (c) Energy and power density 

of the NiO/GF//HPNCNTs asymmetric SC and positive and negative electrode 

morphology  
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1.7.2.1.3  Cobalt oxide (Co3O4) 

The cobalt oxide is a promising electrode material due to the good corrosion 

resistance, long term performance and good efficiency. The AB2O4 spinel structure of 

cobalt oxide crystallizes in a cubic system with a band gap of ~2.0 eV. The theoretical 

capacitance is 3560 F/g in alkaline solutions. The charge storage mechanism depends 

mainly on the pseudocapacitors. The redox reaction occurs not only on the surface but 

also throughout the bulk and can be explained as equations.[99, 100]  

Co3O4 + OH
-
 + H2O ↔ 3CoOOH + e

-
 

CoOOH + OH
-   ↔ CoO2 + H2O + e

-
 

Therefore, the electrochemical properties of cobalt oxide are controlled by the 

surface area, alignment of the nanocrystalline phases, and morphology. Recently, 

different strategies have been applied to synthesize various forms of Co3O4 

(microspheres, nanosheets, nanowires, nanorods, nanotubes as well as thin films) in 

order to increase the capacitance value of supercapacitor. In 2009, Gao. Y et al. 

prepared Co3O4 nanowire arrays using a template-free method, where nickel foam 

acted as a support and current collector. The sufficient contact between the nanowires 

and the foamed nickel ensured the utilization of active materials and avoided the 

trouble of using auxiliary conductive materials and adhesives. The increased surface 

area and the unique porous structure of the nanowires resulted in a high specific 

capacitance of 746 F/g at 5 mA /cm.[101] Wang. G et al. reported the Co3O4 nanorods 

with textured aggregations of nanocrystals showed a specific capacitance of 280 F/g 

at 5 mV/s.[102] However, the low potential window (0.45 V) and poor cycling ability 
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limited practical applications. Recent studies have been concentrated on coupling 

Co3O4 nanoparticles with different electrode materials to overcome these drawbacks. 

Kim et al. improved the cycling stability of Co3O4 by preparing the composite 

electrode (CoMnO2/VGCNFs) using the thermal decomposition method. The high 

specific capacitance of 630 F/g at 5 mV/s displayed, which was attributed to the use 

of VGCNFs that decreased the electron transport distance between the electrode and 

electrolyte. This work has shown outstanding cycling stability, retaining 95 % of the 

initial capacitance over 10000 cycles.[103] 

1.7.2.1.4  Vanadium oxide (V2O5) 

Vanadium oxide with a layered structure, high theoretical specific capacity (2120 

F/g), and multiple oxidation states that yield surface/bulk redox reactions resulting in 

a wide working window is regarded a good electrode material.[104] The large 

interlayer spacing of vanadium oxides allows easy insertion/extraction of cations with 

larger ionic radii (Na
+
 and K

+
).[105, 106] However, poor structural stability (due to 

high dissolution in liquid electrolyte) and low conductivity (10
-3

-10
-5

 S/cm) are 

greatly hinder long-term cycling performance and capacitive performances. 

Considerable efforts have been devoted to mitigating these limitations. Perera. SD and 

coworkers combined carbon nanotube (CNT) with V2O5 nanowire to enhance 

electrochemical supercapacitors performance. The nanocomposite paper electrode 

(anode) and the high surface area carbon fiber electrode (cathode) used to assemble 

the coin cell type supercapacitor displaying a power density of 5.26 kW/kg and an 
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energy density of 46.3 Wh/kg.[107] But this kind of composite cannot prevent 

vanadium dissolution. The flexible V2O5@PPy core-shell nanowire membrane was 

fabricated by Qian. T et al. using in situ interfacial reactive template method. V2O5 as 

reactive (oxidative) templates guided polymerization of PPy shell uniform sheathed 

on V2O5 matrix. The binder-free and conductive additive-free V2O5@PPy core-shell 

flexible membrane shorted the distance of ion/electron transport, increased electrical 

conductivity and enlarged electrode/electrolyte contact area. The PPy shell can not 

only increase electrical conductivity, but prevent the dissolution of V2O5. The 

electrochemical activity and stability of V2O5 improved significantly.[30]   

1.7.2.2 Conducting polymer 

Conducting polymers have received an enormous amount of interest in academia 

and industry due to their ease of fabrication, low-cost preparation, and unique 

electrical properties which are between the semiconductor and metals. Compared to 

carbon-based electrode materials and metal oxides, conducting polymers have 

relatively higher electrical conductivity (10
4
 S/cm) and capacitance (1000 F/g), 

making them an attractive choice as the electrode materials.[108-110] The commonly 

used conducting polymer including polyaniline (PANI), polythiophene (PTH), 

polypyrrole (PPy), polyacetylene (PA), and poly(3,4-ethylenedioxythiophene) 

(PEDOT). The structures as illustrated in Figure 1.23.[111] Table 1.2 showed the 

theoretical and experimental capacitance data and conductivities of few selected 

conducting polymers.[111, 112] 
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Figure 1.23 Chemical structures of common used conducting polymers 

Table 1.2 The theoretical and experimental capacitance data and conductivities of few 

selected conducting polymers.  

Conducting 

polymer 

Theoretical 

capacitance 

(F/g) 

Experimental 

capacitance (F/g) 

Conductivity 

(S/cm) 

Dopant 

level 

Potential 

range (V) 

PANI 750 240 30-200 n, p 0.7 

PPy 620 530 10-7500 p 0.8 

PTh 485 - 10-1000 p 0.8 

PEDOT 210 92 0.4-400 n, p 1.2 

 The conducting polymer stores the charges through the reduction-oxidation 

process that occurs not only on the surface but also throughout the entire bulk. When 

oxidation occurs (doping), ions transfer to the polymer backbone. When reduction 

occurs (de-doping), the ions release back into the solution. There are two types of 
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conductive polymer configurations in the redox process：n-doped cations and p-doped 

anions. The equations are given below:[113] 

P ↔ Pn+
(A

-
)n + ne

-
 (n-doped) 

P + ne
- ↔ (C+

)nP
n- 

( p-doped) 

Where P presents the polymer; A is the anion; C is the cation. Figure 1.24 

showed the charging/discharging mechanism of the conducting polymer with two 

doping states.[103] Conductivity can be controlled and adjusted by controlling the 

chemical structure of the conductive polymer. The high energy density of SC is 

considered due to the charge-transfer process.  Nevertheless, the redox process leads 

to structural changes such as swelling and contraction, which limits the stability of the 

electrode. PANI was the first described conducting polymer in the mid-19th century, 

which was widely used due to the lightweight, mechanically flexible, and low cost, 

but limited by structure stability. To mitigate this limitation, different PANI 

nanostructures and their nanocomposites were engineered by researchers to advance 

the electric performance of conducting polymer. For example, PANI was prepared by 

the potentiostatic deposition method showing high stability, power and energy density, 

and specific capacitance. The improvement in properties can be attributed to the use 

of hierarchically porous carbon monoliths. The hierarchically porous carbon 

monoliths with large size and porosity not only acted as a current collector but also 

had high surface support properties that enabled the PANI to be in closer contact with 

the current collector. With hierarchically porous carbon monoliths as a template, the 

prepared PANI provided smaller particle size and more uniformly dispersed on the 
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support, which facilitated the fast transfer of the electrolyte ions. The composites of 

PANI with the carbon-based material SWCNT were prepared by Gupta V using 

electrochemical polymerization to enhance the conductivity of the PANI electrodes. 

The highest specific capacitance of 485 F/g was obtained.[114] The PANI-MnO2 

composite electrode showed a specific capacitance of 715 F/g and an energy density 
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The electrical conductivity of PPy is 10-500 S/cm. The higher density and flexibility 

make it more competitive compared to other conductive polymers. The 3D nickel 

foam as support, the CoO2@PPy electrode was prepared by anchoring the PPy to the 

CoO2 nanowire leading to the pseudocapacitive performance boost of the electrode. 

The maximum voltage window of the asymmetric supercapacitor device was 1.8 V in 

which activated carbon film was used as the negative electrode and CoO2@PPy as the 

positive electrode. The energy density was about 43.5 Wh /kg. The high power 

density exhibited 5500 W/kg at 11.8 Wh/kg. These benefits come from the synergetic 

between CoO2 and PPy, where PPy provided high conductivity and CoO2 with 

ordered mesoporous shorted the ion diffusion pathway.[116] The preparation of 

PEDOT can be simply achieved either chemically or by electro-polymerization. Liu K 

at el had been successfully electro-polymerized the PEDOT. The cycle life was 

increased to 70,000 cycles, and the cycle performance was close to that of activated 

carbon materials.[117] The specific capacitance was about 130 F/g. To get good 

electrochemical performance, some polymers (Nafion, Poly-tetrafluoroethylene, 

polyvinylpyrrolidone, Poly-vinylidene difluoride, Sulfonated poly-ether ether ketone, 
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and polyvinylidene chloride) as binder or additive were added into the electrode 

material. 

In summary, conducting polymers are promising electrodes to advance the 

electrochemical performances of SCs. But the limitations of poor rate and cyclic 

stability need to be overcome. Although the strategy of the combination of conductive 

polymer with the metal oxide/hydroxide/sulfide has successfully achieved this target, 

there is still a lot of room for improvement in the future.  

 

Figure 1.24 Illustration of conducting polymer’s charging/discharging mechanism 

with two doping states: (a) p-doping and (b) n-doping  

1.8 Research Objectives and Approach 

It can be seen from the above that albeit the application of SCs in energy storage 

has made great achievements, there are still obstacles to be resolved to meet the 
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application requirements of high power density and energy density devices, as 

follows: 

 1) With regard to the knowledge of energy storage mechanisms, especially the 

characterization and understanding of electron transport and atomic transport in 

complex interface processes, there are many unresolved fundamental issues. 

Understanding the knowledge of ion storage and transport mechanisms of energy 

storage systems can give us a brief direction to advance the performance of devices. 

2) The electrochemical performance of the electrode material is also directly 

related to the structure parameters of the nanocomposites. However, how to precisely 

control the morphology and structure of nanocomposites is still a challenge to exploit 

the SC electrode materials for energy storage applications. Especially for the 

large-scale synthesis of electrode materials, further consideration should be given to 

the problems of agglomeration, structural uniformity, and uniform distribution of 

active materials, which make the problem become more complex.  

3) Other than that, considering the requirements of the final application, such as 

cycle life, specific energy, energy and power density, a reasonable selection of 

electrode materials and electrolytes should be made. A large number of reports have 

proved that hybrid composite materials showed better electrochemical performance 

than that of individual electrode materials. In this case, the synergistic effects of 

hybrid composite materials should be paid attention. In addition, most of the research 

mainly focused on the performance of the electrode and ignored the growth 

mechanism of the electrode, which influenced the morphology. 
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4) Our ultimate goal is to apply supercapacitors to practical applications, but 

engineering factors (such as electrode manufacturing, electrolyte choice, membrane 

separator, and packaging) have not been well established. For commercial 

applications, research on simple, green, and low cost-effective manufacturing 

technology is important. 

The goal of this work is to find a low production cost and green electrode 

material with high electrochemical performance that is fabricated by a high facile, 

large-scale, green, low-cost, and high effective method. 
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Chapter 2: The microwave facile synthesis of NiOx@graphene 

nanocomposites for application in supercapacitors: insights into the 

formation and storage mechanisms 

Abstract: Recently, the strategy of combining carbon-based materials with metal 

oxides to enhance the electrochemical performance of electrodes has been a topic of 

great interest, but research focusing on the growth and charge storage mechanisms of 

such hybrid electrodes has rarely been conducted. In this work, a simple, reproducible, 

low-cost, and fast microwave heating method was used to synthesize NiOx@graphene 

nanocomposites. NiOx@graphene nanocomposites were used as a model system for 

exploring the growth and charge storage mechanisms of the hybrid electrode materials 

due to their simple preparation process, good stability, low cost, and high specific 

capacitance. The effects of reaction conditions (the type of metal precursor and 

feeding ratio between the nickel precursor and graphene) on the formation mechanism 

of the electrodes were examined, and it was demonstrated that the microstructure and 

morphology of the electrode materials were metal precursor-dependent, which was 

directly related to the electrochemical performance of the electrodes. Our work 

provides a new affordable approach to the synthesis of, and experimental support for 

designing, hybrid electrode architectures with a high electrochemical performance for 

next-generation energy storage devices. 
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2.1 Introduction 

With the rapid evolution of the world that has led to the gradual exhaustion of 

fossil fuels, global warming, and pollution issues, there is an urgent need to develop a 

low cost, environmentally friendly, and safe electrochemical energy storage systems 

(EESs) to support the progress of low-carbon or zero-carbon sustainable economies in 

the future. A supercapacitor (SC) is a kind of energy storage device that combines the 

electrochemical properties of a high energy density battery and power density 

capacitor [55, 118]. Compared to conventional energy storage systems (batteries, 

capacitors, and fuel cells), SCs are promising candidates for energy storage, due to 

their fast delivery rate, low cost, lack of memory effect, long life cycle, and the fact 

that they are lightweight and environmentally safe, which makes them irreplaceable in 

many portable systems and hybrid electric vehicles [119, 120]. 

As the core of the SC, the electrode materials occupy a key position and directly 

determine the electron transport and electrochemical storage characteristics of the SC 

[11, 121]. Normally, there are three types of electrode materials, including 

carbon-based materials, metal oxides, and conductive polymers. The carbon-based 

materials have the advantages of wide availability, a large specific surface area, and a 

wide operating temperature range. Metal oxides are regarded as a key electrode 

material due to their properties of simple preparation, high theoretical capacitance, 

non-toxicity, and good thermal and chemical stability. Unfortunately, their propensity 

for agglomeration at high mass loading, poor rate capability, weak electrochemical 

stability, and low conductivity properties hinder their further development. 



58 
 

Conductive polymers with high conductivity and good mechanical properties can 

effectively compensate for the shortcomings of metal oxides, but their specific 

capacitance is too low, with a short charge-discharge life cycle. To address these 

problems, the use of a hybrid electrode material combining different types of 

materials to advance the electrochemical performance of electrodes has recently been 

widely proposed. For instance, the multifunctional composite materials of NiO/CNT 

with an interlinked porous structure were formed using a simple wet chemical method 

followed by thermal annealing. This composite demonstrated a high supercapacitive 

performance (878.19 F/g at 2 mV/s) and excellent activity in the oxygen evolution 

reaction. The device, known as NiO-CNT//Activated Carbon, exhibited a specific 

energy of 85.7 Wh/kg at a power density of 11.2 kW/kg [122]. The CoO@polypyrrole 

electrode was prepared by anchoring the polypyrrole to the CoO nanowire, leading to 

a high specific capacitance (2223 F/g) and power density (5500 W/kg at 11.8 Wh/kg). 

The pseudocapacitive performance boost of the electrode was derived from the 

synergistic effect between the mesoporous CoO nanoparticles and the high-conductive 

PPy [116]. Monolayer graphene/NiO nanosheets were fabricated by Jiang et al. in 

2011. The hybrid structure of the composite prevented the aggregation of the NiO 

nanoparticles, enhancing the stability (95.4% of the initial capacity was retained after 

1000 cycles) [123]. 

Due to the abovementioned developments, the application of hybrid electrode 

materials in energy storage has led to remarkable achievements. However, there are 

still obstacles to be resolved in order to meet the application requirements of high 
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power density and energy density devices, including: (1) the many unanswered 

fundamental questions about the energy storage mechanisms of electron transport and 

atomic transport in the interface processes, the answers to which can give us a 

direction for advancing the performance of the devices; (2) the neglect of the growth 

mechanism of the hybrid electrode, due to the fact that most research has focused on 

the performance of the electrodes; and (3) the problem that, although various 

techniques have been applied to synthesize the electrode materials to date, there is no 

single method that can meet the requirements of simplicity, green energy, large scale, 

and cost-effectiveness so as to realize the expected practical application goals. 

Nickel oxide (NiO) is regarded as an excellent material for broad use in gas 

sensors, catalysis, batteries, and SCs due to its theoretical high specific capacity, high 

chemical/thermal stability, and the fact that it is environmentally friendly and 

inexpensive [124-127]. Up to now, the differences in the morphology and structure of 

the NiO materials (nanoflowers, nanoparticles, nanoplates, and mesoporous structure) 

have been produced by various methods [128-131]. However, these materials have 

limitations, including a low specific capacity for practical application in 

supercapacitors, poor conductivity, a propensity for aggregation during the 

preparation process, and structural instability. Presently, two approaches are widely 

used to solve these problems: doping foreign atoms, and hybridization with 

carbonaceous nanomaterials [132-135]. NiOx@graphene composites, as electrode 

materials, have many advantages, such as their simple preparation process, good 

stability, low cost, and high specific capacitance [136-138]. NiOx@graphene is a 
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sound model system that can be used to explore the growth and charge storage 

mechanisms of the hybrid electrode materials. In this work, we attempt to revisit 

NiOx@graphene composite materials and to explore the growth mechanisms and 

synergistic effects of the hybrid materials, providing experimental evidence to further 

improve the electrochemical performance of hybrid electrode materials in the future. 

A simple, reproducible, affordable, and fast microwave heating method was used to 

anchor the NiOx to the surface of the graphene, due to its time-saving advantages, 

capabilities of uniform heating, and controllable process. The electrochemical 

behavior of the NiOx@graphene composites was investigated using cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical 

impedance spectroscopy (EIS) tests. The structure and morphology of the 

NiOx@graphene composites were characterized by X-ray diffraction (XRD) and 

scanning electron microscopy (SEM). 

2.2 Experimental 

2.2.1 Material Characterization  

Scanning electron microscopy (Thermo Scientific Apreo FE-SEM, Waltham, MA, 

USA) and transmission electron microscopy (TEM, FEI Tecnai F20, Lausanne, 

Switzerland) were used to determine the morphology and microstructure of the 

powder samples. Powder X-ray diffraction (PXRD) patterns with a Cu target (45 kV, 

40 mA) were carried out on Philips X’pert MPD (Philips, Eindhoven, Netherlands) in 

the 2θ range from 20 to 80, with a scan speed of 0.06◦/min to resolve the phase and 
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crystal structures of the materials. The electrochemical performance was measured 

using a CH Instrument (CHI 760D, Austin, TX, USA) potentiostat with 

‘Electrochemical Analyzer’ software (version 15.03). The stability tests were 

performed using an Arbin Instrument (version 4.21). The chemical composition of the 

powder samples was investigated by energy-dispersive X-ray spectroscopy (EDS, 

EDAX Instruments, Thermo Scientific Apreo FE-SEM, Waltham, MA, USA). The 

elemental valence state of the thus-prepared samples was determined by X-ray 

photoelectron spectroscopy (XPS, Kratos XSAM 800, Thermo Scientific Apreo 

FE-SEM, Waltham, MA, USA). The specific surface area and pore size distribution 

were obtained from a N2 adsorption-desorption analysis conducted at 77 K on 

Quadrasorb SI. The specific surface area was calculated by the 

Brunauer-Emmett-Teller (BET) method, and pore size distribution was obtained from 

desorption plots by a Barrett-Joyner-Halenda (BJH) analysis. 

2.2.2 Materials 

All chemicals and reagents were used without further treatment or purification. 

N,N-dimethylformamide was supplied by Macron Fine Chemicals (Sanborn, NY, 

USA). Poly (vinylidene fluoride), carbon black, and nickel (II) hydroxide (Ni(OH)2) 

were prepared according to the previous literature [139]. A nickel (II) acetate 

tetrahydrate (Ni(Ac)2·4H2O) and nickel nitrate hexahydrate (Ni(NO3)2·6H2O) were 

offered by Alfa Aesar (Burlington, NJ, USA). Sodium hydroxide was purchased from 

TCI America (KITAKU, Tokyo, Japan). Graphene was acquired from Magnolia Ridge 
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Inc. (Magnolia, TX, USA). 

2.2.3 Preparation of the NiOx/Graphene Nanocomposite 

A certain proportion of metal precursors (Ni(OH)2, Ni(Ac)2·4H2O, or 

Ni(NO3)2·6H2O) and graphene (25 mg) were added into a glass vial and mixed with a 

high-speed mixer at a speed of 2000 rpm for 2 min. Subsequently, the mixture was 

transferred to a domestic microwave oven (Panasonic NN-SN733B, 2.45 GHz, power 

1250 W). Finally, the reactor was spontaneously cooled to room temperature and the 

product of the NiOx@graphene composite was collected. During the microwave 

irradiation process, graphene acts as a good microwave absorber and thermally 

conductive layer, providing heat to promote the conversion of the metal precursor to 

metal oxide. The formation mechanism of NiOx can be described as follows. Firstly, 

the metal precursor nanoparticles undergo intense heating when microwave energy is 

applied, resulting in molecular collisions. At this stage, the amorphous nuclei are 

formed, but the sizes of the nanoparticles are small. Following this stage, 

aggregation/self-assembly is caused by van der Waals interactions, leading to larger 

particles. Finally, the aggregate directional growth forms a specific crystal orientation 

and morphology due to differences in the respective surface energies. Figure 2.1 

illustrates the process of the synthesis of the NiOx@graphene composites. In order to 

study the influence of the reaction conditions on the electrochemical performance, the 

type of metal precursor and feeding ratio between the nickel precursor and graphene 

were accurately controlled. The details are given in Tables 2.1-2.3. 
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Figure 2.1 Illustration of the microwave synthesis of the NiOx@graphene composites 

Table 2.1 Operation conditions for synthesizing NiOx@graphene 

Sample 

G
a
 

(mg) 

Ni(OH)2 

(mg) 

NiOx
b
 

(mg) 

Microwave 

power (W) 

Heating time 

(min) 

NiOx@GR-A1 25 61.8 49.8 1250 5 

NiOx@GR-A2 25 46.4 37.4 1250 5 

NiOx@GR-A3 25 30.9 24.9 1250 5 

a 
Mass of graphene. 

b 
Mass of NiOx calculated according to the nickel precursor. 

Table 2.2 Operation conditions for synthesizing NiOx@graphene 

Sample 

G
a
 

(mg) 

Ni(Ac)2·4H2O 

(mg) 

NiOx
b
 

(mg) 

Microwave 

power (W) 

Heating time 

(min) 

NiOx@GR-B1 25 165.8 49.8  1250 5 

NiOx@GR-B2 25 124.4 37.4  1250 5 

NiOx@GR-B3 25 82.9 24.9  1250 5 

a
Mass of graphene. 

b
Mass of NiOx calculated according to the nickel precursor. 
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Table 2.3 Operation conditions for synthesizing NiOx@graphene 

Sample 

G
a
 

(mg) 

Ni(NO3)2·6H2O 

(mg) 

NiOx
b
 

(mg) 

Microwave 

power (W) 

Heating 

time (min) 

NiOx@GR-C1 25 193.9 49.8  1250 5 

NiOx@GR-C2 25 145.4 37.4  1250 5 

NiOx@GR-C3 25 96.9 24.9  1250 5 

a
Mass of graphene. 

b
Mass of NiOx calculated according to the nickel precursor. 

2.3 Electrochemical Measurements 

The electrochemical performance was investigated using galvanostatic charge–

discharge (GCD), cyclic voltammetry (CV), and electrochemical impedance 

spectroscopy (EIS) tests in three electrode cells. The CV curves were measured at a 

potential window of 0-0.6 V under different scan rates (5-50 mV/s), and GCD tests 

were conducted at a potential of 0-0.5 V with different current densities (0.5-5 A/g). 

The EIS analysis was tested with an open-circuit voltage using an AC amplitude of 

0.005 V in the frequency range of 10-1 to 105 Hz. The working electrode was 

fabricated by mixing together the active material, carbon black, and 

polyfluortetraethylene in an 80:10:10 weight ratio. Then, N,N-dimethylformamide  

was added to the mixture as a solvent to form the homogeneous slurry, which was 

coated onto the pretreated nickel foam (1 × 1 cm
2
). The electrode was dried at 60 °C 

for 24 h under a pressure of 20 MPa, and the mass loading of the active material was 
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about 2 mg/cm
2
. The Hg/HgO electrode and platinum sheet (1 × 1 cm

2
) were used as 

the reference electrode and counter electrode, respectively. The electrolyte was a 6.0 

M KOH aqueous solution. The specific capacitance value was calculated from the 

GCD curves according to the following equation [140]:  

C =I∆t⁄m∆V                          (2.1) 

Where C is the specific capacitance (F/g); m is the mass loading of the active material 

in the working electrode (mg); I is the constant current (A); ∆t is the discharge time 

(s); and ∆V is the potential window (V). When the mass in the formula was replaced 

by the area of the electrode (cm
2
), the areal specific capacitance (CA, F/cm

2
) was 

obtained. 

2.4 Results and Discussion 

The crystal structures of the NiOx@graphene composites were characterized by 

PXRD. As shown in Figure 2.2, the peak centered at 2θ = 30.92 in the XRD patterns 

corresponds to the (002) reflection of graphene (JCPDS card 89-7231). The 

diffraction peaks appearing at 2θ = 43.5, 50.7, and 74.5 correspond to the (110), 

(-111), and (111) planes of NiO (JCPDS card 65-7425), respectively. The peaks 

marked with asterisks correspond to Ni2O3 (JCPDS card 14-0481), indicating that 

different products were produced when different metal precursors were used. 

Furthermore, the diffraction peaks of NiOx@GR-A2 were markedly broader than 

those of NiOx@GR-B2 and NiOx@GR-C2, indicating a small crystallite size [141]. 

The average crystallite dimensions estimated by the Scherrer equation [142], based on 
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the (200) reflections, are approximately 1.398, 5.935, and 4.202 Å, respectively. The 

oxidation states of the NiOx nanoparticles were measured by XPS. In the full survey 

scan spectrum (Figure 2.3a), the C 1s and O 1s peaks located at 285.6 eV and 530.4 

eV corresponded to the graphene and the oxygen in NiO, respectively [143]. In the 

high (Ni 2p1/2), with two satellite peaks at 861.5 eV and 880.3 eV, respectively, 

indicating the existence of Ni2O3 and NiO in the composite (Figure 2.3b) [144, 145]. 

 

Figure 2.2 XRD patterns for NiOx@GR-A2, NiOx@GR-B2, and NiOx@GR-C2 

 

Figure 2.3 (a) XPS spectrum of the NiOx@GR-C2; (b) High-resolution XPS spectrum 

of Ni 2p 
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The microstructure and morphology of NiOx@graphene were characterized by 

SEM and TEM. Figure 2.4 shows the SEM and TEM images of the NiOx@graphene 

composites prepared using the different metal precursors, (Ni(OH)2, Ni(Ac)2•4H2O, or 

Ni(NO3)2•6H2O). When Ni(OH)2 acted as the precursor, the NiOx exhibited a bulk 

form with a crumpled surface, as shown in Figure 2.4a and 2.4b. When the 

NiOx@graphene was prepared using Ni(Ac)2•4H2O and Ni(NO3)2•6H2O as the 

precursors, the corresponding NiOx exhibited a good flower-like structure (Figure 

2.4d and 2.4e) and small particles with a fluffy surface (Figure 2.4g and 2.4h), 

individually. The TEM image further illustrates the porous and hollow structures of 

the NiOx composites (Figure 2.4c, 2.4f, and 2.4i). The different interior structures of 

the NiOx composites may arise from the different decomposition temperatures and 

crystal structures of the metal precursors. The decomposition processes of 

Ni(Ac)2•4H2O and Ni(NO3)2•6H2O generate gas, which is beneficial for the formation 

of the porous structures. Among the three metal precursors, Ni(NO3)2•6H2O has the 

highest content of crystallization water, which hinders the absorption of microwave 

energy by the graphene and slows down the heating process. This leads to the creation 

of small-sized particles that provide a larger effective contact area. It is clear that the 

morphology and nanostructure of NiOx is metal precursor-dependent. Furthermore, 

the EDS elemental mapping of NiOx@GR-C2 showed a uniform distribution of 

carbon (C), nickel (Ni), and oxygen (O) (Figure 2.5), which indicates that NiOx was 

homogeneously distributed throughout the composite. As is well-known, the uniform 

distribution of the reacting sites is a key factor in ensuring electrode stability and 
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electron transfer, which helps to avoid unnecessary resistance and energy loss. 

 

Figure 2.4 SEM images of (a),(b) NiOx@GR-A2, (d),(e) NiOx@GR-B2, and (g),(h) 

NiOx@GR-C2 at different magnifications. TEM images of (c) NiOx@GR-A2, (f) 

NiOx@GR-B2, and (i) NiOx@GR-C2 
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Figure 2.5 (a) SEM image of NiOx@GR-C2 (inset: EDS composite elemental map); 

elemental mapping: (b) carbon (C), (c) nickel (Ni), (d) oxygen (O); (e) EDS spectrum 

The specific surface areas and porosity distribution characteristics of these three 

samples were tested by nitrogen sorption isotherm technique. All samples exhibit IV 

type isotherms and H3 hysteresis loops, as shown in Figure 2.6a. The specific surface 

areas were 43.0 m
2
/g, 30.0 m

2
/g, and 57.3 m

2
/g for NiOx@GR-A2, NiOx@GR-B2, 

and NiOx@GR-C2, respectively. Figure 2.6b showed the pore distribution of 

NiOx@GR-A2, NiOx@GR-B2, and NiOx@GR-C2. It can be seen that most pores are 

distributed in a narrow range from 4 to 7 nm, suggesting that all samples exhibited 

porous structures mainly composed of mesopores (according to IUPAC 

classification).  
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Figure 2.6 (a) N2 adsorption-desorption isotherms and (b) the BJH pore size 

distribution plots of NiOx@GR-A2, NiOx@GR-B2, and NiOx@GR-C2 

By controlling the reaction conditions (the type of metal precursor and 

feeding ratio between the nickel precursor and graphene), we can better 

examine the trends of the electrochemical properties of the materials. The 

specific capacitance was calculated based on the GCD curves. Figure 2.7 

indicates the dependence of the specific capacitance of the NiOx@graphene 

nanocomposites prepared using different metal precursors at different current 

densities. With the increase in the feeding ratio of the nickel precursor to 

graphene, the specific capacitance initially increased and then decreased. The 

reason for this result is probably the increased content of generated NiOx after 

the decomposition of the nickel precursor. However, as the amount of added 

metal precursor increased, the energy required for the complete decomposition 

of the metal precursor also increased accordingly. Based on the graphene 

content supplied in this case (25 mg), the amount was not sufficient to produce 

enough energy to completely decompose all the metal precursors, and finally 

resulted in the decrease in the electrochemical properties. 
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Figure 2.7 Specific capacitance of the NiOx@GR nanocomposites at different current 

densities: (a) NiOx@GR-A1, NiOx@GR-A2, and NiOx@GR-A3; (b) NiOx@GR-B1, 

NiOx@GR-B2, and NiOx@GR-B3; and (c) NiOx@GR-C1, NiOx@GR-C2, and 

NiOx@GR-C3 

When comparing the electrochemical performance of the NiOx@GR 

nanocomposites prepared using the different metal precursors under the optimal ratio 

(NiOx@GR-A2, NiOx@GR-B2, and NiOx@GR-C2), NiOx@GR-C2 exhibited the 

highest specific capacitance, corresponding to the largest integral area in the CV 

curves and the longest discharge time in the GCD curves at the same scan rate and 

current density (Figure 2.8a-c). This is most probably due to the highest specific 

surface area of NiOx@GR-C2, which can boost the exposed active sites, facilitating 

contact with electrolytes, and the porous structure, which provides more pathways for 

ion transport, consequently promoting the faraday reaction. The effects of the metal 

precursors on the cyclic stability of the composite were also investigated at the current 

density of 1 A/g (Figure 2.8d). It can be seen that the capacitance retentions were 

72.8%, 58.6%, and 62.2% for NiOx@GR-A2, NiOx@GR-B2, and NiOx@GR-C2, 

respectively, after 4000 cycles in each case. The relatively high capacitance retention 

might be due to the synergistic effect between the graphene and the metal oxide, 
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which benefited from the buffering of the mechanical stress during the 

charge-discharge processes and increased the redox efficiency [146, 147]. Among the 

prepared composites, NiOx@GR-A2 presented with the highest cycle stability, which 

may be attributed to the distribution of more large-sized pores in the NiOx@GR-A2 

structure. Moreover, in Table 2.4, the electrochemical properties of NiOx@GR 

prepared through microwave heating are compared with previously reported 

approaches. It is obvious that the microwave heating method shortens the reaction 

times from hours to minutes and exhibits a higher specific capacitance. The improved 

capacitance of NiOx@GR may be attributed to the strong interaction between the 

NiOx and the graphene sheets, resulting in an enhanced charge transport [148]. 

Figure 2.8 (a) CV curves, (b) GCD curves (c) specific capacitance, (d) Cyclic stability, 

and (e) Nyquist plots of the EIS (The inset shows the enlarged EIS of the electrodes) 

of NiOx@GR-A2, NiOx@GR-B2, and NiOx@GR-C2 
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Table 2.4 Comparison of the electrochemical properties of NiOx@GR prepared 

through microwave heating with previously reported approaches 

Method 

Specific 

Capacitance 

Stability 

Reaction 

Time 

Ref 

Thermal decomposition 417 F/g, 13A/g 

85.5%, 3000 

cycles 

10 min [149] 

Hydrothermal and thermal 

decomposition 

430 F/g, 0.2A/g 

86.1%, 2000 

cycles 

4 h [150] 

Solvothermal 587 F/g, 1A/g 98%, 1000 cycles 12 h [151] 

Sol-gel 628 F/g, 1A/g 

82.4%, 3000 

cycles 

24 h [148] 

Hydrothermal 500 F/g, 5 mV/s 84%, 3000 cycles 2 h [152] 

Microwave heating 623 F/g, 0.5A/g 

62.2%, 4000 

cycles 

5 min 

Our 

work 

EIS analysis was conducted to investigate the electrochemical 

characteristics between the electrode and the electrolyte interface. The Nyquist 

plots consist of two parts: a small semicircle in the high-frequency region, and a 

straight line in the low-frequency region. In general, the semicircle is presented 

according to the charge transfer resistance of the electrode and the diameter of 

the semicircle is equal to the electrode resistance (Rct). The vertical line 

corresponding to the Warburg impedance reflects the capacitive behavior of the 

electrode [28, 29, 153]. NiOx@GR-C2 exhibited a smaller semicircle diameter 
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than NiOx@GR-A2 and NiOx@GR-B2 in the high-frequency region, which 

indicates that it had a lower charge transfer resistance. Furthermore, the 

NiOx@GR-B2 electrode presented a nearly vertical linear shape in the 

low-frequency region, indicating that it had a better capacitive behavior than 

the other two electrodes due to the rapid ion diffusion (Figure 2.8e). 

Figure 2.9 shows the CV curves of the NiOx@GR-C2 electrode in the 

potential range of 0 to 0.6 V at various scan rates. A pair of oxidation/reduction 

peaks can be clearly observed, corresponding to the pseudocapacitance of the 

electrode. This was mainly due to the faradaic conversions between Ni (II) and 

Ni (III) in an alkaline medium, which can be elaborated by the following 

reaction: 

NiO+OH
-
↔2NiOOH+e

-
                     (2.2) 

 

Figure 2.9 (a) CV curves of NiOx@GR-C2 at varied scan rates. (b) GCD curves 

of NiOx@GR-C2 at different current densities 

As the scan rate increased, a slight shift in the peaks was observed, which 

may be ascribed to the polarization effect of the electrode [154]. In addition, the 

shape of the CV curves continued to indicate that the electrode had a good rate 
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capability (Figure 2.9a) [155]. The GCD curves presented with a similar plateau, 

matching the redox peaks of the CV curves (Figure 2.9b). As the current density 

decreased, the discharge time increased corresponding to the increase in the 

specific capacitance of the electrode. It can be concluded that, at a low current 

density, the charge had enough time to diffuse into the inner core of the 

electrode and access the active sites. Comparatively, at a higher current density, 

the current density increased rapidly, which caused a large number of ions to 

gather at the solid/liquid interface, increasing the internal diffusion resistance of 

the electrode [156, 157]. From 0.5 to 5 A/g, the specific capacitance of 

NiOx@graphene shifted from 623 F/g (1.24 F/cm
2
) to 430 F/g (0.86 F/cm

2
). 

This value was higher than those previously reported for pure NiO [123, 125, 

158].  

When compared to previously reported NiOx@graphene composites, our work 

still showed a higher value, as Table 2.5. The reason for the good rate 

capability and high capacitance of NiOx@graphene might be the combination 

of the characteristics of metal oxide and graphene. The highly conductive 

graphene with a high area surface not only offered high electrical conductivity, 

but also provided more active sites and more interfacial contact for the redox 

reaction. The NiOx with a highly porous structure offered more charge transfer 

channels. The increased contact area and evenly distributed porous structure 

can shorten the ion migration pathway and facilitate the transportation of 

electrons. Moreover, graphene, as a carrier, can give the metal oxides physical 
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support, increasing the stability of the nanocomposites during the charging and 

discharging processes [150, 159].  

Table 2.5 Comparison of the electrochemical properties of NiOx@GR with previously 

reported work 

NiO Topography Specific Capacitance Stability Ref 

Aerogel 587.3 F/g, 1A/g 3000, 85.5% [151] 

Nanosheets 525 F/g, 0.2A/g 1000, 95.4% [123] 

Microsphere 555 F/g, 1A/g 20 000, 90.8% [158] 

Flowerlike 406 F/g, 5 A/g 5000, 65.4% [160] 

Nanowires 628 F/g, 1A/g 3000, 82.4% [161] 

Nanoflakes 240 F/g, 5A/g 1500, 100% [162] 

Nanoparticle 623 F/g, 0.5A/g 62.2%, 4000 cycles Our work 

To further gain insight into the reaction mechanisms, we can distinguish 

the effect of the capacitance on the electrode by kinetic analysis of the CV 

curves at various scan rates. The capacitive effect of the electrode can be 

described by plotting the relationship between the peak current and the sweep 

rate, with the following equation [95]: 

i = av
b
                           (2.3) 

where a and b are variable constants. By determining the value of b, we 

can determine the contribution of the diffusion control and capacitive effect to 

the total capacitance. When the b value is close to 0.5, the total capacitance is 

dominated by the diffusion-controlled faradaic process. When the b value is 
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close to 1, the charge storage process is controlled by the capacitive effect. As 

the value of b is between 0.5 and 1, this proves that the electrochemical process 

benefits from both the capacitive and diffusion-limited redox processes. The 

contributions of the capacitive effect and diffusion-controlled contribution to 

the total capacitance can be quantified using Dunn’s method [18]:  

itotal = kcv+kdv
0.5

                       (2.4) 

Where kcv is the capacitive effect and kdv
0.5

 is the diffusion-controlled 

contribution. Then, transforming the equation into: 

itotal⁄v
0.5

 = kcv
0.5

+kd                    (2.5) 

through plotting itotal⁄v
0.5

 versus v
0.5

, the kc and kd can be determined. As shown 

in Figure 2.10b, the b values of the oxidation and reduction peaks were 0.6626 

and 0.5544, respectively, suggesting that the charge storage of NiOx@GR-C2 

benefited from both the diffusion-controlled contribution and capacitive effect. 

The capacitive current separated from the total measured currents under the 

scan rate of 20 mV/s is displayed in Figure 2.10a. The details of the capacitive 

effect and diffusion-controlled contribution at different scan rates are shown in 

Figure 2.10c. At 5 mV/s, the percentage of the diffusive mechanism 

contribution was 93.4%. As the scan rate decreased, the capacitive contribution 

increased, while the diffusive contribution increasingly depressed. This was due 

to the fact that the ions did not have enough time to intercalate inside the 

material structures. However, in this system, the percentage of the 

pseudocapacitance contribution still remained at 90.2% at 50 mV/s; thus, the 
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pseudocapacitance contribution was believed to be dominative. 

 

Figure 2.10 (a) CV graph indicating the capacitive contribution of 

NiOx@GR-C2 at 20 mV/s. (b) The calculated b values at different scan rates. (c) 

A stacked bar graph showing the percentage of the total capacitance attributed to 

the diffusion-limited and capacitive contributions 

2.5 Conclusions 

In our work, we reported a simple, reproducible, low-cost, and fast approach to 

microwave synthesis for the preparation of hybrid electrode architectures. The 

synthesized nanocomposites were characterized using XRD, TEM, SEM, BET and 

EDS methods. The effect of the reaction conditions (the type of metal precursor and 

feeding ratio between the nickel precursor and graphene) on the formation mechanism 

of the electrode was demonstrated. The results proved that the microstructure and 

morphology of the electrode materials were metal precursor-dependent, which was 

related to the electrochemical performance of the electrodes. In addition, kinetic 

analysis was used to gain insight into the charge storage mechanisms at the interface 

between the electrode and the electrolyte during the energy storage process, which can 

give us a direction for advancing the performance of the devices. This work can serve 
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as a model for understanding the growth mechanisms and the synergistic effects of 

hybrid electrode materials consisting of carbon-based materials and metal oxides, and 

offers experimental support for the designing of hybrid electrode materials with an 

excellent electrochemical performance in the future. 
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Chapter 3: Fabrication of V2O5@PPy core-shell nanofiber electrode 

for supercapacitor 

Abstract: To address the dissolution problem and further enhance the cycling 

stability and capacitive performance of V2O5, V2O5@PPy core-shell nanofiber was 

synthesized by combining a low-cost, easily processing, and eco-friendly sol-gel with 

in situ polymerization method in this work. V2O5@PPy showed a high specific 

capacitance of 307 F/g at 1 A/g and good cycling life (82 % capacity retention up to 

1000 cycles). This benefited from the PPy coating layer with high conductivity 

facilitating charge transfer and protecting the dissolution of V2O5 in the aqueous 

solution. The synergistic effect between the V2O5 and PPy and the individual role of 

each component in the electrochemical process were studied to further explore the 

growth mechanism and provide the rational design electrode material fundamental in 

the future. Also, the two-electrode symmetric V2O5/PPy device exhibited a maximum 

energy density of 37 Wh/Kg when the power density was 161 W/kg.  

3.1 Introduction  

To address key issues such as energy crisis and environmental pollution, 

renewable, sustainable, and environmentally friendly energy storage devices including 

rechargeable batteries [153, 163-165] and supercapacitors, [166-168] have been 

intensively studied due to their superior power density, long cycle life, and high 

reversibility. [169, 170] However, compared to batteries and fuel cells, 

supercapacitors typically deliver an unsatisfactory energy density (<10 W h/kg), 
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which is considered as the greatest obstacle to supercapacitors for practical 

applications. Currently, the development of supercapacitors with high energy density 

to meet the increasing demand for energy storage is critically needed.  

The key component of supercapacitors is the electrode. Vanadium pentoxide 

(V2O5) possesses a layered structure, high theoretical specific capacity (2120 F/g), 

and multiple oxidation states of vanadium (V
2+

, V
3+

, V
4+

, and V
5+

) corresponding to a 

wide working window (up to 1.2 V in H2O). [106, 171] In addition to all the 

above-mentioned great features as an electrode candidate material, the large interlayer 

spacing of V2O5 allows easy insertion/extraction of cations with larger ionic radii (Na
+
 

and K
+
). [172, 173] V2O5 is believed to be one of the most promising electrode 

materials for the preparation of supercapacitors. Therefore, diverse morphologies of 

V2O5 nanomaterials (such as nanowire, nanotube, nanofiber, nanowire, and nanorod) 

have been reported. [79] For example, a simple hydrothermal method was used for the 

preparation of V2O5 nanorods by Balamuralitharan et al. The electrode showed a high 

specific capacitance (417.3 mF/cm
2
) and good cycling stability (80% capacitance 

retention after 3000 cycles).[174] Ahirrao and co-workers have synthesized V2O5 

nanowires and the composite of V2O5 nanowires with highly conductive graphene 

sheets (V2O5-NW-G) by facile hydrothermal method. V2O5-NW-G revealed a high 

gravimetric capacitance of 1002 F/g and an excellent energy density of 116 

Wh/kg.[173] However, the high dissolution in the liquid electrolyte and the exchange 

of valence during the charge and discharge process resulting structural instability, 

greatly hindered long-term cycling performance and capacitive performance. To 
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mitigate these limitations, V2O5 hybrid nanomaterials have been considered recently. 

Generally, due to low cost, abundant raw materials, and chemical and mechanical 

stability, carbonaceous materials are regarded as good candidates for combining with 

V2O5. For example, V2O5/reduced graphene oxide composites were synthesized by a 

coprecipitation method leading to a high specific capacitance (484 F/g at 0.5 A/g), and 

52 % capacitance retention from 0.5 A/g to 10 A/g. After 1000 cycles, 83 % initial 

capacitance was retained. [175] Three-dimensional (3D) V2O5/multiwalled carbon 

nanotubes (MWCNTs) core/shell structure with hierarchical porous structure, and 

high specific surface area was developed through a one-pot sol-gel process. [176] The 

hybrid nanocomposites exhibited enhanced specific capacitance (625 F/g) and 

outstanding cycle performance (˃ 20000 cycles). However, this kind of composites 

still cannot solve the dissolution and cyclic stability problem of V2O5. 

Recently, the combination of conducting polymer with active materials to 

form “core-shell” structures is proven a good strategy to enhance the stability of 

electrodes. First, the core-shell structure can merge the functionalities from the 

intrinsic properties of each component, which benefits higher electrical conductivity, 

shorter ionic transport, and better cycling stability of the electrode. Second, the 

aggregation and side reactions of active materials can be restrained by the coating 

layer through lower the surface energy.[177, 178] For example, Jabeen et al. reported 

core-shell NiCo2O4@polyaniline (NiCo2O4@PANI) nanorod arrays with a high 

specific capacitance of 901 F/g and outstanding capacitance retention of ∼91% after 

3000 cycles.[179] NiCo2O4 with highly porous and highly conductive as the 
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conductive core provided fast electron transport. PANI layer as a protective shell 

effectively shielded the dissolution and collapse of NiCo2O4 structure in acidic 

electrolyte. Ti-doped Fe2O3@poly(3,4-ethylenedioxythiophene) (Ti-Fe2O3@PEDOT) 

core-shell has been developed and yielded a remarkable large areal capacitance of 

1.15 F/cm with outstanding rate capability and ultrahigh cycling durability (96% of its 

initial capacitance was retained after 30000 cycles).[180] The excellent cycling 

performance of Ti-Fe2O3@PEDOT could attribute to the PEDOT that not only 

provided high conductivity to the material but also acted as a protective layer offering 

additional protection to prevent the architecture from being destroyed.  

In this work, we introduce conducting polymer, polypyrrole (PPy), to decorate 

V2O5 forming V2O5/PPy core-shell nanofibers. The hydrophobic PPy forms a shield 

layer effectively preventing the dissolution of V2O5 in the water. In addition, the high 

conductivity of PPy is also beneficial to the energy storage and ion/electron transport. 

In order to allow the PPy uniformly coated on V2O5, the V2O5 nanofibers are 

developed through an easy processing, low cost, and ecofriendly sol-gel method, 

firstly. The prepared V2O5 nanofibers are then used as a reactive template for the 

uniform coating of the PPy on the out layer of V2O5 by in situ polymerization process. 

The ratio of PPy to V2O5 is optimized to make the electrochemical properties of the 

material reach the maximum value. And also, the impact of PPy thickness on the 

overall performance of the electrode is analyzed. To further explore the growth 

mechanism and provide the rational design electrode material fundamental in the 

future, the synergistic effect between the V2O5 and PPy and the individual role of each 
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component in the electrochemical process is studied. 

3.2 Experimental 

3.2.1 Materials Characterization 

The morphologies of the samples were confirmed by Scanning Electron 

Microscopy (SEM; Apreo FE). Energy dispersive X-ray spectroscopy (EDS; EDAX 

Instruments) was used to investigate the chemical composition of the samples. Fourier 

transform infrared (FTIR) spectra were measured on a Nicolet 6700 using KBr disk in 

the region of 400-4000 cm
-1

. Thermogravimetric analysis (TGA) was performed on 

TA Instruments TGAQ500 with a ramp rate of 40 ºC/min from 20 ºC to 800 ºC under 

a nitrogen atmosphere. 

3.2.2 Materials  

Ammonium metavanadate was obtained from J.T. Baker. Dowex Marathon C 

(Hydrogen, H
+
 Form), ammonium peroxydisulfate (APS), poly(vinylidene fluoride), 

and carbon black were purchased from Alfa Aesar. Pyrrole monomer was offered by 

Tokyo Chemical Industry. Hydrochloric acid came from VWR, USA. Sodium 

dodecylbenzene sulfonate (SDBS) was from TCI America. 

3.2.3 Preparation of V2O5 nanofiber 

The V2O5 nanofibers were synthesized by a simple sol-gel method. In a typical 

process, ammonium metavanadate (0.8 g) and Dowex (8 g) were dissolved into 140 
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ml distilled water under constant magnetic stirring for 10 min and continued to react 

for another two weeks at room temperature. Then, the yellow gel solution was 

obtained, which indicates the successful fabrication of V2O5 nanofiber. 

3.2.4 Preparation of V2O5@PPy nanofibers 

For the synthesis of V2O5@PPy nanofiber, varied volume (40, 20, and 10 ml) of 

V2O5 nanofiber suspension solution and 20 mg of SDBS were dispersed into 30 ml of 

deionized water under stirring for 10 min, respectively. Then, 0.1 ml of pyrrole 

monomers and 115 mg of APS were added into the above mixture at room 

temperature. After 3-4 hours, the polymerization reaction was completed. The 

solution color turned from orange to black, and the black products were collected by 

filtrating and washed with deionized water, ethanol, and acetone three times, 

respectively. The SDBS on the one hand acted as a surfactant that enhanced the 

dispersing of the V2O5 in the water, on the other hand, served as a dopant to connect 

the V2O5 and protonated pyrrole via electrostatic interaction. The detailed preparation 

was given in Table 3.1. 

Table 3.1 Operation conditions for synthesizing V2O5@PPy-n composites 

Sample V2O5 Sol Pyrrole SDBS 

V2O5@PPy-0 0 ml 0.1 ml 0 mg 

V2O5@PPy-1 10 ml 0.1 ml 20 mg 

V2O5@PPy-2 20 ml 0.1 ml 20 mg 

V2O5@PPy-3 40 ml 0.1 ml 20 mg 
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3.2.5 Electrochemical measurements 

The electrochemical performance was investigated by galvanostatic 

charge-discharge (GCD), cyclic voltammetry (CV), and the electrochemical 

impedance spectroscopy (EIS) test. The working electrode is fabricated by mixing the 

active material, carbon black, and poly(vinylidene fluoride) in an 80:10:10 weight 

ratio together. Then N,N-dimethylformamide as a solvent is added to the mixture to 

form the homogeneous slurry which is coated onto the pretreated nickel foam (1.0 cm 

 1.0 cm). The electrode is dried at 60 ℃ for 24 h under a pressure of 20 M Pa and 

the mass loading of active material is about 1 mg/cm
2
. The Ag/AgCl electrode and 

platinum sheet (1  1 cm
2
) are used as the reference electrode and counter electrode, 

respectively. The electrolyte is 1 M Na2SO4 aqueous solution. The symmetric cell is 

assembled by two identical electrodes used in a three-electrode system. The specific 

capacitance (Cs, F/g) of electrode is calculated according to galvanostatic discharge 

curves as: [181] 

                      𝐶𝑠 = 𝐼 × ∆𝑡 ∆𝑉 × 𝑚⁄                       (3.1) 

Where I is the discharging current (A), ∆𝑡 is discharge time (s), ΔV is the 

potential window (V), and 𝑚 is the mass of active material (g). 

The energy density (E, Wh/kg) and power density (P, W/kg) are obtained by 

                            E = 𝐶𝑠𝑉2 2⁄                            (3.2) 

                            P = 𝐸 × 3600 ∆𝑡⁄                        (3.3) 
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3.3 Results and discussions 

Thermogravimetry analyses (TGA) were carried out to determine the mass 

content of V2O5. As the amount of V2O5 solution added increases, the content of V2O5 

in V2O5@PPy nanocomposites also increased. According to the TGA curves of 

V2O5@PPy-n (Figure 3.1), the mass content of V2O5 is 36 %, 26 %, 8.4 %, and 1.9 % 

for V2O5@PPy-3, V2O5@PPy-2, V2O5@PPy-1, and V2O5@PPy-0, respectively. 

Obviously, the addition of surfactant can promote the contact of V2O5 and PPy, 

showing a higher percentage of V2O5 compared to surfactant-free. 

 

Figure 3.1 The TGA curves of the V2O5@PPy-n (n = 0, 1, 2, 3) 

 Figure 3.2 shows the FTIR spectrum of V2O5@PPy. The characteristic peak at 

1033 cm
-1

 can attribute to the V=O stretching vibration. The peak located at 877 cm
-1

 

is related to the stretching vibration of doubly coordinated oxygen (bridge oxygen) 

bonds. The symmetric and asymmetric vibrational modes of O-V-O are presented at 
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782 cm
-1

 and 671 cm
-1

, respectively. The C=C/C-C stretching vibrations mode of PPy 

appears at 1544 cm
-1

 and 1448 cm
-1

. The peaks at 1294 cm
-1

 and 1166 cm
-1

 are 

assigned to the C-N stretching vibrations and in-plane deformations of C-H. [182, 

183] 

 

Figure 3.2 FTIR spectra of V2O5@PPy 

The morphology of V2O5@PPy composites was confirmed using SEM. As seen 

in Figure 3.3a, V2O5@PPy presents nanofiber morphology. The TEM image proves 

that the PPy nanofibers are homogenously sheathed onto the surface of the V2O5 

forming a core-shell structure (Figure 3.3b). The highly conductive shell of PPy can 

effectively avoid the dissolution of V2O5 increasing the cycling stability of the 

electrode. In addition, we could clearly observe the 3D-interconnected and 

interpenetrating structure of the V2O5@PPy, which benefits the charge transfer. Fig. 

3c shows the elemental maps of V2O5@PPy composites, where carbon (C) and 
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nitrogen (N) present a uniform dispersion throughout V2O5, which agrees well with 

the TEM result. 

 

Figure 3.3 (a) SEM and (b) TEM image of V2O5@PPy; (c) Elemental mapping images 

of vanadium (V), carbon (C), nitrogen (N) and oxygen (O) 

3.4 Electrochemical characterization 

The three-electrode system was used to investigate the electrochemical 

performance of the as-prepared V2O5@PPy electrodes. Figure 3.4 shows the CV 

curves of V2O5@PPy-n composites at different scan rates from 10-50 mV/s in a 

potential range of -0.2 to 0.7 V. All curves present a good symmetrical shape implying 

superior reversible redox capabilities (Figure 3.4a-c). [184] There were no distinctly 

redox peaks observed, which suggested that the fast electron and ion transferred 

throughout the electrodes. The electrochemical charge-storage mechanism occurring 

at V2O5 electrodes could be expressed as follows:[183]  

V2O5 + xNa
+
 + xe

−
 → NaxV2O5 

 With the increase of the scan rates, the shape of the CV curves only has a small 

distortion, which proves that the V2O5@PPy composites have good rate capability. 

Additionally, the specific capacitance was inversely proportional to the increment of 

the scan rate. At a low scan rate, the ions have enough time to diffuse into the internal 
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channel of the electrode and access the active site to complete the redox reaction, 

thereby generating a good specific capacitance. At high scan rates, the current density 

increases rapidly thus there is less time for ion diffusion, which decreases the degree 

of the accessibility of ions and active sites. [190] On the other hand, a large number of 

ions are concentrated at the solid/liquid interface, leading to the polarization 

performance of the electrode, which presents a decrease in electrode capacitance 

value and an increase in the internal resistance of the electrode. The same results can 

be observed in the GCD curves (Figure 3.4d-f). As the current density decreases, the 

corresponding discharge time increases indicating the ions transfer between the 

electrolyte and the surface of the electrode required sufficient time to complete. All 

curves show an ideal linear shape with a small resistance drop, again demonstrating 

that the electrode possesses superior pseudocapacitive behavior. Moreover, the 

approaching symmetrical charging and discharging time corresponds to the good 

reversibility of electrodes during the cycling process. 
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Figure 3.4 CV curves of (a) V2O5@PPy-1; (b) V2O5@PPy-2; (c) V2O5@PPy-3 at 

different scan rates; Charge-discharge curves of (d) V2O5@PPy-1; (e) V2O5@PPy-2; (f) 

V2O5@PPy-3 at different current density 

Figure 3.5a displays the CV curves of V2O5@PPy electrodes with different 

V2O5-to-PPy mass ratios at 20 mV/s. As the thickness of PPy increases, the integrated 

area of CV curves first increases and then decreases. This result is probably due to the 

excessively thick overcoat PPy layer which might diminish the effective contact area 

between electrolytes and metal oxides and limit the transport of ions. [191] The 

specific capacitance values of electrodes are estimated from the GCD curves. 

V2O5@PPy-2 shows the highest specific capacitance of 307 F/g at 1 A/g than those of 

V2O5@PPy-1 (186 F/g) and V2O5@PPy-3 (212 F/g) (Figure 3.5b). This capacitance 

value (307 F/g) is higher than those of pure PPy (100 F/g) and stacked V2O5 (143 F/g). 

[30, 192, 193] The improved electrochemical properties can be attributed to the PPy 

decoration which not only provides high conductivity that enhances electron 
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migration but also makes pseudocapacitance contribution to the overall capacitance. 

[191, 194]  

Further, the cycling stability is an important criterion for the practical application 

of supercapacitor. The specific capacitance retention of electrode materials are 

investigated at a current density of 3 A/g and shown in Figure 3.5c. It is found that 

V2O5@PPy-3 shows a higher stability than V2O5@PPy-1 and V2O5@PPy-2. After 

1000 cycles, 82 % of its initial capacitance is maintained. A possible reason behind 

relatively high capacitance retention may be due to the strong synergistic effect 

between V2O5 and PPy. On the one hand, the PPy sheath layer can suppress the 

dissolution of V2O5 in the aqueous electrolyte. On the other hand, the interpenetrating 

structure of PPy@V2O5 can reduce the agglomeration of the individual components of 

the composites, and resist the volume change of the electrode material during the 

charging and discharging process. [191] V2O5@PPy-1 has the worst stability among 

the three, with only 64 % of initial capacitance value retention after 1000 cycles. This 

can be attributed to the thick PPy coating that is more likely to form shear cracks on 

the surface reducing the stability of V2O5@PPy. [191]  

To understand the electrochemical activities between the electrode and 

electrolyte interface, the electrochemical impedance spectroscopy (EIS) analysis was 

conducted at open-circuit voltage using AC amplitude of 0.005 V in the frequency 

range of 10
-1

 to 10
5
 Hz. The Nyquist plots is presented in Figure 3.5d and fitted based 

on the equivalent circuits. In the medium-high frequency region, the semicircle is 

presented, corresponding to the charge-transfer resistance (Rct) of the electrode, which 
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is caused by the discontinuity of electronic and ionic conductivity during the charge 

transfer process. [195] The semicircle diameter of V2O5@PPy-2 is smaller than those 

of V2O5@PPy-1 and V2O5@PPy-3 indicating a lower charge-transfer resistance. [196] 

The decrease in electrode resistance of V2O5@PPy-2 may be affected by the thickness 

of the PPy coating. A slope considered as the transition between the medium-high 

frequency region and the low-frequency region can be attributed to the Warburg 

impedance that arises from the diffusion of ions into active materials. [197] At the 

low-frequency region, when the phase angle equal to 90° presenting the ideal of 

electrochemical double-layer capacitors. All the curves yielded a 45° slope indicates 

the electrode materials have a pseudocapacitive behavior [28]. V2O5@PPy-2 shows a 

steeper straight line indicating a smaller ionic diffusion resistance than other samples. 

[29]  
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Figure 3.5 (a) CV and (b) GCD curves for V2O5@PPy-n; (c) The cycling stability of 

V2O5@PPy-n at 3 A/g; (d) Nyquist plots for V2O5@PPy-n. The inset shows the 

enlarged view of the intercepts of the corresponding EIS curves at the real axis at the 

medium-high frequency region 

The charge storage mechanisms were further studied by the kinetic analysis 

based on the CV curves in the three-electrode system. The b-values of oxidation and 

reduction peaks are calculated according to: [16, 198]  

                           𝑖 = 𝑎𝑣𝑏                            (3.4) 

Where a and b are constants, and 𝑣 is scan rate. Typically, the value of b is 

equal to 0.5 standing for that the current is controlled by a diffusion process. The b 

value is 1, indicating that the current is controlled by the surface-controlled. As shown 

in Figure 3.6a, the b values of V2O5@PPy-1 are 0.767 and 0.139, respectively, 
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suggesting that charge storage benefits from both the diffusion-controlled and 

capacitive. In case of V2O5@PPy-2 and V2O5@PPy-3, the capacitive process 

contributes to the charge storage since the obtained b values are very close to 0.5 

(Figure 3.6b and 3.6c). The contribution detail of capacitive and diffusion-controlled 

contribution at different scan rate can be distinguished according to Dunn’s method. 

[18, 199] 

                          𝑖 = 𝑘1𝑣 + 𝑘2𝑣
1

2⁄                      (3.5) 

In all types of samples, with the increase of the scan rates, the capacitive 

contribution increases, while the diffusive contribution is depressed (Figure 3.6d-f). 

This is due to the fact that ions cannot get enough time to intercalate inside the 

material structures. With the increase of V2O5-to-PPy, the diffusion-controlled 

contribution increases and the surface capacitive contribution decreases. The decrease 

of the diffusion-controlled contribution can be attributed to the over-thick PPy coating 

layer resulting in the surface area decreasing and restricting the contact between the 

electrolyte and electro-active sites. 
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Figure 3.6 The calculated b values during the anodic and cathodic scans for (a) 

V2O5@PPy-1; (b) V2O5@PPy-2; (c) V2O5@PPy-3; and the contribution detail of 

surface capacitive and diffusion limited for (d) V2O5@PPy-1; (e) V2O5@PPy-2; (f) 

V2O5@PPy-3 

To explore the practical application of V2O5@PPy, an aqueous symmetric 

supercapacitor was assembled using two pieces of V2O5@PPy-2 electrode (the mass 

loading of each piece is 1 mg). Figure 3.7 illustrates the schematic structure of the 

symmetric supercapacitor. Figure 3.7a and 3.7b displays the CV and GCD curves of 

V2O5@PPy//V2O5@PPy. All CV curves are highly symmetrical at different scan rates 

corresponding to the excellent reversibility of the electrode. The specific capacitance 

is calculated according to the GCD curves by considering the total active mass of the 

device. The highest specific capacitance of 91 F/g is delivered by 

V2O5@PPy//V2O5@PPy device, demonstrating a good electrochemical property. The 

cycling performance is exhibited in the Figure 3.7c. With 64% of the initial specific 

capacitance is retained after 1000 cycles at 0.5A/g (Figure 3.7d). The overall 
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performance of a symmetric supercapacitor device is evaluated by the ragone plot 

(energy density vs. power density). As shown in Figure 3.7e, the energy density of 

device achieves 37 Wh/Kg when the power density is 161 W/kg. When compared 

with other V2O5 hybrid materials, our device shows a better performance than most of 

the previous V2O5 composites electrodes reported. [193, 200-205] The above results 

indicate the PPy coated V2O5 could be a great potential electrode material candidate 

for a variety of energy storage applications.  

 

Figure 3.7. (a) CV and (b) GCD curves of V2O5@PPy//V2O5@PPy; (c) The cycling 

stability and (d) specific capacitance of V2O5@PPy//V2O5@PPy; (e) The Ragone plot 

3.5 Conclusion 

In summary, a low-cost, easy processing, and eco-friendly sol-gel method is used 

to synthesize the PPy-coated V2O5 nanocomposites. The PPy coating layer can not 

only offer a high conductivity to facilitate charge transfer but also protect the 

dissolution of V2O5 in the aqueous solution. A high specific capacitance, good cycling 
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stability performance, and excellent energy density are presented for the V2O5@PPy 

benefiting from the enhanced conductivity, the synergistic between V2O5 and PPy, and 

the more stable form of composites. Besides, the influence of the PPy coating layer on 

the electrochemical properties of the hybrid electrodes is systematically studied by the 

electrochemical method (CV, GCD, and EIS), and the role effect of the electrode in 

each part is analyzed in the electrochemical process.   
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Chapter 4: High performance flexible freestanding conductive 

nanopaper based on PPy:PSS nanocellulose composite for 

supercapacitors 

Abstract A freestanding, binder-free flexible PPy:PSS/cellulose nanopaper 

(PPy:PSS/CNP) electrode is successfully fabricated by a low-cost, simple, and fast 

vacuum filtration method for the first time. The hierarchical structure of cellulose 

(CNF) with high surface area and good mechanical strength not only provides a high 

electroactive region and shortens the diffusion distance of electrolyte ions, but also 

prevents the volumetric expansion/shrinkage of the polypyrrole (PPy) during the 

charging/discharging process. The optimized PPy:PSS/CNP exhibits a high areal 

specific capacitance of 3.8 F/cm
2
 (corresponding to 475 F/cm

3
 and 240 F/g ) at 10 

mV/s and good cycling stability (80.9% capacitance retention rate, 5,000 cycles). The 

cyclic voltammetry curves of PPy:PSS/CNP at different bending angles indicate 

prominent flexibility and electrochemical stability of the electrode. Moreover, a 

symmetric supercapacitor device is assembled and delivers a high areal energy density 

of 122 μWh/cm
2
 (15 Wh/cm

3
) at a power density of 4.4 mW/cm

2
 (550 mW/cm

3
), 

which is superior to other cellulose-based materials. The combination of high 

supercapacitive performance, flexibility, easy fabrication, and cheap advantages of the 

PPy:PSS/CNP electrodes offers great potential for developing the next generation of 

green and economical portable and wearable consumer electronics. 
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4.1 Introduction 

Supercapacitors, a type of energy storage systems, have attracted enormous 

attention from the academic and industry communities due to the fast 

charge-discharge rate, long cycling life, good operational safety, and high power 

density [206, 207]. With the boosted development of rechargeable consumer 

electronics, portable and wearable electronic devices are rapidly appearing in our life 

such as roll-up displays, smart textiles, etc., and the flexible supercapacitor market has 

become an emerging field. In general, flexible supercapacitors not only need to meet 

the fundamental standard of the conventional capacitors but also possess promising 

properties including lightweight and extra mechanical flexibility [208, 209]. In the 

past a few years, many researches have focused on fabricating the flexible 

supercapacitors with high electrochemical performance. Nevertheless, the challenges 

originating from the intended end-use are faced such as the high cost of raw materials, 

flexibility, complicated fabrication procedures, toxicity, and the screening of the 

substrate with high conductivity still need to be overcome [210]. Therefore, the 

development of flexible supercapacitors with low-cost, lightweight, good mechanical 

properties, environmental beingness, and outstanding electrochemical properties is 

urgently necessitating. 

As the central component of a flexible supercapacitor, flexible electrodes are 

considered to have a key impact on the performance of the flexible supercapacitors.  

Polypyrrole (PPy) as a kind of conductive polymer has been extensively studied as a 

promising component of electrode materials due to its low-cost, environment- 
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friendliness, facile and simplistic preparation, good redox property, and high 

theoretical specific capacitance [211, 212]. Nevertheless, the poor conductivity, weak 

solubility in common solvents and the instable structure of PPy have limited its 

practical application. To address these issues, numerous strategies have been applied 

to modify the interconnected microstructure and improve the performance of PPy. 

One typical strategy is to blend or composite PPy with highly conductive 

carbon-based materials (i.e., active carbon, carbon nanotube (CNT), and graphene) to 

cushion the molecular chain damage of PPy during the repeated adsorption/desorption 

of electrolyte ions [213, 214]. In addition, polymeric surfactants with different 

sulfonating groups have been used as additives to improve thermal and mechanical 

stabilities, solubility and dispersity, and electric conductivity of PPy during the 

polymerization process [215, 216]. Especially, the water soluble sulfonated polymeric 

surfactant (polystyrene sulfonate (PSS)) with excellent mechanical flexibility and 

tunable electrical conductivity has attracted intense attention among various 

surfactants [217-219]. For instance, Nanocolloidal polypyrrole/poly(styrene sulfonate) 

(PPy:PSS) composites were prepared through a dispersion polymerization technique 

by Maruthamuthu, S et al [220]. The conductivity and solubility of PPy were easily 

controlled by the concentrations of PSS. When the weight ratio of PSS was 15% with 

pyrrole, the product exhibited improved dispersion, a higher dielectric constant, and 

relatively low dielectric loss. Although the water-dispersible and conductivity 

properties of PPy have been effectively improved, the lack of the ability to form 

stable chemical bonds and entangled networks made them easily broken and difficult 
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to form films. Moreover, the fabrication of flexible supercapacitor electrodes usually 

needs binder, conductive additive, and current collector. However, these constituents 

would increase the weight and resistance of the electrode, and reduce the accessible 

surface of the electrode. Therefore, many efforts should be focused on developing 

freestanding, binder-free flexible thin film electrodes which can also function as 

current collectors themselves displaying high electrochemical performance, and good 

mechanical properties. 

Cellulose nanofibers (CNFs) existing in cell walls of plants are the most 

abundant natural polymer on earth and are considered as a promising alternative 

advanced material for the next generation petroleum-based materials in the context of 

increasing consumption of non-renewable resource petroleum with outstanding 

properties including abundant raw material, low-cost production, high specific surface 

area, great biocompatibility and biodegradability, etc [221, 222]. Recently, CNFs are 

considered promising supporting substrates for energy storage devices. The flexible 

conducting film electrode of multiwalled carbon 

nanotube/poly(3,4-ethylenedioxythiophene):PSS/cellulose was prepared by 

supramolecular assembly showing a high specific capacitance (485 F/g, at 1 A/g) and 

good cycling stability (95% initial capacitance remained after 2000 cycles) [223]. The 

freestanding electrode PPy/functionalized carbon nanotubes/cellulose composite films 

were prepared through a facile and green freeze and thaw process, where CNF and 

functionalized carbon nanotubes as matrices not only provided a large interfacial area 

for the storage/release of charge carriers but also formed a porous structure through 



103 
 

interfacial hydrogen bonding between the functionalized carbon nanotubes and CNF 

to provide charge transfer channels. The as prepared composites exhibited high areal 

capacitance (2147 mF/cm
2
 at 1 mA/cm

2
), and outstanding cycling stability [224].   

In this work, a low-cost and environmentally-friendly nanocellulose was chosen 

as the support substrate to synthesize the freestanding, binder-free flexible 

PPy:PSS/CNF nanopaper (PPy:PSS/CNP) electrode by a simple and fast vacuum 

filtration method. Considering the practical applications, the mechanical and 

electrochemical properties of the electrodes were adjusted by controlling the weight 

ratio of PPy:PSS and CNFs. The optimized PPy:PSS/CNP exhibited a high areal 

specific capacitance, good cycling stability, and prominent flexibility. Moreover, a 

symmetric supercapacitor device was assembled and delivered a high areal energy 

density of 122 μWh/cm
2
 (15 Wh/cm

3
) at a power density of 4.4 mW/cm

2
 (550 

mW/cm
3
), which was better than those of other cellulose-based materials. In light of 

high supercapacitive performance, flexibility, low cost, and ease of large-scale 

manufacturing, the PPy:PSS/CNP electrode has a promising application in the next 

green, economical generation of portable and wearable consumer electronics. 

4.2 Experimental section 

4.2.1 Materials 

The CNFs were purchased from University of Maine (Lot no-U31, 3wt%, 

grade-91% fines). Pyrrole monomer (99%) was obtained from Tokyo Chemical 

Industry. Poly(sodium-4-styrenesulfonate) (PSS, 99%) was purchased from Acros, 
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USA. Ammonium peroxydisulfate (APS，98%) was purchased from Alfa Aesar. 

Sulfuric acid (95%-98%) and hydrochloric acid (36.5%-38%) were acquired from 

VWR, USA. All the chemicals were directly used without any purification. 

4.2.2 Preparation of cellulose nanopaper (CNP) 

The CNP was prepared by a simple vacuum filtration method according to our 

previous work [225]. Briefly, the CNFs suspension was diluted to a concentration of 

0.5 wt.% with 1 M HCl. The diluted CNFs suspension (40 ml) was continuously 

stirred for 2 h, then a well dispersed suspension was obtained. Subsequently, the 

suspension was filtered using a polypropylene filter membrane (diameter of 10 cm, 

pore size of 0.45 μm). Another polypropylene filter membrane was used to cover the 

wet CNFs film and dried using a hot plate at 105 °C for 2 h to obtain the CNP. 

4.2.3 Preparation of PPy:PSS/CNP 

The schematic formation of PPy:PSS/CNF composite was shown in Figure 4.1. 

In a typical synthesis process, 40 ml of CNFs suspension (0.5 wt.%) and 20 ml 1 M 

HCl were added to a reaction vessel and stirred for 30 min to form a well-dispersed 

suspension. Then pyrrole monomer and PSS were dissolved into the mixture and 

stirred for another 10 min. Next, APS, acted as an oxidant, was added to initiate the 

polymerization of pyrrole. The polymerization was carried out for 3-4 h at room 

temperature under constant magnetic stirring. The as-synthesized PPy:PSS/CNF 

composite was centrifuged and washed several times with deionized water. Later, the 
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product was diluted to 200 ml with deionized water and sonicated for 5 min at a 

power input of 500 W. Finally, the PPy:PSS/CNF suspension was filtered using a 

polypropylene filter membrane (diameter of 10 cm, pore size of 0.45 μm) by vacuum 

filtration. Another polypropylene filter membrane was used to cover the wet 

PPy:PSS/CNF film and dried using a hot plate at 105 °C for 2 h to obtain the 

PPy:PSS/CNP. The weight percentage of PPy:PSS in the PPy:PSS/CNP was 

calculated following equation (4.1): 

   Wight ratio = ( 𝑚 − 0.2 𝑚⁄ ) × 100%                    (4.1) 

Where m was the dry weight (g) of the PPy:PSS/CNP. 

In order to obtained optimal performance of composites, the different weight 

ratio of PPy:PSS in PPy:PSS/CNP were added. The detail was given in Table 4.1. 

Table 4.1 Operation conditions for synthesizing PPy:PSS/CNP 

Sample CNF (g) 

 Pyrrole 

(ml) 

PSS (g) APS (g) 

Weight ratio of 

PPy:PSS (%)  

PPy:PSS/CNP-1 0.2 0.1 0.0097 0.228 9.5 ± 0.5 

PPy:PSS/CNP-2 0.2 0.2 0.0194 0.456 30.6 ± 1.1 

PPy:PSS/CNP-3 0.2 0.3 0.0291 0.684 44.8 ± 1.5 

PPy:PSS/CNP-4 0.2 0.4 0.0388 0.912 54.1 ± 2.0 

PPy:PSS/CNP-5 0.2 0.5 0.0485 1.140 61.6 ± 2.3 
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Figure 4.1 The schematic formation of PPy:PSS/CNF composite 

4.2.4 Tensile test 

Tensile test was carried out by a TA Instrument dynamic mechanical analyzer 

RSA III with the ASTM standard D882-18 test method. The samples with 1 cm (width) 

 5.5 cm (length) segments were used to test. The crosshead speed was 6 mm/min and 

the gauge length was 15 mm. The data was obtained by averaging three measurements 

for each sample. 

4.2.5 Conductivity measurement  

The sheet resistance (Rs) was measured on square specimens (1.5  1.5 cm
2
) by 

the four-point probe method using a digital multimeter (RIGOL DM3068). The 

average value was calculated after five measurements for each sample. The 

conductivity (𝜌, S/cm) was calculated based on equation (4.2) shown as follows [226]: 
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𝜌 = 1/(𝑅𝑠 ×  𝑡)                       (4.2) 

Where t is the thickness of the film in centimeter and Rs is the resistance in Ohm. 

4.2.6 Electrochemical measurements 

The electrochemical measurements were carried out using CHI electrochemical 

workstation (CHI 760D) in three-electrode and two-electrode systems at room 

temperature and all the tests were performed in 1 M H2SO4. For the three-electrode 

system, the Ag/AgCl electrode, platinum sheet (1  1 cm
2
) and PPy:PSS/CNP (1 cm  

1 cm  0.08 mm, about 15.8 mg) were used as the reference electrode, the counter 

electrode, and the working electrode, respectively. Cyclic voltammetry (CV) and 

Galvanostatic charge/discharge (GCD) curves were measured at potentials window of 

-0.2-0.8 V. The electrochemical impedance spectroscopy (EIS) analysis was 

conducted at open-circuit voltage using alternative current (AC) amplitude of 0.005 V 

in the frequency range of 10
-1

 to 10
5
 Hz. The stability tests were performed on Arbin 

Instrument (version 4.21). The symmetric supercapacitor was fabricated by two pieces 

of film (1 cm  1 cm  0.08 mm, about 16 mg) and tested in the two electrode system. 

CV and GCD curves were recorded over the potentials window of 0-1 V. The areal 

specific capacitances (CA, F/cm
2
) of electrode can be estimated as equation (4.3) 

[227],  

 𝐶𝐴 = ∫ 𝐼𝑑𝑉/𝐴∆𝑉𝑠                        (4.3)                                        

Where I is the discharging current (A), ∫ 𝐼𝑑𝑉 is the integrated area of CV curve, 

A is the area of the electrode (cm
2
); s is the scan rate (V/s); and ΔV is the potential 
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window (V). For the gravimetric capacitance (Cg, F/g) and the volumetric capacitance 

(CV, F/cm
3
), the area in the formula needed to be replaced by the volume or mass of 

the electrode, respectively. The energy density was the amount of energy stored per 

mass/unit volume of active material. For a full device, the energy density and power 

density were the two key parameters to evaluate the overall performance of a 

supercapacitor. The areal energy ensity (E, Wh/cm
2
) was obtained by 

   E = 𝐶𝐴∆𝑉2/(2 × 3600)                   (4.4) 

The energy released per unit time was the power density, which was used to 

evaluate the speed of the charge and discharge. 

        P = (3.6 × 𝐸 × 𝑠)/∆𝑉                    (4.5)                        

Where, P was the power density (W/cm
2
). For the volumetric energy density 

(Wh/cm
3
), the area in the formula needed to be replaced by the volume of the 

electrode. 

4.2.7 Materials Characterization 

Scanning Electron Microscopy (SEM; Apreo FE) was used to confirm the 

morphologies of the samples. The compositional elements were investigated by 

energy dispersive X-ray spectroscopy (EDS; EDAX Instruments). Fourier transform 

infrared (FTIR) spectra were measured on a Nicolet 6700 using KBr disk in the 

wavenumber range of 400-4000 cm
-1

. 



109 
 

4.3 Results and discussions 

4.3.1 Materials characterization 

FTIR analysis provided insight into the molecular structure of CNP, PPy:PSS, 

and PPy:PSS/CNP as shown in Figure 4.2. In the spectrum of pure CNP, the bands at 

1764, 1616, 1430, 1313, 1161, 1105, 1050, and 894 cm
-1

 were attributed to the 

stretching of C=O bonds, bending mode of the absorbed water, symmetric bending of 

-CH2, C-O symmetric stretching, the asymmetric stretching of C-O, C-OH skeletal 

vibration, pyranose C-O-C stretching, and C-H deformation vibrations out of plane of 

aromatic ring, respectively [228]. The characteristic vibrational bands of PPy:PSS 

presented at 1542, and 1440 cm
-1 

corresponding to the stretching of CC and CN in 

the pyrrole ring, respectively. The peak exhibited at 1310 cm
-1 

was assigned to the 

deforming vibrations of C-H and N-H. The doping state of PPy was confirmed by the 

peaks at 1170
 
and 960 cm

-1
. The absorption peak at 1033 cm

-1
 was due to the sulfur 

dioxide group stretching vibrations [219, 220, 229]. For PPy:PSS/CNP, the FTIR 

spectra retained the typical characteristic peaks of PPy:PSS and the cellulose peaks 

almost disappeared indicating the PPy:PSS was homogeneously coated on the surface 

of CNFs. Moreover, all the major peaks shifted to the lower frequency, suggesting 

that the hydrogen bonding formed between CNFs and PPy:PSS. These results 

confirmed the successful formation of the PPy:PSS/CNP. 
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Figure 4.2 FTIR spectra of CNP, PPy:PSS, and PPy:PSS/CNP 

The surface and cross-sectional morphology of the pure CNP and PPy:PSS/CNP 

were examined by SEM under different magnifications. As revealed in Figure 4.2a, 

the pure CNP exhibited a smooth surface and randomly entangled CNFs. The 

cross-sections showed a compact multilayer configuration that was formed by CNFs 

tightly entangled with each other through the strong hydrogen bonding (Figure 4.2b 

and 4.2c). These abundant hydrogen bonds provided strong interactions between 

layers, which reflected the high mechanical properties of CNP. After the introduction 

of PPy:PSS, the PPy:PSS particles were tightly attached to the surface of CNP, which 

was mainly due to the hydrogen bonds formed between CNFs and PPy chains, leading 

to a rougher surface of PPy:PSS/CNP than the pure CNP (Figure 4.2d). Besides, EDS 

proved the existence of sulfur (S) element in PPy:PSS/CNP, further indicating the 

successful introduction of PPy:PSS on the surface of CNP (Figure 4.3). Compared 

with the pure CNP, the cross-sectional morphology of PPy:PSS/CNP displayed 
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obviously expanded interior lamellar structures and slightly loose structure, which 

was probably due to the PPy:PSS within the CNP interrupting the interfibrillar 

hydrogen bond among CNFs and the refilled PPy:PSS particles enlarging the distance 

among CNFs (Figure 4.2e and 4.2f). The loose structure was expected to favor the 

electronic transfer and improved the electrochemical performance of active electrode 

materials. 

 

Figure 4.2 SEM surface and cross-section images of (a, b, and c) pure CNP, and (d, e, 

and f) PPy:PSS/CNP 

 

Figure 4.3 EDS spectra of PPy:PSS/CNP 
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4.3.2 Mechanical property 

The stress vs strain curves and tensile properties of the pure CNP and 

PPy:PSS/CNP as shown in Figure 4.4a and 4.4b. Compared with the pure CNP, the 

tensile mechanical response of PPy:PSS/CNP decreased distinctly after introducing 

the PPy:PSS. This result might mainly be due to the disruption of the original CNFs 

connecting network and the formation of new hydrogen bonds between PPy:PSS and 

CNFs. It was clear that the connection between the PPy:PSS and CNFs were weaker 

than the hydrogen bonding interaction among CNFs in CNP, leading to diminished 

mechanical properties of PPy:PSS/CNP. In addition, the number of intermolecular and 

intramolecular hydrogen bonds in nanocellulose would be reduced due to the presence 

of negatively charged PSS (SO
3-

) between nanocelluloses [230]. With the weight ratio 

of PPy:PSS increasing, the tensile strength and elongation at break of PPy:PSS/CNP 

reduced from 42.6 to 9.9 MPa and from 10.17 % to 6.9 %, respectively, since the 

more amount of PPy:PSS incorporated into the CNP, the fewer the CNF interfibrils 

connections. This result evidenced that the mechanical properties of PPy:PSS/CNP 

were affected by the number of hydrogen bonds between fibers. Interestingly, even 

the weight ratio of PPy:PSS reached 54.1 %, the PPy:PSS/CNP strip with the width 

and thickness of 10 mm and 0.08 mm, separately, could still lift up a static load of 800 

g. By comparing with other conductive polymer/CNF composites, our work presented 

good mechanical nature [225, 226, 230-232]. It implied that nanocellulose was a 

promising substrate for the preparation of the flexible electrode. 
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Figure 4.4 (a) Stress vs strain plot and (b) Tensile strength for CNP and PPy:PSS/CNP 

with different PPy:PSS mass loading; (c) Snapshots of PPy:PSS/CNP-4 strip, which 

can still lift up a static load of 800 g 

4.3.3 Conductivity 

As shown in Figure 4.5a, the electrical conductivity of PPy:PSS/CNP increased 

continuously with the increasing amount of PPy:PSS. When the weight ratio of 

PPy:PSS was 61.6%, the conductivity reached 5.776 S/cm, which suggested that the 

conductivity of PPy:PSS/CNP mainly attributed to the content of PPy:PSS. However, 

despite a high mass loading of conductive active material could improve the 

supercapacitor performance, the poor mechanical strength nature of PPy:PSS/CNP-5 

that might limit its practical application still should be considered. It is worth noting 

that even the mass load of PPy:PSS was reduced to 54.1%, the PPy:PSS/CNP could 

still exhibit high conductivity of 4.456 S/cm in this work, which was higher than 

many similar conductive composites reported previously, such as PPy/CNF (0.26 

S/cm), CNF/poly(3,4-ethylenedioxythiophene) (PEDOT):PSS (2.58 S/cm), and 

PPy/acrylic acid (AA) grafted nanocrystal cellulose hydrogel (PPy/NCC-g-AA) (8.8 

10
-3

 S/cm) [226, 230, 233]. Figure 4.5b demonstrated that PPy:PSS/CNP-4 as a 
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connecting lead could light LED bulb very well under different bending angles, 

suggesting their splendid conductance stability and flexibility. Combining the 

mechanical strength of PPy:PSS/CNP-4, it was an optimal electrode candidate used 

for the electrochemical test. 

 

Figure 4.5 (a) Conductivity and (b) Photographs of PPy:PSS/CNP-4 films with 

different bending angles 

4.3.4 Electrochemical characterization 

Figure 4.6a presented the CV curves of PPy:PSS/CNP-4 at various scan rates. A 

quasi-rectangular shape was exhibited under lower scan rates, corresponding to a 

good pseudocapacitive response. With the increasing of scan rates, the curves 

distorted into a leaf-like shape. The deviation of CV curves was mainly due to the 

controlled ion diffusion process impeding the accessibility of ions and active sites and 

causing the charge collection at the solid/liquid interface, which increased the internal 

diffusion resistance of the electrode. There are no obvious redox peak observed, 

suggesting that the fast electron and ion transfer throughout the electrodes [234-236]. 
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The charge-discharge performance of PPy:PSS/CNP-4 was shown in Figure 4.6b. All 

the GCD curves were found to be nearly triangular shapes with a very small voltage 

drop indicating superior pseudocapacitive behavior and excel lent reversibility of ion 

transfer and diffusion properties for the electrode. Based on the CV curves, the 

specific capacitances for the area, volume, and weight were calculated as shown in 

Figure 4.6c and 4.6d. The maximum specific capacitance value was 3.8 F/cm
2
 (475 

F/cm
3
, 240 F/g) at 10 mV/s. Compared with other cellulose-based conductive 

nanopapers in the Table 4.2, our work had a highest value. From 10 to 40 mV/s, and 

62 % of initial area capacitance was retained. The loss of capacitance could be 

explained by the increase of the internal resistance due to the diffusion limitations of 

electrolyte ions into electrode material which could not match the rate of the electron 

transfer of electrode materials. The superior rate performance of PPy:PSS/CNP-4 was 

ascribed to the high conductivity of PPy and the synergistic effect between PPy:PSS 

and CNFs, which could lower interfacial charge-transfer resistance and facilitate the 

transportation of electrons. EIS was conducted to analyze the intrinsic charge storage 

of the electrode. As displayed in Figure 4.6e, the Nyquist plot showed a small 

semicircle in the high-frequency region that related to the charge transfer resistance of 

the electrode and a straight line in the low-frequency region corresponding to Warburg 

impedance reflecting the capacitive behavior of the electrode. This observation further 

proved that the PPy:PSS/CNP-4 electrode possesses a low charge transfer resistance 

and a fast charge transfer rate performance. Moreover, PPy:PSS/CNP-4 demonstrated 

remarkable cycling stability (80.9% capacitance retention, 5,000 cycles) due to the 
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incorporation of cellulose network with good mechanical strength that could 

effectively overcome the shortcomings of the volume expansion/shrinkage for PPy 

during the charging/discharging processes (Figure 4.6f). The mechanical properties of 

PPy:PSS/CNP-4 were further confirmed after the cycling stability test (5,000 cycles) 

in the three-electrode system. As displayed in Figure 4.7, the tensile stress of 

PPy:PSS/CNP-4 remarkably decreased from 23 MPa to 4.8 MPa. The decreasing 

tensile stress for PPy:PSS/CNP-4 might mainly attribute to the water molecule that 

interrupts the hydrogen bond among composites[237]. Figure 4.8a and 4.8b 

presented the CV curves and digital photos of PPy:PSS/CNP-4 at different bending 

angles. The CV curves showed a minimal deformation further demonstrating the 

stable performance of the electrode.  

 

Figure 4.6 The electrochemical performance of PPy:PSS/CNP-4 electrode in 1 M 

H2SO4 electrolyte. (a) CV curves; (b) GCD curves; (c) Specific capacitance based on 

areal and volume as functions of current density; (d) Specific capacitance based on total 

weight and active material weight as functions of current density; (e) Nyquist plot; (f) 

Cycling stability at 10 mA/cm
2
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Table 4.2 Comparison of PPy:PSS/CNP electrode with reported nanocellulose 

supported conductive material based supercapacitors 

Electrode materials Specific capacitance 

Capacitance retention 

(Cycles) 

Ref 

CNF/CNT/PANI 315 F/g, at 1 A/g 10000, 92.0% [238] 

CF-CNF/AC/MWCNT 1.74 F/ cm
2
, at 1 mA/cm

2
 3000, 96.7% [239] 

PPy/rGO/CNF 304 F/g, at 0.5 A/g 1000, 81.8% [240] 

PPy/cellulose 129.6 F/g, at 0.48 A/g  7000, 99.3% [241] 

RGO/cellulose 212 F/ g, at 0.5 A/g 14000, 94.0% [242] 

PEDOT/Cellulose 

Paper 

115 F/g, at 1 A/g 2500, 91.0% 

[243] 

PEDOT:PSS/CNP 

854.4 mF/cm
2
 (106.8 F/cm

3
) 

(159.7 F/g), at 5 mV/s 

10000, 95.5% 

[225] 

PPy/GR/CNF 264.3 F/g, at 0.25 A/g 1000, 85.7% [244] 

PPy:PSS/CNP 

3.8 F/cm
2
 (475 F/cm

3
, 240 

F/g) at 10 mV/s 

5000, 80.9% This 

work 
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Figure 4.7 Stress vs strain plot of PPy:PSS/CNP-4 and PPy:PSS/CNP-4 after the 

cycling stability test (5000 cycles) in the three-electrode system 

 

Figure 4.8 (a) CV curves and (b) digital photos of PPy:PSS/CNP-4 at different bending 

angles 

To evaluate the practical application of PPy:PSS/CNP-4 film electrode, the 

electrochemical characterization of the symmetric supercapacitor that assembled by 

two pieces of PPy:PSS/CNP-4 electrode (11 cm
2
) was performed. The symmetric 
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device exhibited the symmetrical shape of CV curves and negligible deformations 

with the increasing scan rates, indicating the ideal capacitive, excellent rate feature, 

and good reversibility (Figure 4.9b). GCD curves displayed nearly triangle shape 

with low voltage drops which further proved a typical electric double layer capacitor 

(EDLC) nature of energy storage (Figure 4.9c). In addition, as the current density 

increases, the shape of the GCD curves remained, indicating that the device had good 

redox reversibility. The capacitance values of PPy:PSS/CNP-4 device based on area, 

volume, and weight were plotted in Figure 4.9d and 4.9e to value the performance of 

supercapacitors. At 10 mV/s, the maximum areal capacitance was 880 mF/cm
2
 (110 

F/cm
3
, 50.8 F/g). The results of the cyclic performance indicated that the device 

showed 74% capacitance retention after 5800 cycles at 5 mA/cm
2
 (Figure 4.9f). As 

shown in the Ragone plots (Figure 4.10a and 4.10b), the maximum energy density 

could reach 122μWh/cm
2
 (15 Wh/cm

3
) with the power density of 4.4 mW/cm

2
 (550 

mW/cm
3
), which was comparable to or even higher than the previous SCs devices 

based on similar cellulose materials, demonstrating the satisfied electrochemical 

performance [40-49][132, 160, 245-252]. The impressive findings suggested that the 

PPy:PSS/CNP was a promising material for high performance energy storage devices. 
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Figure 4.9 (a) Schematic illustration of the PPy:PSS/CNP supercapacitor device; (b) 

CV curves at different scan rate; (c) GCD curves at different current density; (d) 

Specific capacitance based on area and volume; (e) Specific capacitance based on total 

weight and active material weight; (f) Cycling stability at 5 mA/cm
2
 

 

Figure 4.10 Ragone plots the symmetrical PPy:PSS/CNP supercapacitor device based 

on (a) area and (b) volume in comparison with other cellulose materials 

4.4 Conclusions 

In this study, the low-cost and environmentally friendly nanocellulose were used 

as building blocks for PPy:PSS to fabricate the freestanding, binder-free flexible 



121 
 

PPy:PSS/CNP electrode using the vacuum filtration method. Due to the synergistic 

effect of three constituents, the PPy:PSS/CNP exhibited excellent flexibility and 

outstanding electrochemical properties. When the weight percentage of PPy:PSS to 

PPy:PSS/CNP was 54.1%, the electrode exhibited the maximum specific capacitance 

value ( 3.8 F/cm
2
, 475 F/cm

3
, 240 F/g, at 10 mV/s) and good cycling stability (80.9% 

capacitance retention rate, 5,000 cycles). The good flexibility and electrochemical 

stability of the electrode was proved by the CV curves of PPy:PSS/CNP at different 

bending angles. Furthermore, the symmetric supercapacitor device of PPy:PSS/CNP 

was assembled, which offered the highest areal energy density of 122 μWh/cm
2
 (15 

Wh/cm
3
 ) along with the power density of 4.4 mW/cm

2
 (550 mW/cm

3
). Our work 

provides a novel design idea to synthesize free-standing flexible nanopaper electrode 

with good mechanical strength and electrochemical performance for energy storage 

applications in the future. Moreover, the simple and economical preparation process 

may bring new opportunities in reducing the production cost of flexible electrodes for 

portable and wearable consumer electronics. 
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Chapter 5: Flexible and freestanding PANI: PSS/CNF nanopaper 

electrodes with enhanced electrochemical performance for 

supercapacitors 

Abstract: A novel freestanding, binder-free flexible polyaniline:poly(sodium 

4-styrene sulfonate)/cellulose nanopaper (PANI: PSS/CNP) electrode was prepared by 

combining in situ polymerization with a simple and fast vacuum filtration method. 

The low-cost and environmental-friendly nanocellulose with a three-dimensional (3D) 

hierarchical porous structure was chosen as the support substrate not only effectively 

reduced the production cost but improved the electrolyte absorption property, 

flexibility, and mechanical strength for PANI: PSS/CNP. The free-standing and 

binder-free structure simplifying the preparation process and increasing the mass 

loading of the active material in the electrode is beneficial to maximizing electrode 

utilization. Due to the effective combination of the cellulose (CNF) and PANI: PSS 

complex, the optimized PANI: PSS/CNP electrode exhibits high specific capacitance 

(2.56 F/cm
2
) with good cycling stability (81.5% capacitance retention, 8000 cycles), 

excellent mechanical strength, good conductance stability, and flexibility. A 

symmetric supercapacitor constructed with two pieces of PANI: PSS/CNP electrodes 

shows outstanding areal specific capacitance of 460 mF/cm
2
 and high energy density 

of 40.9 µWh/cm
2
. Our work offers a scientifically and economically efficient 

approach for the production of low-cost and energy-efficient flexible electrodes used 

for future green flexible electronics devices through straightforwardly fabricating 

conductive compounds using cellulose of natural origin. 
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5.1 Introduction 

With the rapidly growing industries and markets of portable and wearable 

consumer electronics such as foldable displays, electronic skin, and electric paper, the 

demand for flexible and renewable energy storage devices with low-cost, lightweight, 

environmental friendliness, and superior energy efficiency is clearly increasing [153, 

163-165]. Among various energy storage devices, flexible supercapacitors have been 

widely recognized as promising candidates due to their high power density, long 

cycling life, robust mechanical flexibility, and good operational safety [166-168, 253, 

254]. As the most important part of flexible supercapacitors, the flexible electrode is 

considered as a key impact on the successful fabrication of high-performance flexible 

supercapacitors.  

Polyaniline (PANI) as a promising electrode material has been studied 

extensively in supercapacitors owing to its high specific capacitance, facile and 

simplistic preparation, easy control of doping level and conductivity, good 

environmental stability, and low cost [255, 256]. However, the weak solubility in 

common solvents, structural instability, and poor mechanical performance of PANI 

limit its applications in flexible electronic devices. A common method used to 

overcome the insolubility problem of conducting polymer is to combine polymeric 

surfactants with different sulfonating groups and conducting polymer to form 

complexes [257, 258]. For instance, the polyaniline: poly(sodium 4-styrene sulfonate) 

(PANI: PSS) with excellent solution-processability and unique redox behaviors has 

been widely applied in supercapacitors. A hybrid electroactive material formed by 
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iron oxide-decorated few-layer graphene/PANI: PSS composite films through a 

simple dip-coating procedure showed excellent capacitive performance [259]. The 

“sandwich-like” nanocomposites multiwalled carbon nanotubes/polyaniline/ 

poly(sodium 4-styrenesulfonate)-graphene (MWCNTs/PANI/PSS-GR) demonstrated 

a high specific capacitance [260]. In addition, extensive work has been done to 

modify and improve the electrochemical performance of PANI such as preparing 

different morphologies of PANI, making composites with carbon-based materials, and 

depositing active conducting materials on flexible, porous, and light-weight substrates 

[261-266]. 

Cellulose (CNF), the most abundant natural polymer on earth, has received great 

attention, in light of its abundant and renewable raw materials source, high surface 

area, superior mechanical strength, non-toxicity, great biocompatibility and 

biodegradability, and prospect for environmental sustainability, etc [208]. The 

three-dimensional (3D) hierarchical porous structures of cellulose formed through the 

intramolecular and intermolecular hydrogen bonds among cellulose molecules 

provide rich ion absorptive sites and more diffusion channels for charge transfer, 

which is beneficial for enhancing the performance of supercapacitors [267]. 

Furthermore, the hydroxyl groups can be easily modified and provide a good platform 

for the construction of new materials to broaden their potential applications. 

Compared with other flexible substrates, CNF is widely regarded as an ideal building 

block to reduce production costs and building environmental-friendly processes for 

fabricating the functional flexible electrodes. A series of cellulose-based functional 
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materials have been fabricated and applied in flexible energy-storage devices. For 

example, Deng et al. prepared multiwalled carbon nanotube (MWNT)/activated CNF 

(ACNF) whose capacitance was 1.38 times higher than that of pure ANCF, when 

adding 6 wt% MWNTs in CNFs. In addition, 94% initial capacitance was retained 

over 1000 cycles at the current density of 2 A/g [268]. Uniform 

cellulose/graphene/polypyrrole (CNF/GN/PPy) microfibers were prepared with a 

convenient wet-spinning strategy. This microfiber electrode manifested excellent 

tensile strength (364.3 MPa), high specific capacitance (334 mF/cm
2
), and good 

cycling stability (capacitance retaining nearly 100% after 2000 charge-discharge 

cycles) [269]. 

In this study, we aim to develop a sustainable and inexpensive strategy to 

synthesize flexible electrodes with high electrochemical performance to meet the 

requirements of the global markets for flexible and renewable energy storage devices. 

Here, we designed and prepared a new freestanding, binder-free flexible polyaniline: 

poly(sodium 4-styrene sulfonate)/cellulose nanopaper (PANI: PSS/CNP) electrode 

through in situ polymerization and a fast vacuum filtration method, which combines 

the solution-processable PANI: PSS complexes as the active material with CNF as the 

flexible substrate. The cheap and green CNF as a substrate can not only effectively 

reduce the production cost but also improve the flexibility and mechanical strength of 

electrodes. The optimized PANI: PSS/CNP electrode exhibited high tensile strength, 

where the sample strips (10 mm wide and 0.1 mm thick) could still lift up a static load 

of 800 g. The free-standing and binder-free construction eliminates the need for 
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binders, conductive additives, and current collectors while simplifying the preparation 

process and increasing the mass loading of the active material in the electrode, and 

maximizing electrode utilization. The optimized PANI: PSS/CNP demonstrated a high 

areal specific capacitance of 2.56 F/cm
2
 and good cycling stability (81.5 % 

capacitance retention, 8000 cycles). A symmetric supercapacitor assembled with two 

pieces of PANI: PSS/CNP electrodes delivered a high areal energy density of 40.9 

μWh/cm
2
 (4.09 mWh/cm

3
) at a power density of 100.5 μW/cm

2
 (10.05 mW/cm

3
). 

This research opens a new avenue for developing low-cost and free-standing flexible 

electrodes of supercapacitors.  

5.2 Experiments 

5.2.1 Materials 

The CNFs with a concentration of about 3 wt% were purchased from the 

University of Maine, USA. (Lot Number U31). Aniline monomer (99%) and 

ammonium peroxydisulfate (APS, 98%) were purchased from Alfa Aesar. 

Poly(sodium-4-styrenesulfonate) (PSS, 99%) was purchased from Acros, USA. 

Sulfuric acid (H2SO4, 95%-98%) and hydrochloric acid (HCl, 36.5%-38%) were 

purchased from VWR, USA. All the chemicals were directly used without further 

purification. 

5.2.2 Preparation of cellulose nanopaper (CNP) 

The preparation of CNP was carried out according to our previous work [225]. In 
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short, the CNFs suspension with a concentration of 0.5 wt% was diluted by 1 M HCl. 

The diluted CNFs suspension (40 ml) was magnetically stirred for 2 h to obtain a 

uniform suspension. Then, the suspension was filtered using a polypropylene filter 

membrane (diameter of 10 cm, pore size of 0.45 μm) by a vacuum filtration method. 

Finally, another polypropylene filter membrane was covered on the wet CNF film and 

dried at 105 °C for 2 h to obtain the CNP. 

5.2.3 Preparation of PANI: PSS/CNP 

40 ml of CNF suspension (0.5 wt%) was dispersed in 20 ml 1 M HCl and stirred 

for 30 min to form a homogeneous suspension. Then aniline monomer and PSS were 

introduced into the suspension and stirred for another 10 min. Next, the oxidant of 

APS was added into the mixture to initiate the polymerization of aniline. The reaction 

was carried out for 3-4 h under constant magnetic stirring at room temperature. The 

resultant solid was centrifuged and washed several times with deionized water. After 

that, the product was diluted to 200 ml with deionized water and sonicated for 5 min 

at a power input of 500 W. Finally, the PANI: PSS/CNF suspension was filtered by 

vacuum filtration using a polypropylene filter membrane (diameter of 10 cm, pore 

size of 0.45 μm). The PANI: PSS/CNP was obtained by drying the wet PANI: 

PSS/CNF film that was covered by another polypropylene filter membrane at 105 °C 

for 2 h. The schematic of forming the PANI: PSS/CNP is shown in Figure 5.1, where 

PSS acts a as surfactant as well as a dopant in the composite. The weight percentage 

of PANI: PSS in the PANI: PSS/CNP was calculated following Equation (5.1): 
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              Wight ratio = ( 𝑚 − 0.2 𝑚⁄ ) × 100%                (5.1) 

Where m is the dry weight (g) of the PANI: PSS/CNP. 

To obtain optimal performance of composites, the weight ratio of PANI: PSS in 

PANI: PSS/CNP was accurately controlled. The detail was given in Table 5.1. 

 

Figure 5.1. The schematic formation of PANI: PSS/CNP 

Table 5.1 Operation conditions for synthesizing PANI: PSS/CNP 

Sample 

CNF 

(g) 

 Aniline 

(ml) 

PSS (g) APS (g) 

Weight ratio of 

PANI: PSS (%)  

PANI: PSS/CNP-1 0.2 0.1 0.0097 0.228 7.7± 0.3 

PANI: PSS/CNP-2 0.2 0.2 0.0194 0.456 29.0 ± 0.8 

PANI: PSS/CNP-3 0.2 0.3 0.0291 0.684 46.8 ± 1.2 

PANI: PSS/CNP-4 0.2 0.4 0.0388 0.912 54.1 ± 1.5 

PANI: PSS/CNP-5 0.2 0.5 0.0483 1.140 62.2 ± 1.8 

5.2.4 Tensile test 

The mechanical properties of PANI: PSS/CNP samples were examined by the TA 

Instrument dynamic mechanical analyzer RSA III with the ASTM standard D882-18 

test method. The specimens were cut into the 1 cm (width)  5.5 cm (length) segments 

used to test. The crosshead speed and gauge length were 6 mm/min and 15 mm, 
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respectively. Three measurements data were averaged to obtain the value for each 

sample. 

5.2.5 Conductivity measurement  

The electric conductivity (𝜌, S/cm) of PANI: PSS/CNP was examined by the 

four-point probe method using a digital multimeter (RIGOL DM3068) and calculated 

by Equation (5.2) [226],  

                         𝜌 = 1/(𝑅𝑠 ×  𝑡)                        (5.2) 

Where Rs is the sheet resistance in Ohm, which is the average value after five 

square specimens (1  1 cm
2
) measured for each sample. t is the thickness of the film 

in centimeter.  

5.2.6 Electrochemical measurements 

All the electrochemical tests were carried out on a CHI electrochemical 

workstation (CHI 760D) using three-electrode or two-electrode systems in 1 M H2SO4. 

The reference electrode, the counter electrode, and the working electrode were 

Ag/AgCl electrode, platinum sheet (1  1 cm
2
), and PANI: PSS/CNP (1 cm  1 cm  

0.10 mm, 11 mg), respectively. Cyclic voltammetry (CV) and Galvanostatic 

charge/discharge (GCD) curves were conducted with the potentials window from 0 to 

0.8 V. The PANI: PSS/CNP electrode (1 cm  1 cm  0.10 mm, 11 mg) was 

employed as both cathode and anode to build the symmetric supercapacitor. 

Electrochemical impedance spectra (EIS) were obtained at open-circuit voltage using 
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AC amplitude of 0.005 V in the frequency range of 10
-1

 to 10
5
 Hz. The stability tests 

were performed on Arbin Instrument (version 4.21). The areal specific capacitance 

(CA, F/cm
2
) of the electrode was estimated by the Equation (5.3) from the GCD 

curves [270],  

                       𝐶𝐴 = 𝐼∆𝑡 𝐴∆𝑉⁄                          (5.3) 

Where I is the discharge current (A), ∆𝑡 is discharge time (s), A is the area of 

the electrode (cm
2
), and ΔV is the potential window (V). When the area in the formula 

is replaced by the volume or mass of the electrode, the gravimetric capacitance (Cg, 

F/g) and the volumetric capacitance (CV, F/cm
3
) will be obtained. 

The energy density (E, Wh/cm
2
) and power density (P, W/cm

2
) were calculated 

according to the following Equations 5.4 and 5.5: 

                     E = C∆𝑉2/(2 × 3600)                    (5.4) 

                         P = (3600 × 𝐸)/∆𝑡                      (5.5) 

5.2.7 Materials Characterization 

Scanning Electron Microscopy (SEM; Apreo FE) and energy dispersive X-ray 

spectroscopy (EDS; EDAX Instruments) were used to confirm the morphologies and 

compositional elements of the samples, respectively. The function groups were 

investigated by Fourier transform infrared spectroscopy (FTIR) on a Nicolet 6700 

using KBr disk in the region of 400-4000 cm
-1

. X-ray photoelectron spectroscopy 

(XPS, Kratos XSAM 800) was used to determine the elemental valence state of the 

samples.  
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5.3 Results and discussions 

5.3.1 Materials characterization 

Structural characterization of CNP, PANI: PSS, and PANI: PSS/CNP was 

investigated by FTIR as shown in Figure 5.2. The pure CNP exhibits a few peaks 

including the bending mode of the absorbed water at 1645 cm
-1

, symmetric bending of 

-CH2 at 1430 cm
-1

, O-H bending at 1369 cm
-1

, C-O symmetric stretching at 1315 cm
-1

, 

asymmetric stretching of C-O at 1161 cm
-1

, C-OH skeletal vibration at 1105 cm
-1

, 

pyranose C-O-C stretching at 1050 cm
-1

, and deformation vibrations out of the plane 

of the aromatic ring at 896 cm
-1

, respectively [228]. In the spectrum of PANI: PSS, 

the bands at 1556, and 1483 cm
-1 

correspond to C=C stretching vibrations of the 

quinoid and benzenoid rings, respectively. The peak presented at 1290 cm
-1 

is 

assigned to C-N stretching of secondary aromatic amine. The peaks at 1108, 1029, 

and 1002 cm
-1

 belong to the benzene ring in-plane vibration. The absorption peak at 

663 cm
-1

 is due to the C-S stretching vibration of the benzene ring of PSS [271-273]. 

The FTIR spectrum analysis confirmed the successful doping of PSS into PANI. As 

shown in the spectrum of PANI: PSS/CNP, typical characteristic peaks of PANI: PSS 

(C=C (quinoid rings), C=C (benzenoid rings), and C-N) are observed, and the 

cellulose peaks almost disappear, indicating that PANI: PSS is uniformly coated on 

the CNF surface. Furthermore, compared with the spectrum of PANI: PSS, the peaks 

of PANI: PSS/CNP is slightly shifted to low frequencies, which can be attributed to 

the formation of hydrogen bonds between CNF and PANI: PSS. This result proves the 
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successful synthesis of the PANI: PSS/CNP. 

 

Figure 5.2 FTIR spectra of CNP, PANI: PSS, and PANI: PSS/CNP 

XPS analysis was further performed to elucidate the chemical structure of PANI: 

PSS/CNP. As presented in Figure 5.3a, the XPS survey spectra of PANI: PSS/CNP 

exhibits four main peaks located at 532 eV, 399 eV, 284 eV, and 164 eV 

corresponding to O1s, N1s, C1s, and S2p, respectively [228, 274]. The peak for N1s 

is from PANI, while the S2p is attributed to PSS. The N1s core-level spectrum is 

divided into three peaks situated at 401.06 eV (−N
+−), 399.81 eV (−NH−), and 

398.88 eV (−N=), respectively (Figure 5.3b) [275, 276]. Additionally, the ratio of 

N
+
/N is 50.6% indicating a high N-doping level of PANI, which is beneficial to 

improving the pseudocapacitive performance of electrodes [250].   
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Fig.2. (a) XPS survey spectra of PANI: PSS/CNP; (b) N1s spectra of PANI: PSS/CNP 

The morphology of pure CNP and PANI: PSS/CNP was investigated by SEM. As 

shown in Figure 5.4a, the surface of pure CNP is smooth and shows an entangled 

nanofiber network. The cross-sectional images display a lamellar structure formed by 

CNFs tightly entangled with each other through the strong hydrogen bonding (Figure 

5.4b and 5.4c). CNP with a compact multilayer configuration is chosen as the flexible 

substrate, which is beneficial for high mechanical properties and fast electrolyte ions 

diffusion of the electrode [224, 277]. Figure 5.4d confirms that PANI: PSS particles 

aggregate on the surface of CNP resulting in a rougher surface of PANI: PSS/CNP 

after the introduction of PANI: PSS compared to pure CNP, which gives the electrode 

a high surface area to perform a better contact with the electrolyte [250]. Moreover, 

the EDS elemental mappings of carbon (C) and nitrogen (N) further demonstrate the 

formation of PANI: PSS on the surface of CNP (Figure 5.5). The uniformly 

distributed PANI: PSS particles on the surface of CNF may be attributed to the 

hydrogen bond between CNF and PANI chains [244]. The expanded interior lamellar 

cross-sectional structures of PANI: PSS/CNP evidenced that PANI: PSS particles 
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penetrated into the substrate, not only coated on the surface of CNP. Such structure 

offers the obtained electrode excellent electrical conductivity and shorts the diffusion 

distance of ions, leading to high electrochemical properties. 

 

Figure 5.4. (a, b, and c) SEM surface and cross-section images of pure CNP, and (d, e, 

and f) PANI: PSS/CNP 

 

Figure 5.5 EDS spectra of PANI: PSS/CNP 

5.3.2 Mechanical property 

The mechanical characteristics of pure CNP and PANI: PSS/CNP was 

investigated by a stress-strain experiment. As shown in Figure 5.6a and 5.6b, the 

tensile stress and strain of PANI:  PSS/CNP decreased distinctly compared with pure 
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CNP. This degraded behavior of PANI: PSS/CNP in terms of mechanical properties 

may be related to the disruption of the original CNF connecting network and the 

formation of new hydrogen bonds between PANI: PSS and CNF after the introduction 

of PANI: PSS. This result is matching with FTIR. It is obvious that the PANI: 

PSS-CNF interactions are inherently weaker than CNF-CNF, resulting in decreased 

mechanical properties of PANI: PSS/CNP [278-280]. Furthermore, with the increase 

of PANI: PSS content, the tensile strength of PANI: PSS/CNP decreases from 49.98 

MPa with a fracture strain of 14.11 % to 14.28 MPa with a fracture strain of 6.83 %. 

This phenomenon can be explained by the percentage reduction of CNFs content in 

PANI: PSS/CNP. The higher percentage content of CNFs in the composites typically 

leads to more intramolecular and intermolecular hydrogen bonds among CNFs in the 

PANI: PSS/CNP, which endows the composites with higher mechanical strength. 

Conversely, the existence of PANI: PSS will prevent the formation of a large number 

of hydrogen bonds, and therefore lower the mechanical strength [281]. This result 

evidences that the number of hydrogen bonds among CNFs affects the mechanical 

properties of PANI: PSS/CNP. In addition, when the PANI: PSS/CNP was sliced into 

10 mm wide with 0.1 mm thick strips, the sample could still lift up a static load of 800 

g, where the weight ratio of PANI: PSS is 54.1 % in PANI: PSS/CNP. It implies that 

PANI: PSS/CNP has excellent mechanical strength, which enables practical 

applications in flexible supercapacitors.  
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Figure 5.6 (a) Stress vs strain plot and (b) Tensile strength for CNP and PANI: 

PSS/CNP with different PANI: PSS mass loading; (c) Photograph of the PANI: 

PSS/CNP-4 strip, which could lift up a static load of 800 g 

5.3.3 Conductivity 

Theoretically, the electrode with high mass loading of electrically conductive 

material is favorable for improving the supercapacitor performance. As anticipated, 

when the mass ratio of PANI: PSS to PANI: PSS/CNP increases from 7.7% to 62.2%, 

the conductivity of PANI: PSS/CNP electrode increases from 0.008 S/cm to 1.16 S/cm 

(Figure 5.7a). It certifies that the electrical conductivity of PANI: PSS/CNP is mainly 

correlated to the content of PANI: PSS. Moreover, the measured values are superior to 

those of the reported cellulose conductive nanopapers [226, 233, 282]. It is worth 

noting that we can further improve the electrode conductivity via increasing the 

content of PANI: PSS, nevertheless, the mechanical performance of the composite 

electrode will be sacrificed. In order to prepare an electrode with high conductivity 

and good mechanical properties, the PANI: PSS/CNP-4 was chosen as an optimal 

electrode candidate and used for the electrochemical test later. Additionally, their 

conductance stability and flexibility were demonstrated by maintaining the luminance 



137 
 

of a blue LED bulb, where PANI: PSS/CNP-4 as a wire was subjected to different 

bending angles (Figure 5.7b). 

 

Figure 5.7 (a) Conductivity and (b) Photographs of PANI: PSS/CNP-4 with different 

bending angles 

5.3.4 Electrochemical characterization 

Figure 5.8a depicts the detailed CV profiles of PANI: PSS/CNP-4 between 0 V 

and 0.8 V at various scan rates. The shape of curves exhibits a quasi-rectangle under 

lower scan rates, which is induced by the pseudocapacitive behavior of the materials. 

As the scan rate increases, the curve deviates from the original shape, which is 

attributed to the fact that electrolyte ions with finite diffusion rates cannot diffuse 

from the solid/liquid interface to the electrode material and complete the 

electrochemical reaction under a high scan rate [283]. GCD behaviors of PANI: 

PSS/CNP-4 was measured at different current density. Figure 5.8b shows the nearly 

triangular GCD curves of PANI: PSS/CNP-4 with a very small voltage drop 

indicating superior capacitive performance. As the current density increases, the shape 

of curves is almost maintained indicating a highly reversible charge/discharge 
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property [245]. According to Equation (5.3), the specific capacitance of the electrode 

derived from the GCD curves is calculated and shown in Figure 5.8c and 5.8d. The 

maximum specific capacitance value as high as 2.56 F/cm
2 

(256 F/cm
3
, 233 F/g) at 2 

mA/cm
2 

can be obtained, which is higher than other PANI-based electrode materials 

(Table 5.2). Moreover, with the increasing current density, the capacitance value 

decreases obviously, which is due to that the protons don't have enough time to reach 

the surface of the electrode, which decreases the accessibility of ions and active sites 

resulting in low utilization of active materials. EIS was employed to analyze the ion 

transport behavior of PANI: PSS/CNP-4. As shown in Figure 5.8e, the Nyquist plot 

consists of a small semicircle in the high-frequency region presenting the charge 

transfer resistance and a straight line in the low-frequency region, suggesting the ideal 

capacitance characteristics. The cycling stability of PANI: PSS/CNP-4 was verified by 

GCD measurements and shown in Figure 5.8f. After 8000 cycles, the specific 

capacitance of PANI: PSS/CNP-4 is still able to retain 81.5%. The remarkable cycling 

stability is ascribed to the introduction of good mechanical strength cellulose, which 

can more effectively prevent the volume expansion/shrinkage for PANI during the 

charging/discharging processes. In addition, the flexibility of the electrode was 

evaluated by the CV and GCD tests at different bending angles (0º, 90º, and 180º) 

(Figure 5.9a-c). The result indicated that while the capacitance decreased with the 

increase of the bending angle (87% capacitance retention, at 180°), but the overall 

stable performance demonstrated the electrode had excellent electrochemical behavior 

in the bending state (Figure 5.9d). 
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Figure 5.8 The electrochemical performance of PANI: PSS/CNP-4 in 1 M H2SO4 

electrolyte. (a) CV curves; (b) GCD curves; (c) Specific capacitance based on areal and 

volume as a function of current density; (d) Specific capacitance based on total weight 

and active material weight as a function of current density; (e) Nyquist plot; (f) Cycling 

stability at 10 mA/cm
2 
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Figure 5.9 (a) Digital photos of PANI: PSS/CNP-4 at different bending angles (0º, 90º, 

and 180º), (b) CV curves, (c) GCD curves, and (d) Specific capacitance of PANI: 

PSS/CNP-4 at different bending angles under 10 mA/cm
2 
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Table 5.2 Comparison of PANI: PSS/CNP electrode with other PANI-based electrode 

materials 

Electrode materials Specific capacitance 

Capacitance 

retention (Cycles) 

Ref 

CNF/CNT/PANI 315 F/g, at 1 A/g 10000, 92.0% [238] 

CNFs/MWCNTs/PANI 207.2 F/g, at 0.2 A/g 1000, 82.4% [284] 

MnS/GO/PANI 773 F/g, at 1 A/g 1000, 95.6% [285] 

graphene/PANI fiber 

871.4 mF/cm
2
, at 

0.5 mA/cm
2
 

5000, 85.5% 

[286] 

GO/PANI/CuCo2O4 312.7 F/g, at 1 A/g 5000, 84.2% [287] 

SWCNT/cellulose/PANI 330 mF/cm
2
, at 0.2 mA/cm

2
 1000, 79.0% [288] 

NiO/PANI:PSS 834 F/g, at 1 A/g 3000, 88.9% [289] 

PANI:PSS/Fe-modified 

graphene 

768.6 F/g, at 1A/g 1600, 84.0% 

[259] 

MWCNTs/PANI/PSS-GR 602.5 F/g, at 0.5 A/g 2000, 78.32% [260] 

PANI:PSS/CNP 

2.56 F/cm
2
 (256 F/cm

3
, 233 

F/g) at 2 mA/cm
2
 

8000, 81.5% This 

work 

To better understand the underlying mechanism for the improved performance of 

the PANI: PSS/CNP electrode, a symmetric supercapacitor was fabricated with two 

pieces of PANI: PSS/CNP-4 (1 cm  1 cm  0.10 mm, 11 mg). The electrochemical 

performance of the device was evaluated in the two-electrode system. Figure 5.10a 

exhibits the CV curves of the device at different scan rates. As the scan rates increases, 



142 
 

the CV curves of the device show no obvious change, suggesting excellent rate 

feature and good reversibility. The GCD curves demonstrating near triangle shape 

indicate the ideal capacitive property. As the current density increases, the GCD 

curves maintain their original shape, matching the CV results (Figure 5.10b). The 

specific capacitance based on area, volume, and weight was calculated from the GCD 

curves and is presented in Figure 5.10c and 5.10d. The maximum areal capacitance 

of 460 mF/cm
2
 (46 F/cm

3
, 20.8 F/g) can be delivered by the device at 0.25 mA/cm

2
. 

The cycling performance of the symmetric supercapacitor exhibits 78.3% capacitance 

retention after 2000 cycles at 2 mA/cm
2
 (Figure 5.10e). To estimate the specific 

energy and power density of the device, the corresponding Ragone plot is exhibited in 

Figure 5.11a and 11b. The device offers the maximum energy density of 40.9 

μWh/cm
2
 (4.09 mWh/cm

3
) with a power density of 100.5 μW/cm

2
 (10.05 mW/cm

3
), 

which outperforms most reported cellulose materials [225, 245-247, 250, 290-296]. 

This result suggests that PANI: PSS/CNP is a really hopeful candidate material for 

device applications of flexible wearable energy storage. 
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Figure 5.10 (a) Schematic illustration of the PANI: PSS/CNP supercapacitor device, (b) 

CV curves at different scan rate; (c) GCD curves at different current density; (d) 

Specific capacitance based on area and volume; (e) Specific capacitance based on total 

weight and active material weight; (f) Cycling stability of PANI: PSS/CNP device at 2 

mA/cm
2 

 

Figure 5.11 Ragone plots the symmetrical PANI: PSS/CNP supercapacitor device 

based on (a) area and (b) volume in comparison with other cellulose materials 
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5.4 Conclusion 

 In summary, a new freestanding, binder-free flexible PANI: PSS/CNF 

nanopaper electrode has been successfully fabricated by combining in situ 

polymerization with a simple and fast vacuum filtration method. Due to the effective 

combination of the cellulose as the flexible substrate and PANI: PSS as the active 

material, the PANI: PSS/CNP electrode exhibited high mechanical strength, and good 

conductance stability and superior flexibility. Besides, the PANI: PSS/CNP electrode 

yielded high specific capacitance of 2.56 F/cm
2
 (256 F/cm

3
, 233 F/g) and good 

cycling stability (81.5% capacitance retention, 8,000 cycles). Furthermore, the PANI: 

PSS/CNP-based symmetric supercapacitor showed a high areal energy density of 40.9 

μWh/cm
2
 at a power density of 100.5 μW/cm

2
. It is worth noting that PANI: PSS/CNP 

may function well as a flexible supercapacitor electrode material because 1) PSS 

served as a dopant forming a water-soluble copolymer (PANI: PSS) with PANI 

effectively improves the processability problems of PANI, as well as a surfactant to 

improve the dispersity of PANI; 2) PANI with high conductivity provides good 

electrochemical properties (high specific capacitance, long cycling life, high power 

density, and energy density) to the electrode; 3) Cellulose is chosen as the flexible 

substrate, which provides good flexibility and mechanical strength for the electrodes 

due to the abundance of hydrogen bonds among cellulose molecules. Compared to 

conventional “rigid” electronic devices, our work provides new insight into the 

development of low-cost and energy-efficient flexible electrodes for the future design 

of green electronics.    
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Chapter 6: Conclusion and future work 

Due to the increased energy consumption along with various environmental 

pollutions, there has been a crucial demand for the development of materials as well 

as their devices. Supercapacitors, as an important energy storage device, have been 

widely recognized as promising candidates due to their high power density, long 

cycling life, robust mechanical flexibility, and good operational safety. As the most 

important part of supercapacitors, the electrode is considered as a key impact on the 

successful fabrication of high performance supercapacitors. From this perspective, 

this dissertation is devoted to finding low-cost, sustainable electrode materials with 

high electrochemical performance. The obtained results from the projects indicated 

that the fabrication of the functional nanocomposite could effectively overcome the 

disadvantages of the single component electrode material to advance the performance 

of the SC. Furthermore, the attractiveness of these materials depends not only on the 

intrinsic properties of the building components but also on the methods of intelligent 

construction, hybridization, and synergy of these nanomaterials. In this regard, several 

highly facile and efficient preparation methods (microwave heating, in situ 

polymerization, and vacuum filtration) were used to synthesize nanocomposites in a 

highly controllable manner with improved electrochemical properties of the final 

product. Based on the presented results, our future work can transfer to three diverse 

directions to further improve the performance of the electrode: 1) synthesizing a 

variety of nanostructures electrode materials such as nanosize structure, porous 

structure, and architectures with different dimensions; 2) synthesizing electrode 
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materials of binary metal oxides and conducting polymer/graphene; 3) fabrication of 

asymmetric supercapacitors. 

1) Synthesize a variety of nanostructure electrode materials 

According to the charge storage mechanism of supercapacitors, the 

electrochemical performance of electrode materials is related to the ion accessible 

surface area and the kinetics of electron transfer.[297] Therefore, the surface area, 

mass loading, efficient utilization and path length for the electrolyte ion diffusion can 

be modified to adjust electrode performance. Constructing various morphologies of 

the electrode materials is a common used strategy to improve the electrochemical 

performance of the electrode materials. For instance, Dubal et al. reported the 

synthesis of PPy with different morphologies by electrochemical polymerization. The 

specific capacitance increased and charge transfer resistances values decreased when 

the nanostructure changes from nanobelts to nanosheets.[298] Except for the 

morphology, reasonable utilization of the porous structure is extremely important for 

electrode performance. This is due to 1) macropores minimize the diffusion resistance 

that facilitates the penetration of electrolyte ions to the interior surface of the 

electrode, improving the rate capability and cycle stability of the electrodes; 2) 

mesopores provide a large accessible surface area for ion transport/charge storage; 3) 

micropores contribute to increasing the specific surface area (SSA) and specific 

capacitance.[299] Furthermore, Jung, Sung et al. tuned the pore structure of porous 

graphene aerogels by controlling the electrolyte content in the exfoliation process. 

The aspect ratio of the graphene sheets and the porosity of the graphene network were 
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effectively optimized.[300] The above results indicate that we can develop a variety 

of nanostructures by adjusting the reaction conditions. 

2) Synthesize electrode materials of binary metal oxides and conducting 

polymer/graphene 

The design of binary metal oxide nanostructured electrodes is advantageous 

because the creation of active sites and defects in the grain boundaries of 

heterostructured materials leads to multiple redox activities, excellent electrical 

conductivity, and short diffusion paths. For example, Wang et al. synthesized different 

morphologies of NiCo2O4 by controlling the pH value during hydrothermal.[301] 

NiCo2O4 provided two different active sites for double redox reactions to enhance the 

charge storage capacity of the electrode. The low solution resistance at the 

electrode-electrolyte interface decreased due to the increase of the electrical 

conductivity induced by the defect that benefits the free charge carriers. The result 

indicated that binary metal oxide composites can exert the synergistic effect of pure 

oxides, which can improve capacitive performance with rapid ionic transport, superior 

conductivity, more active sites, and improved stability. Recently, binary metal oxide 

has been introduced to hybridize with carbonaceous materials (graphene, carbon 

nanotube, and activated carbon) and conducting polymers to improve the performance 

of electrode materials. Xu et al. studied the electrochemical performance of 

PANI/NiCo2O4 using CV, GCD, and EIS tests.[302] The presence of multimetal 

oxides provides additional active sites as well as a larger surface area, making the 

electrolyte more accessible to the active sites. The rough surface of the electrode 
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facilitates charge transfer between the electrode material and the electrolyte. Binary 

transition metal oxide/reduced graphene oxide nanocomposites (SnO2-Co3O4/rGO) 

has been prepared using the co-precipitation method in 2020.[303] The conductivity, 

chemical stability and mechanical support of the material increased when compared to 

bare nanoparticles and the SnO2-Co3O4 nanocomposite due to the combined 

contribution of both electric double layer capacitance and pseudocapacitance behavior. 

The above results proved that hybridization of binary metal oxide and conducting 

polymer/graphene can provide high electrochemical performance for electrodes.  

3) Fabrication of asymmetric supercapacitors 

Asymmetric supercapacitors device constructed with 

battery-type/pseudocapacitive material as the positive electrode and carbon-based 

material as the negative electrode. Benefiting from their structure, asymmetric 

supercapacitors could provide battery-like energy with supercapacitor-like power. 

Compared to the symmetric supercapacitors devices in our project, asymmetric 

supercapacitors are more suitable for commercial applications. For example, 

asymmetric supercapacitors have been fabricated using PPy@MoO3 positive 

electrode and AC as negative electrode with an energy density of 12 Wh/kg at 3 

kW/kg.[304] Kim M and coworker designed a high-voltage asymmetric 

electrochemical supercapacitor (1.9 V) using AC as the negative electrode and a 

silicon carbide-MnO2 nanoneedle (SiC-N-MnO2) composite as the positive electrode. 

Due to the synergistic effects of AC and SiC-N-MnO2, the asymmetric supercapacitor 

exhibited a specific capacitance of 59.9 F/g and an excellent energy density (30.06 
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Wh/ kg at 113.92 W/kg).[305] 

 Although encouraging results have been attained in this research, there 

are still many challenges to commercialize these nanocomposites for energy materials 

in the future. Our work provides experimental and theoretical analysis to the 

nanocomposite systems, and hopefully it could support the design of high 

electrochemical performance functional nanocomposites, and the application in the 

next-generation energy storage devices.  
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