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Abstract  
 

The depleting natural resources and ever-increasing needs of energy led to envi-

ronmental issues which attract immense attention of the researchers for future 

technology advancement in the field of energy conversion and storage. The super-

capacitor also known as electrochemical capacitors (SCs),  being a part of the elec-

trochemical energy storage devices, attracted great attention owing to it high 

power delivery > 100 time higher than battery, long cyclic life >105 and high effi-

ciency. In recent year some flexible wearable electronics have evolved in leaps and 

bounds and emerged as new market of portable and wearable electronics. To 

meet the requirement of this new market, fiber shaped SCs have been considered 

among flexible and stretchable solutions.  This dissertation presents the fabrica-

tion, electrochemical performance testing and performance optimization of dif-

ferent flexible substrates for fiber shaped SCs. Nanoscale materials offer advanced 

and exciting fabrication techniques of SC electrodes for high-performance electro-

chemical energy storage devices. In material science, major challenge is to synthe-

size the nanomaterials with desirable chemical properties and to engineer the 

nanostructures in an appropriate way. 

This thesis exhibits the successful fabrication and applications of very promising 

materials in electrochemical SCs for energy storage, including ZnO/Graphite com-

posite, manganese dioxide deposition on carbon fibers (CFs), Fe2O3 composite 

with rGO aerogel and MoS2.  The prime objective is to understand their synthesis 

processes and electrochemical performance in supercapacitor devices. First of all, 

two parallel electrode configuration devices were assembled in gel-polymer elec-

trolyte using ZnO/graphite as active material dip-coated on copper wire. The as-

sembled device exhibits excellent performance as compared to bared graphite 

powder-based electrode in term of specific capacitance, energy and power den-

sity. The cyclic and bending stability has also been evaluated. Moving towards flex-

ibility, other flexible substrates, transition metal oxides and their composites are 



investigated as electrode material for SCs. Here, CFs were selected as flexible sub-

strate and MnO2 as active material. MnO2 is electrodeposited (ED) on CFs using 

both potentiostatic and galvanostatic techniques. After comparing electrochemi-

cal performance, best performing deposition technique (galvanostatic deposition) 

was optimized by tuning deposition parameters such as, time and current density. 

The morphology of the nanostructures and their electrochemical performance 

(specific capacitance, cycling effects and bending stability) which contribute to the 

understanding of the energy storage mechanism of MnO2 based SCs is thoroughly 

investigated. In addition to single step deposition, the performance of MnO2 on 

CFs (MnO2/CF) electrode is further improved using 2-step ED of MnOx by achieving 

the full coverage of the substrate and connectivity of the nanostructured material. 

The performance of the material was also improved by introducing oxygen vacan-

cies on the MnOx surface by hydrogenation process (obtaining Mn3O4) and subse-

quently optimized by electrochemical conversion of this spinel structure into So-

dium Birnessite. Electrochemical performance and energy density of the superca-

pacitor is also enhanced by exploiting asymmetric configuration of the device in 

PVA based gel-polymer electrolytes.  In this dissertation two asymmetric devices 

are assembled: i) MnOx/CF and Fe2O3/rGO, ii) H-MnOx and MoS2 with former as 

positive electrode and later as negative material respectively. Both the devices 

have shown excellent electrochemical performance along with wide voltage win-

dows 1.2 V and 1.8 V respectively which is fundamental for high energy density 

devices. The synthesis of electrodes described in this thesis exploiting electrodep-

osition technique is simple, cost effective, and environmental friendly approach. 

It possesses great potential to fabricate low-cost and high specific energy density 

SCs. 
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Chapter 1   Motivation 

“Imagination is more important than knowledge, 

 knowledge is limited. Imagination encircles the world”. 

Albert Einstein. 

 

 

1.1 Introduction  

Owing to ever-expanding oil based global economy and the explosive growth rate 

of the population, world natural resources are depleting at greater rate. The great-

est challenge of 21st century for scientific community and policy makers, is to ex-

plore new innovative, sustainable, eco-friendly alternative energy resources. One 

of the biggest problems related to fossil fuel is environmental pollution [1]. There-

fore, there is a need to use these energy resources in an efficient and effective 

ways and explore alternative sources of renewable and sustainable energy. Flexi-

ble wearable, bendable, stretchable are the most common terminologies of the 

recent era which may intensely change one’s interaction interfaces without im-

pacting living patterns in the very near future.  

In recent years, research in the field of flexible, bendable and stretchable elec-

tronic devices is blooming gradually in smart textiles or e-textiles. Particularly, in 

the current scenario, these wearable electronic devices are in high demand, espe-

cially in biomedical field, which presents an excellent opportunity to design and 

fabricate wearable devices towards predictive analytics and treatments [2], [3].  In 

the last decade, a new market of electronics has emerged and trending towards 

miniaturization, flexible, lightweight and portable electronics suited for some spe-

cific applications [4] such as laptop computer systems, mobile phones, tablets, 

sensors network etc. Energy storage system’s characteristics have critical influ-

ence on the operability of these trending portable smart devices and greatly de-

pends on the convenience of the storage system with eloquently enhanced energy 

and power density, robustness and low cost.  But, the current flexible SCs are gen-

erally based on planar structures [5],[6] which are hefty and large, and difficultly 

meet the  energy needs of portable electronics. Recently, fiber shaped SCs in the 

form of two twisted fiber electrodes have been explored extensively, since they 

can be easily woven or knitted into electronic clothes for wearable electronics [7].  
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Figure.1 Ragone plot for different energy storage devices (Reproduced copyright permission) [8] 

Due to faster dispensation of data (one of the key objectives of the of the portable 

electronics), they required more and more electronics components to process and 

transmit data, resulting in high power demand. Therefore, high power i.e. high 

delivery rate, has shorten the battery run time (the time electronic device will run 

before it must be recharged). But consumers want batteries to run for longer time. 

To solve this problem, SCs, also called electrochemical supercapacitors (ECs), can 

offer a complementary solution for power sources, thanks to their high-power 

throughput, longer cyclic life (>100000) cycles and excellent reversibility (90-95 %) 

[9]–[11]. 

SCs are divided into two main categories based on their charge storage mecha-

nisms; electric double layer supercapacitors (ELDCs) which is normally observed in 

carbon based active material in which charge stored through physical adsorption 

and desorption at the interface between electrode and electrolyte. Second type is 

pseudocapacitors (PCs), which stored charge through Faradaic redox reaction and 

give higher specific capacitance due to intercalation/deintercalation of the of ions 

contained into the electrolyte. This phenomenon is observed in transition metal 

oxide and its composites with some carbonaceous material such as activated car-

bon, carbon nanotubes, carbon nanodots and graphene etc. 

Ragone plot, obtained for energy storage devices, allows a comparison in terms 

specific energy and specific power as shown in the figure 1.1.  It is clear from the 

plot that conventional capacitor shows higher power (> 106 W/ kg) if compared to 

conventional battery and fuel cell but lower energy density than battery and fuel 

cell. ECs have higher energy density then conventional capacitor because conven-

tional capacitors store charge on low  surface area while SCs store charge in  EDL 

setup by ions adsorption/desorption at the interface between high specific surface 

area carbon based electrodes and electrolyte [1]. It is also found that ECs deliver 

thousands of times higher power than battery of similar size [9]. Eccentric charge 
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storage mechanisms in SCs, electrostatic in case of EDLCs (fast and reversible) and 

Faradaic (highly reversible redox) in case of pseudocapacitive gives SCs much 

longer cyclic life (>105 cycles) than conventional batteries which needs higher 

charging time with limited cyclic life(<750 cycles) [12]. In other word, SCs find a 

special position in Ragone plot in terms of both energy and power density respec-

tively and bridges the gap between both conventional capacitor and batteries [1], 

[8], [12]. 

SCs, because of these distinctive properties have diverse applications:  

I. Major portion of commercial SCs are used in consumer electronics, where 

they mainly aid as backup power source for different systems such as, 

memories, microcomputers and smart watches. 

II. Short terms Power source for electrical vehicles, hybrid electrical vehicles, 

toys and starter application  

III. Supercapacitors are used as an alternative power source for flexible port-

able electronics such as sensors, antennas, LED’s and artificial skins etc. 

1.2. Research objectives  

In order to fulfill the power demands of portable and wearable electronics, fiber 

shaped flexible SCs attracting immense attentions of scientific community and re-

searchers in the recent past.  However, because of new emerging technologies 

and flexible electronics, existing commercial SCs fail to meet the intended market 

requirements because of its rigidity. Although, development of flexible fiber 

shaped SCs still a challenge which are compatible with flexible portable/wearable 

electronics. This challenge arouses a research question for scientific community 

that, is it conceivable to develop a complete package in form of flexible and wear-

able SCs? The research question can be divided into two sub-domains: 

1. how to design and configure a flexible fiber shaped SCs?  

2. how to fabricate high performance flexible fiber shaped electrodes and as-

semble SCs?  

This research is mainly focusing on the design and optimization of the configura-

tion of the green flexible electrode materials for cost-effective wearable SCs de-

vices. Flexible wire and fiber shaped SCs were fabricated, characterized and their 

performance optimized using different active materials. The main objectives of 

this research activity were: 

1. Exploring different kind of flexible substrate and optimizing the perfor-

mance of the SCs 

2. Synthesizing low cost materials to develop a cost-effective SCs  
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3. Designing different configuration (symmetric and asymmetric) to increase 

the specific performance of the SCs 

4. Exploiting (symmetric and asymmetric) configurations of the solid state SCs 

to increase the working voltage windows and specific energy.  

1.3. Organization of the dissertation 

This dissertation is divided in 6 chapters. Starting from motivation of the research, 

main objectives of this PhD thesis project are discussed in Chapter 1. 

 

Chapter 2 contains a literature review about the history of SCs, fundamental work-

ing principles, types of electrode materials, types of substrate and applications as 

well as the advancement trends of the SCs. The current advancement on the flex-

ible and wearable SCs are also reviewed in this chapter. 

 

Chapter 3 presents the design, fabrication and characterization of flexible wire-

shaped SCs in which ZnO/graphite composite used as active material in symmetric 

configuration with gel-polymer electrolyte. The electrochemical performance of 

this kind of wire-shaped SCs is investigated under flat and bending conditions at 

different stress levels. 

 

Chapter 4 is focused on electrodeposition (ED) of nanostructured manganese ox-

ides and it is divided into three main subsections. Section 4.1 described the syn-

thesis of MnO2 on CFs, exploiting different electrochemical techniques (galvanos-

tatic & potentiostatic), investigating the effects of key practical factors such as cur-

rent density and time of deposition. The effect of calcination temperature on the 

morphology is also investigated. The electrochemical performance of the 

MnO2/CF composite electrodes is probed including bending and cyclic stability at 

different stress level in symmetric conditions with gel-polymer electrolyte.  

 

Section 4.2 presents the investigation of the two-step ED of the MnOx on the CFs 

to enhance the electrochemical performance including investigation of effects of 

switching the step of deposition, time of deposition and effect of current densities 

on morphologies of the MnOx.  

 

Section 4.3 describe some optimization of the MnOx electrodes. The synthesis of 

Mn3O4 by using hydrogenation process and sodium Birnessite using electrochem-

ical activation of the Mn3O4 spinel structure was also discussed. In this section, the 

electrochemical performance of all the electrodes was evaluated using three-elec-

trode electrochemical measurements.  
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Chapter 5 is focused on asymmetric devices and it is also divided into two subsec-

tions. Section 5.1 provides detailed information about asymmetric configuration 

of SCs devices fabrication exploiting 2-step ED MnOx as positive and rGO/Fe2O3 as 

negative electrode material respectively. I have in detail discussed the green syn-

thesis of rGO/Fe2O3 composite and have also analyzed electrochemical perfor-

mance and its cyclic and bending stability. 

 

Section 5.2 presents detailed study about fabrication of a device in an asymmetric 

configuration, using H-MnOx/CF//MoS2/CF as positive and negative electrode ma-

terials respectively. I have evaluated the electrochemical performances of the 

both the devices in asymmetric configuration and its cyclic and bending stability. 

These results are very important for flexible fiber shaped SCs design, and optimi-

zation of the SCs performance. The structure of fiber shaped SCs and preparation 

methods are further improved to high performance SCs. 

 

Last but not the least, in chapter 6, the main conclusions of the study and sugges-

tions for future work are outlined. 
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Chapter 2 Literature review 

“One never notices what has been done; 

 one can only see what remains to be done”. 

  Marie Curie. 

2.1 Background 

Owing to fast depletion of global natural resources and serious environmental  

problems, researchers are focusing on not only new energy resources to replace 

these conventional means but also new energy storage devices. Countless efforts 

have already been done to find new solutions to these energy storage problems, 

such as hybrid power system, chemical cells and fuel cells. However, still there are 

lot of challenges to realize their commercial applications such as, high cost, short 

lifecycle and low temperature performance. SCs, also known as ultracapacitors or 

electrochemical supercapacitors, are believed to be propitious candidates for stor-

ing energy owing to their characteristic features such as high-power density, ex-

cellent cyclic stability, low equivalent series resistance (ESR), superior rate capa-

bility, high temperature performance and environmental benevolence [13],[14]. 

However, the restriction of surface charge storage (or near surface) make their 

energy density much lower than batteries which may not substitute the conven-

tional energy storage system, but can work as complementary to  these conven-

tional energy storage systems such as batteries [15]. 

The concept of the double layer (DL) has been investigated by chemists in 1853, 

when Hermann von Helmholtz, first modelled and developed the DL concept in 

investigations on colloidal suspensions. He has used the Faraday’s laws to solve 

the problem of the charge storage mechanism. It leads way for the advancement 

of fundamental features in capacitive technology and a quantitative science of un-

folding the nature of electrostatic behavior [16]. But it was 1957, when the first 

patent was filed by H. I. Becker at General Electric Corporation (GE), on double 

layer capacitor (DLC) ECs in which porous carbon was used as active material [17]. 

Another device was assembled using same porous carbon as electrode material in 

non-aqueous electrolyte by Standard Oil Company, Cleveland, Ohio (SOHIO) in 

1962, and registered a patent. It was recognized that “DL at the interphase be-

tween electrode and solution acts like a capacitor of comparatively high specific 

capacitance”[18]. Another disc like capacitors with electrolyte-soaked carbon 

paste as an active material separated by an ion-permeable separator was pa-

tented by SOHIO 1970 [19]. Later in 1971, SOHIO licensed this DL capacitor tech-

nology to a Japan based Nippon Electric Company (NEC). NEC was able to effica-

ciously manufacture the first commercially DLC and marketed it as 
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“supercapacitor”. Although SCs at that time had a very restricted applications and 

were mostly used as back-up power supplies for volatile computer memories or 

clock chips [16]. The capacitance performance of early generations of SCs were 

mainly hindered by high internal equivalent series resistance (ESR), due to the low 

conductivity of electrolytes and electrodes [20]. By that time, the industry scale 

growth of the SC had started with the development of key technologies. These 

problems were solved by improving the electrolyte, electrode materials and the 

engineering process. The Pinnacle Research Institute (PRI) developed the first high 

power DL capacitors named “PRI Ultracapacitors” by integrating metal-oxide in 

the electrode in 1982, which is mainly designed for military applications. In era of 

late 70’s and 80’s, Brain Evan Conway, a researcher at university of Ottawa, made 

a countless contribution to the SCs research, exploiting RuO2 as the active material 

which exhibited a high specific capacitance and a low ESR [21],[22]. This material 

(RuO2) store charges electrostatically (EDL) and also thanks to another phenome-

non called “pseudo capacitance” resulting from faradaic reaction or underpoten-

tial deposition on the surface of electrodes. Owing to his research, the concept of 

SCs has been into new era, and Conway et al. elucidated the transformation be-

tween batteries and SCs in 1991 [23]. 

Recently, SCs are used as power sources for several fields such as, mobile phones, 

communication devices, digital cameras, electric hybrid vehicles, pulse laser pro-

cedures, power supplies for computers, back-up power for RAM (random access 

memory) devices and storage for energy harvesting by photovoltaics [13]. 

2.2. Charge storage mechanisms  

2.2.1 Conventional capacitor  

Capacitors are important electrical circuit components that store energy in the 

magnitude of microfarads and help in filtering. Capacitors serve two main tasks; i) 

charge or discharge of electricity, employed for smoothing of circuit variations of 

power supplies, back-up circuits of computers, ii) blocking of the DC current to 

eliminate or extract specific frequencies [13].  

Conventional dielectric capacitors comprise of two parallel metallic plates shown 

in Figure 2.1 and to avoid the contact between these plates an insulating dielectric 

material called a “separator” is interjected between them.  
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                                           Figure 2.1 Schematic of a conventional capacitor. 

When there is a potential difference across the electrode plates, a static electric 

field develops across the dielectric layer, leading to opposite charge accumulation 

on respective plates. That is the way in which a capacitor stores energy in the elec-

trostatic field [19].  

Capacitance C (F) of the electrolytic capacitor is defined as the proportion between 

positive charge stored Q (C) to the applied potential (V) [24] 

 

𝐶 =
𝑄

𝑉
 .                                             2.1 

 

For a capacitor capacitance C is directly proportional to area A (m2g-1) of each elec-

trode and inversely proportional to the distance D (m) between electrodes [24], 

product of ℰo and ℰγ  are the constant of proportionality and ℰ0 (Fm-1) is a dielec-

tric constant or permittivity of free space and ℰγ is the dielectric constant of the 

separator between two electrodes  

 

𝐶 = ℰoℰγ 
𝐴

𝐷
 .                                     2.2  

Conventional capacitors have comparatively high-power densities, but low energy 

densities, when compared to batteries and fuel cells as shown in Figure1.1. On 

other side, battery can store higher energy density than a capacitor, but there is a 

problem with battery since their energy delivery is very low, which corresponds to 

low power density. In contrast, although capacitors store relatively less energy per 

unit mass or volume, they have very high discharge rate and hence delivery rate 

of power density very high [15], [25], [26]. 

2.2.2 Electrochemical capacitors (supercapacitor) 

 
The fundamental working principle for conventional capacitors is also true for SCs 

as shown in Figure 2.2 which is same as of schematic of conventional  
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   Figure 2.2 Schematic of electrochemical double layer capacitors 

capacitors (Figure 2.1). SCs also comprise of two electrodes separated by a sepa-

rator. The main difference between them is that, SCs electrodes normally have 

much higher specific surface areas than those for conventional capacitors elec-

trodes, and an electrolyte solution in a separator between them. This leads to the 

formation of the so-called EDL formation during charging step separated by the 

distance D. Therefore, SCs have higher specific capacitance and energy density 

than conventional capacitors due to much higher surface area A and smaller dis-

tance D between two charge layers. 

2.2.3 Type of SCs  

SC is a generic term used for different types of ECs. The basic working principle of 

SCs is based on the storage and delivery of the ions coming from the electrolyte  

 
 

Figure 2.3 Taxonomy of SCs 
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onto the surface of the electrodes as shown in the Figure 2.2. According to the 

energy storage mechanism supercapacitors are divided into three classes: electro-

chemical double-layer capacitors, pseudocapacitors, and hybrid supercapacitors 

[27] as shown in figure 2.3. 

 

2.2.3.1 Electric double layer capacitors  

The design and fabrication of the EDLC is similar to batteries.  It consists of two 

electrodes (usually carbon-based on metallic current collectors), an electrolyte 

and ion permeable separator enclosed in suitable package [10] as shown in Figure 

2.4. The concept of EDL was first coined and modelled by Helmholtz, when he 

studied the distribution of opposite charges formed at the interface between elec-

trode/electrolyte which are at an atomic distance from each other as shown in 

Figure 2.5a. This model is same as two plate conventional capacitor. This model 

was further studied and improved by Gouy and Chapman by considering the con-

tinuous distribution of anions and cations of the electrolyte driven by thermal mo-

tion, named as diffusion layer (DL) as shown in Figure 2.5b which leads to overes-

timation of the EDL capacitance.  

 

Figure 2.4 Schematic of EDLC adapted [Tecate group website] 

As the capacitance increases inversely with distance (separation between two 

electrodes), charges close to the electrode surface exhibit higher capacitance as 

compare to distance charges [28], [29]. Later, Stern came with new solution by 

combining these two models and present a new model. In his model, he recog-

nized  two regions of electrolyte ions distribution, named inner line a compact 

layer (because of very strong absorption of ions) and outer line as diffusion layer 

as shown in Figure 2.5c [30].  He introduced two new terms, inner Helmholtz plan 

(IHP), the distance of closest approach of specifically adsorbed ions (generally an-

ions) and outer Helmholtz plan (OHP) are non-specifically adsorbed ions, d is the 

DL distance defined by the Helmholtz model. It is clear from the Figure 2.6 that, 

during charging process, the electrons move from negative to positive electrodes  
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Figure 2.5 Models of the EDL: a) the Helmholtz model, b) the Gouy–Chapman model, c) the Stern 
model, showing the inner Helmholtz plane (IHP) and outer Helmholtz plane (OHP). (Reproduced 
copyright permission) [28]. 

through external load. The electrolyte ions (cations/anions) will accumulate elec-

trostatically at the respective electrodes surfaces and create DL to offer electro- 

neutrality of the SCs [9], [13]. This EDLCs thickness will be influenced by many fac-

tors such as, size of electrolyte ions, electrolyte concentration, the solvent in 

which electrolyte dissolved, chemical affinity  between the electrolyte ions and 

electrode surface [28], [31]. The thickness of the EDL can be quantified by the De-

bye length λd according to the expression 2.3 [31],  

      

                            𝜆𝑑 = 𝐾−1 =  √2𝑒2𝑐𝑜
ℰℰ𝑜𝑘𝐵𝑇     ⁄              2.3    

 

This Debye length gives characteristic length by which thickness can be calculated. 

The Debye length plays a critical role in determining the size of EDL’s and indicate 

how much charge can be stored. At low electric potential, the formula to calculate 

EDL is same as of two parallel plate capacitor described in equation 2.2 where d 

represents effective thickness of the EDL (Debye length) [28]. As there is low ap-

plied potential across the two electrodes, no chemical reaction occurs, and charge 

storage is non-Faradaic leaving no chance of swelling of active material like bat-

teries during charging and discharging. The most common carbon-based materials 

used in EDLC are activated carbon, porous carbon, carbon nanotube and graphene 

oxide  [32], [33]. In summary, carbon electrode materials with high surface area 

will lead to enhanced  specific capacitance and energy density, as compared to 

conventional capacitors [10] but still lower than batteries. 
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                    Figure 2.6 Charging and discharging of the electric double layer SCs  
 

2.2.3.2 Pseudocapacitors  

PCs is another type of SCs which, compared to electrostatic charge storage of 

EDLCs, store charges through Faradic reactions. In this charge storage mechanism 

transfer of charge between electrode and electrolyte is involved [34]. Once a volt-

age is applied to a PCs, redox reaction occurs on the electrode material, which 

undergo the passage of ions across the DL, resulting in Faradic current passing 

through the SCs cell.  According to Zhang et al. [35] several Faradaic processes may 

occur such as: i) under potential adsorption, ii) redox pseudocapacitance (PC), iii) 

intercalation PC as shown in Figure 2.6 by an example [36]. Underpotential ad-

sorption mechanism observed, when monolayer of electrolyte cation is adsorbed 

on the active material surface as demonstrated in Figure 2.7 a. The second type of 

redox PC will happen, when electrolyte species are electrochemically adsorbed on 

the surface or near surface of active material with an affiliated Faradic-charge 

transfer as shown in Figure 2.7b. The final type as shown in Figure 2.7c, intercala-

tion PC is observed, when electrolyte ions insertion happens into the tunnels of 

electrode materials convoyed by a Faradic-charge transfer with-out any crystallo-

graphic phase transition. The occurrence of these redox processes will be influ-

enced by physical procedure, electrode morphology and composition. These types 

of faradic processes are normally observed in transitional metal oxides or conduc-

tive polymers which offer them to attain greater specific capacitance and energy 

densities as compared to typical EDLCs. This shows that in a single electrode both 

the mechanism can be observe at the same time. PCs like batteries gave higher 

energy density but suffer with power density and cyclic stability if compare to 

EDLCs. Thus, this field has great potential for scientists to investigate and explore 

new affordable and suitable active materials for enhancing the performance of 

pseudocapacitive materials and device performance. 
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Figure 2.7 Various types of redox mechanisms in PCs: a) underpotential adsorption, (b) redox PC, 
(c) intercalation PC. (Reproduced copyright permission) [32]. 

2.2.3.3 Hybrid supercapacitors 

EDLCs provide excellent cyclic stability, good high-power delivery while in the case 

of PCs, they provide superior specific capacitance. If we want to exploit character-

istics of both EDLCs and PCs, we need to combine them, achieving the energy 

source of battery-like material, with a power source of capacitor-like electrode in 

a single cell [37]. With a precise electrode materials blend, except EDLCs and PCs, 

there exists another kind of SCs which is called, hybrid-capacitors. The battery-

type Faradaic electrode materials in a hybrid device offer enhanced energy density 

for couple of reasons: firstly, the electrodes can function over double the voltage 

window range as compared to simple double-layer Carbon/Carbon capacitor, 

therefore we have double the charge stored in the hybrid device for the same 

amount of carbon material. Secondly, the battery-type electrode material preju-

dices the potential of the hybrid cell around that of its electrochemical potential. 

Hybrid capacitors are classified into three different categories based on electrode 

configuration: i) composite, ii) asymmetric, iii) Battery-type hybrid.  

 

Composite electrodes 
 

In composite electrode fabrication, carbon-based materials are normally com-

bined with either transition metal oxides or conducting polymers in one electrode, 

resulting in an electrode working by both electrostatic and electrochemical charge 

storage mechanisms [24]. Recently, two different types of composites have been 

reported in literature: binary and ternary composites. binary composites comprise 

two different electrode materials carbon material and metal oxide or hydroxide 

[38], while in ternary case, it employs three different electrode materials to fabri-

cate one electrode normally consists of carbon material, metal oxide/hydro-oxide 

and conducting polymer [14]. 
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Asymmetric hybrid SCs 
 

Asymmetric hybrid SCs are fabricated from two different supercapacitor-type 

electrodes, one electrode being of a EDL material and the other being of a PC ma-

terial. In precise, the coupling of negative electrode (activated carbon) with a pos-

itive electrode (conducting polymer) has attracted countless attention by the re-

searcher [39]–[41]. The dearth of an efficient, negatively charged, conducting pol-

ymer material has restricted the success of CP based pseudocapacitors.  As con-

ductive polymers-based electrodes have low energy density than EDLC’s because 

of low conductivity of the conductive polymers, so this problem is tackled by de-

signing a hybrid supercapacitor in which activated carbon is used as negative elec-

trode and conductive polymer as positive [41] to attain higher energy and power 

densities than EDLCs. 

 

Battery-like hybrid supercapacitors 

 

As for asymmetric hybrid supercapacitors, battery-like hybrid supercapacitors are 

fabricated by coupling two dissimilar electrodes; but battery-like hybrid are dis-

tinctive in coupling a SCs electrodes with a battery electrode. This particular ar-

rangement echoes the demand for high energy SCs and high-power batteries, by 

mingling the energy features of batteries with the cyclic life, power density and 

charge/ discharge time of SCs. Recently, researchers are focusing mostly on using 

Ni(OH)2, PbO2, and CoxNi1-x(OH)2 as one electrode and rGO as the other [42]–[46]. 

Nowadays not many data are available on battery-like hybrid SCs as compare to 

other type of SCs, but the available data recommends that these hybrid SCs may 

be possible solution to cover the gap between SCs and batteries as shown in 

Ragone plot in Figure 1.1. In spite of the convincing research outcomes, the com-

mon agreement is that more focus studies will be essential to discover the full 

potential of battery-like hybrid SCs [42], [43]. 

2.4. Basic tools for SCs performance evaluation  

Various test methods have been devised and applied to measure the electrochem-

ical performance of SCs such as Cyclic voltammetry (CV), constant current 

charge/discharge (CCCD). All these tools are used to measure specific capacitance, 

ESR, energy density, power density.  

2.4.1. Cyclic Voltammetry (CV)  

CV characterization employ a linear changed of potential between negative and 

positive electrodes in two electrodes device or between working electrode and 
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reference electrode in case of three electrodes system. The rate of change of po-

tential is measured in mV s-1 is (called sweep rate or scan rate) and denoted by, 

“ν” and the potential between two extremes, is called voltage window or opera-

tional potential window. In cyclic voltammetry measurements, a current response 

is recorded against constant rate of potential is applied, during anodic and ca-

thodic sweep to characterize the involved electrochemical reactions. The data ob-

tained are usually plotted  in graphs plotted as current (A) vs potential (V) as 

shown in the Figure 2.8 [47]. 

To study the charge storage mechanisms of SCs electrode materials where EDLC 

and PC types are different from each other in electrochemical behavior, CV testing 

with the three-electrode setup is observed as the most suitable technique [47], 

[48]. The qualitative analysis can be done by simply analyzing the shape of the CV:  

 

 
          Figure 2.8 Typical cyclic voltammetry 

rectangular shape is the representative of the EDLCs and shapes with pronounced 

anodic and cathodic peaks are representative of the PCs [49]. But, this is not 

enough for differentiating between ELDCs and PCs materials. The more quantita-

tive and reliable analysis for understanding the data of CV characterization to infer 

the contribution from EDLCs and PCs mechanism separately is, to employ the facts 

that for EDLC 𝐼(𝑉) ∝ 𝜈  while for PCs 𝐼(𝑉) ∝  √𝜈 [22], [36]. The problem is, that 

this approach also has limitation in ability to separate the contributions of reac-

tions happening roughly at the same time scale [47] so more theoretical and ex-

perimental investigations are needed to solve this problem. 

2.4.2 Constant current charge/discharge (CCCD) 

CCCD characterization is most commonly used technique for SCs performance 

measurement under constant current [50]. It is measured by repetitive charging 

and discharging of SCs at constant current density in specific voltage window and 

graph of potential vs Time is achieved as an output as shown in Figure 2.9. Here 

selection of the constant current is very critical for consistent and reproducible 

results. 
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Figure 2.9 Charge and Discharge curve 

CCCD is considered as the handiest and precise approach to characterize SCs de-

vices, because all three core performance parameters CT, RES and Vo  are measured 

and later used to calculated other important parameter such as time constant, 

energy and power density. It is also used for testing cyclic stability of the device. 

2.4.3 Specific capacitance  

The specific capacitance of the cell can be calculated using the following equation 

[33], 

 

𝐶𝑐𝑒𝑙𝑙 =
𝑄

2𝑉
=

1

2𝑉𝑣
∫ 𝑖(𝑉)𝑑𝑉 ,             2.4

𝑣+

𝑣−

 

 

where Ccell is the cell capacitance, 𝑖 is the current, 𝑣 is the sweep rate, and 𝑉 (𝑉 = 

𝑉 + - 𝑉 -) represents the working potential window. The specific capacitance is 

computed by using the following equation [51], 

 

                              𝐶𝑠𝑝 = 
𝐶𝑖  

𝐵𝑖
 = 2 

𝐶𝑐𝑒𝑙𝑙

𝐵𝑖
 = 4 

𝐶𝑐𝑒𝑙𝑙

𝐵𝑖
 ,                        2.5 

 

where Bi is the mass of one electrodes. Capacitance was also calculated by using 

charge and discharge measurement using following equation [49], 

 

                               𝐶𝑠𝑝 =
𝐼

𝑑𝑉/𝑑𝑡
                                               2.6     

where 𝐼 is the discharge current, V the voltage and t is the discharge time, 𝑑𝑉/𝑑𝑡 

is obtained from the slope of the charge/discharge curve.  
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2.4.4 Energy density and power density 

The two primary traits of the SCs are specific energy and specific power density. 

For either attributes, density can be calculated dividing each quantity by per unit 

mass or per unit volume (depending on the SC technology also per unit area of 

unit length). The energy E of the capacitor can be computed using the following 

relation, which is directly proportional to the capacitance [33], 

E =  
1

2
 Ccell V

2                                                 2.7 

 

Ei =  
1

2
 
Ccell

Bi
 V2                                               2.8 

Where Ccell is the capacitance calculated by using equation (2.4), E and Ei are en-

ergy and energy density respectively, Bi is the mass of active materials (two elec-

trodes). The power density P can be calculated by dividing energy density E per 

unit time T. But for power density computation, one aspect must be considered 

that capacitors are characterized as circuit connected in series with external load 

resistance, “R” as depicted in Figure 2.1. 

The internal resistance, which is computed in aggregate by a number known as an 

equivalent series resistance (ESR), comprises of resistance of internal components 

of capacitor, such as current collector, electrode and dielectric material. The volt-

age during discharge is determined by these resistances when, measured at cor-

responding impedance (R = ESR), the maximum power density P for a SCs can be 

calculated as follows [24], [26], [33], 

 

                               𝑃 =  
𝑉2

4𝐸𝑆𝑅
=  

E

tdischarge
                  2.9 

 

               𝑃𝑖 =  
𝑉2

4𝐸𝑆𝑅
        =  

𝑃

𝐵𝑖
                        2.10 

 

tdischarge is the time of discharge of the device, 𝐵𝑖 is the mass of the electrodes, 

𝑃 and 𝑃𝑖  are the power and power density respectively. This relationship shows 

that power density is inversely proportional to the 𝐸𝑆𝑅 and effect the maximum 

power density. 

2.5 Material for supercapacitors 

As discussed above, specific capacitance, energy and power density are strongly 

dependent on capacitance, so electrodes material have vital role in performance  
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Figure 2.10 The specific capacitance values of various materials for both EDLCs electrode and PCs 
electrodes. (Reproduced copyright permission) [52].  

of the SCs as shown in the Figure 2.10 below in which the specific capacitance of 

the electrode material compared with the type of the material used [52]. As it is 

clear from the Figure 2.10 Ruthenium dioxide and its composite electrodes shows 

the highest specific capacitance of almost 1000 F g-1
. The high specific capacitance 

of RuO2 correspond to high conductivity and highly reversible charge and dis-

charge [53]. But the problem with RuO2 based electrodes (critical raw material for 

ECs) is, its high toxicity and cost which limit its application in SCs [54]. Recently, 

researchers are focusing their studies on inexpensive and non-toxic electrode ma-

terials to explore new cost-effective and environment friendly materials. In the 

coming section, I will discuss some of the most used materials and their behavior 

as SC’s electrode.  

2.5.1 Carbon based materials for EDLC’s behaviors 

Carbonaceous materials are characterized as most used class of material for SCs, 

since they offer a high specific surface area, high conductivity, high stability, non-

toxicity and easy fabrication, which are vital parameters to enhance the EDLC. Be-

cause of these characteristics, carbon material has attracted immense attention 

of the researchers of its application in SCs as electrode material especially in 

EDLCs. Normally carbon-based SCs display a pure rectangular shape of CV and 

symmetrical triangular distribution in CCCD profile which is characteristic of EDLCs 

[55]. A material is considered to be a good material for EDLCs, if it exhibits excel-

lent interparticle conductivity in porous matrices and easy approachability of the 

electrolyte ions to active sites of material [22]. High specific surface area of carbo-

naceous materials along with appropriate pores size distribution, pore volume, 

particle size, electrical conductivity, surface functional groups, allow to achieve 

high specific capacitance, high specific power and cyclic life [56].  Most commonly 
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used carbon materials as active material for SCs are, activated carbon, carbon aer-

ogels, carbon nanotubes (CNTs),  porous carbons and carbon nanofibers, all of 

them characterized by high specific surface areas [57]. As described in literature, 

both activated carbon and carbon aerogels exhibit a maximum specific capaci-

tance in the range of 40-160 F g-1 [57]  and carbon nanotubes (CNT) electrodes 

demonstrated a highest specific capacitance of 180 F g-1 in aqueous electrolyte 

potassium hydroxide (KOH) [32], [58]. 

According to the studies in literature, even if carbon materials with high specific 

surface area and excellent electrolyte accessibility to active sites is used, the cell 

can exhibit a relatively low specific capacitance. This is because, their high resis-

tivity, owing to the contact resistance among carbon particles, activate a high in-

trinsic series resistance, and also some inaccessible active site of the carbon ma-

terial which leads to a reduced SCs performance. It is supposed that future re-

search on carbon materials will be on fabrication of carbon-based electrodes with 

high surface area, rationale pore distribution, and reasonable surface variation so 

as to improve overall specific capacitance and conductivity without damaging sta-

bility of the electrodes [59]. 

2.5.2 Faradic material 

Carbon based materials used for EDLCs have problems of low specific capacitance 

and low energy density. There is another class of electrode materials called, Fa-

radic materials, commonly employed as active electrode materials for PCs, for 

which the charge storage mechanisms are based on the fast and reversible surface 

redox reactions (Faradic reactions) and offer 10-100 times higher specific capaci-

tance than EDLCs. Currently, lot of research groups are studying faradaic materials 

to change and synthesize the appropriate materials for PCs [59]. There are two 

types of faradic materials: i) Conducting polymers and ii) transition metal oxides. 

2.5.2.1 Conducting polymers (CPs) 

CPs are attracting great attention in recent years because, they offer high charge 

density, low-cost, substantial structural variety, environment friendliness, high 

electrical conductivity in a doped condition, high porosity/ excellent reversibility, 

and adaptable redox reactions through chemical alteration, which characterized 

them suitable as electrode materials for SCs [60], [61]. As compared to high spe-

cific surface-area carbon electrode based EDLCs, CPs based PCs accumulate higher 

amount of charges electrostatically (EDLCs) and via fast reversible faradaic pro-

cesses, since CPs used both surface (as EDLC) as well as bulk of the material for 

pseudocapacitance [61]. First application of CPs was confirmed for SCs in the 

1990s [62],  when CPs display pseudocapacitance via doping/de-doping of the pol-

ymer, which results in electrolyte ions intercalation/de-intercalation inside the 

polymer electrodes to keep charge neutrality [63], [64]. The most common CPs 
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used, namely polyaniline (PANI), poly(3,4-ethylenedioxythiophene) (PEDOT), and 

polypyrrole (PPy), to exhibit specific capacitance equivalent to or higher than 

many transition metal oxides, the second main class of pseudocapacitive materi-

als. Nonetheless, CPs employed as electrode materials often endure notable deg-

radation, because of the mechanical instability instigated by oxidation and reduc-

tion during the charge/discharge procedures. This mechanical instability of CPs, 

during charging and discharging which, results in the poor cyclic life of the CPs 

based electrodes, has seriously limited their practical applications.  This is because 

of CPs agglomerate during electrode fabrication and  material tend to strip off 

from the substrate [61].  All those above-mentioned problems have restrained CPs 

to be exploited as active electrode material in SCs in pristine form.  Hence, it is 

very important to combine CPs with other materials to fabricate a CPs composite, 

which is advantageous for the manufacturing of electrode materials with a high 

specific capacitance and excellent cycling stability. 

2.5.2.2 Transition metal oxide (TMOs) 

TMOs are characterized as the best potential electrodes material for electrochem-

ical SCs because they offer very high specific capacitance coupled with a low re-

sistance ensuing a high power density than a conventional carbon material, which 

attract great attention in commercial application [65]. Like CPs, they also not only 

accumulate charges electrostatically as in carbon-based electrode materials but 

also demonstrated electrochemical faradaic-reactions between TMOs electrode 

materials and electrolyte ions within suitable voltage windows [66]. The pre-req-

uisites for TMOs to be potential candidate for SCs electrodes are [67]: i) metal 

oxides should have low electrical resistance, ii) the metal shall have two or more 

oxidation states that co-exist with stable phase including irreversible variations of 

a 3D crystal-structure, iii) ions can spontaneously intercalate into lattice crystal 

structures on reduction reaction (or deintercalated on oxidation) permitting facile 

transition of O2 ↔ OH-. To date, most studied TMO materials are, RuO2, MnO2, 

Fe3O4, Co3O4, NiO and V3O5 which are used for PCs. Among the above mentioned 

TMOs, RuO2 is the best performant electrode material, owing to its high specific 

capacitance, long cyclic life, low resistance, excellent electrochemical reversibility 

and its high rate capability [59]. As mention above, the outstanding performance 

of RuO2 in SCs (with theoretical capacitance of 1358 F g-1) has captivated many 

scientists, but the dearth of abundance, toxic nature and high-cost of Ru are major 

shortcomings for commercialization of RuO2 based electrodes for SCs and has lim-

ited its applications [66]. 

Owing to high-cost consideration, unfriendliness of RuO2, researchers have put 

substantial efforts to explore cheaper and environment friendly alternative mate-

rials which exhibit same electrochemical behavior as of RuO2. Some of those new 

alternative materials are: TiO2, NiO, MnO2, MnFe2O4, Fe3O4, WC, V2O5 and ZnO. 

But these alternatives have their own limitations such as, low specific capacitance, 
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poor cyclic stability, and low electrical conductivity. To elucidate these problems 

of low electrical conductivity and cycling stability of TMOs, it is advantageous to 

prepare composites with carbon-based materials in order to make use of syner-

gistic effects. 

2.5.3 Carbon material composite with transition metal oxide 

Many investigations have been conducted by researchers to enhance the perfor-

mance of inexpensive TMOs based electrodes including compositing the TMOs 

with carbonaceous materials and CPs which has helped them to overcome the 

problem of low conductivity of the TMOs [59]. Because it helps to shorten diffu-

sion path length of metal oxides for electrons and cations of the electrolyte and 

allow more current to flow which results in higher specific capacitance. 

Manganese oxides (MnOx) presently considered to be relatively low-cost, no tox-

icity, and environment friendly inexpensive alternative TMOs with high theoretical 

capacitance value ranging from 1100 to 1300 F g-1 [68]. Nanostructured manga-

nese dioxide electrode materials had shown exceptional electrochemical proper-

ties. However, their conductivity is generally low, which seriously affects their spe-

cific capacity, cyclic life, and scalability [69].  

MnOx is available in different stable crystalline phases, such as MnO, Mn2O3, 

Mn3O4, and MnO2. First application of the MnOx as an electrode material in SCs 

was reported by lee et al. in 1999 [70] has captivated key consideration and is 

accepted a promising substitute class of pseudocapacitve materials for SCs at a 

starting point. The specific capacitance of the MnOx mainly comes from the pseu-

docapacitive charge storage mechanism which is escribed to be reversible oxida-

tion/reduction transitions including mutual exchange of proton and/or cations 

with electrolyte solution and usually underwent transitional changes from 

M(III)/Mn(II), Mn(IV)/Mn(III), and Mn(VI)/Mn(IV) within the electrode potential 

window of the electrolyte [59], [71], [72]. The potential charging and discharging 

reaction occur for Mn are as follows, 

 

MnOx surface/ bulk + C+ + e - ↔ Mn (OOC) surface/ Bulk                      2.10 

 

where C+ shows the protons and alkali-metal cations (Li+, Na+, K+) in the electrolyte 

solution and MnOx & Mn (OOC+) show MnO2.nH2O in oxidation and reduction 

states, respectively. It is clear from the literature, that electrochemical perfor-

mances of MnOx electrodes are highly contingent on the morphology, crystal 

structure, defect interaction, porosity and surface which have very prominent role 

defining the electrochemical properties [73]. Highly dedicated and focus investi-

gation have been conducted for regulating the synthesis conditions to optimize 

capacitance and power density performance of MnO2 with appropriate morphol-

ogy and crystal structure [59]. 
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Many techniques have been used to synthesize MnO2, such as, sol gel technique 

[74], [75] solution-based chemical routes [76], thermal decomposition [77], co-

precipitation [78]. Unfortunately, most of these synthesis method have some 

problems: firstly they employ dangerous, lethal solvent and reducing mediators 

[79]. Secondly, the thickness of active materials loaded using hydrothermal or sol-

gel method is hard to control [59]. 

Electrodeposition (ED) method is considered to be the best method for the syn-

thesis of the MnO2 as active material for SCs which offer many advantages over 

the above-mentioned techniques. Owing to robust environmental directive, cur-

rent emphases are on classifying alternate methods through environmental be-

nign green chemistry methods. Electrochemical deposition has several distinct ad-

vantages for the preparation of the thin film material [79]:  i) technique setup is 

not capital intensive, ii) low temperature deposition (room temperature) minimize 

interdiffusion, iii) uniform film deposition on substrate of complex shape with high 

degree of reproducibility, iv) film thickness can be controlled by changing the cur-

rent density and time of deposition v) ED certifies a high density of loading of de-

posited material within the voids of the substrate, vi) the composition and defect 

chemistry can be controlled by changing applied potential. ED is very flexible in 

the diversity of choice of reagents that can be employed because abundant met-

als, alloys, oxides, semiconductors, and CPs can be deposited from solution under 

conditions that are well-matched with the substrate. To get excellent electro-

chemical properties, continuous and interconnected particles film of manganese 

oxides must be deposited on substrate. Babakhani & Ivey (2010) [79] have inves-

tigated different parameters of deposited MnO2 employing galvanostatic ED tech-

niques. By altering the deposition parameters such as current density, deposition 

time, electrolyte concentration, deposition temperature and solution pH, a series 

of nanocrystalline MnO2 electrodes with different morphologies can be synthe-

sized. The best performance in terms of capacitance was achieved to be ∼230 F 

g−1 with capacitance retention of ∼88 % after 250 cycles in 0.5M sodium sulfate 

electrolyte at sweep rate of 20 mV s−1 [80].  From the literatures, it is clear that, 

ED method always exhibits higher specific capacitance but it is still much lower 

than its theoretical capacitance [81]. This lower specific capacitance is owed to its 

poor electrical conductivity (~10-7 to 10-3 S cm-1) [36]. 

In addition to MnOx, ZnO is also consider as an alternative substitute material for 

SCs. Zinc oxide (ZnO) has wide band-gap and behave as a n-type semiconductor, 

thanks to the intrinsic doping induced by oxygen positions or zinc interstitials. It is 

categorized by excellent electron transport properties and, together with the 

other metal oxide e.g. TiO2, it can be considered the most diverse TMO in energy 

and sensor applications. Owing to its unusual properties, ZnO has been success-

fully employed as electrode for dye-sensitized solar cells [82], piezoelectric nano-

generators [83], Li-Ions batteries [84] , memristors[85] and various types of sen-

sors [86], [87]. Furthermore, it can be easily synthesized into diverse 
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nanostructures such as nanotetrapods, nanotubes, nanoparticles, nanowires, 

nano rods, nanoflakes and nanosheets. Lu et al. [88] reported a specific capaci-

tance of 61.7 F g-1 for graphene-ZnO composite synthesized by ultrasonic spray 

pyrolysis and Jayalakshmi et al. in another report [89] showed a maximum specific 

capacitance of 21.4 F g-1  for ZnO/Carbon composite in aqueous electrolytes. 

In summary SCs are supposed to circumvent the problem of ever increasing energy 

needs owing to their higher specific power density and longer cyclic life than bat-

teries. The electrode materials of SCs are one of the vital aspects to realize high 

energy and power density devices. Several electrode materials have been ex-

ploited for SCs including carbon-based materials, TMOs and CPs. However, the 

pristine active materials showed poor electrochemical performance. Therefore, 

compositing electrode materials is an effective alternative to enhance the electro-

chemical performance of the electrodes. Various composite materials and synthe-

sis procedures will result in different film morphologies which will affect the elec-

trochemical performance. The drawbacks pristine electrode material (MnO2, ZnO, 

etc.) is effectively overcome by composite it with several other TMOs or carbona-

ceous materials. 

2.6. State of the art fiber-like flexible supercapacitors 

The quest of reduced, slimmer, significantly lightweight, and flexible portable elec-

tronics has just appeared as hot topic of research and application tendency. Ec-

centric device configurations have unlocked a new vision of future flexible weara-

ble electronics such as body-compatible implantable sensors, intelligent skins, and  

 

 
 

Figure 2.11 Different applications of the supercapacitors. (Reproduced copyright permission) [90]  

elastic electronics (Figure 2.11) [91]. For example, an intelligent skin may possibly 

offer a solution for real time body sensing that can help in controlling biological 

signals and healthcare information of human body while supporting human beings 
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in diverse conditions and happenings [81]. Wearable electronics entail evolution 

and fabricating an efficient electronic component such as flexible displays, transis-

tors, energy harvesting and storage devices on a single electrode substrate to re-

alize an entirely self-powered and cost-effective integrated devices  [92]. The con-

ventional SCs based on liquid electrolyte are large in size (due to encapsulation 

package for safety from dangerous electrolytes), heavy weight and rigid which 

make it difficult for conventional SC to meet the requirements of flexible electron-

ics. Although, in the recent past,researchers have been succeeded in developing 

all-solid-state planar-shape SCs [93] but these devices do not allow the sweat and 

air to pass from the human body freely and limited the wearability for different 

applications [25]. In this situation, new class of flexible fiber shaped SCs (FFSS) has 

emerged, which has diameter ranging from micrometer to millimeter, are light  

 

 

Figure 2.12 (a) 3D schematic illustration of conventional SCs and (b) Flexible SCs. (Reproduced 
copyright permission) [83]. 

weight and smaller in size. Fiber shaped SCs due to their unique structure are 

highly flexible and can be integrated into textile through knitting or weaving easily. 

A FFSS like typical conventional SCs comprises: wrapping package, flexible current 

collector (wire, carbon fibers), electrolyte (solid state polymer), negative and pos-

itive electrodes, separator as shown 2.12a. The assembly of flexible SCs is short-

ened with integrated electrode (no need of separate current collectors and bind-

ers) as shown in Figure 2.12b, because the carbon-based current collector, with 

higher electrical conductivity and flexibility, function as both the flexible current 

collector and active electrode [94]. 

2.6.1. Flexible substrates for flexible supercapacitors 

A crucial approach to enhance the specific energy density of the fiber SCs is to 

develop fiber electrodes with high specific capacitance. Additionally, flexible fiber-

based electrodes with robust mechanical properties are required for flexible and 

wearable applications. Substantial investigation efforts have been devoted for the 

fabrication of these electrode. Based on recent advances, fabrication of the flexi-

ble electrode can be classified into two main groups: (i) flexible freestanding films 

of active materials and (ii) substrate-supported active materials on flexible current 

collector [95]. 
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2.6.1.1. Freestanding films of active materials 

Recently, a new technique was reported to fabricate self-supporting and self-

standing films of active materials. This technique helps evading usage of current 

collector, additive and binder free active materials which results in reducing the 

mass of the loaded active material leads to enhanced specific capacitance and en-

ergy density respectively [96]. One of the greatest advantages of the self-support-

ing film is that, it helps in fabricating solid state SCs devices demonstrating excel-

lent strategy for best material exploitation for SCs applications[97]. Countless so-

lution and processing techniques have been demonstrated to manufacture self-

supported carbon-based electrode materials for SCs [96], specially carbon nano-

tubes nanoparticles [98], and graphene [99] and compared to all these carbon ma-

terials, carbon nanotube is the best performing electrode material owing to its 

large specific surface area (1200-2200 m2 g-1), high conductivity (104-105 S cm-1), 

well controlled regulated pore structure [100]. The thickness of the film deposited 

on flexible substrate in freestanding electrodes is very crucial and it is normally in 

the range (< 50 µm). One of the problems with the freestanding electrodes is that 

film is very delicate and can strip off from the surface of the substrate during ex-

tended bending stress. 

 

2.6.1.2. Substrate-supported flexible electrodes 

To counter the problems arose in freestanding electrodes, many experiments have 

been performed to support the active electrode material loaded on the flexible 

substrate. This method comprises growth and coating of active electrode materi-

als on porous, lightweight and flexible current collectors such as: i) flexible metal 

wires, Copper (Cu), Nickel (Ni), Stainless steel (SS), Titanium (Ti) etc. ii) carbon-

based electrodes and porous material (conventional paper, textiles, cable-type 

electrodes and bendable plastics) [95]. 

 

i) Wire shape flexible electrodes 

Flexible metal wire-base current collectors (Figure 2.13) have been widely em-

ployed as conductive substrate for SCs because they exhibited very low resistance, 

higher electrical conductivity and good mechanical stability. Various flexible metal 

wire-based current collectors have been reported in literature such as: SS [101], 

Cu[102], (Ni) [103] and Ti [104] wires, which offer not only good mechanical 

strength but also easy production process. In addition to ease of manufacturing 

process, the direct synthesis of the electrode material on the surface of the sub-

strate results in flexibility, higher specific capacitance and specific energy density. 

On contrary the synthesis of electrodes material in powder form need additional 

binders for electrode material to adhere with substrate which results in low  
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            Figure 2.13 Wire-based electrodes 

specific capacitance, low energy density and mechanical robustness [105]. Despite 

these improvements, the metal wire-based substrates used in flexible wires shape 

SCs electrodes are generally quite thick and bulkier than the loaded active mate-

rial. Therefore, as gravimetric specific capacitance depends only on mass of the 

loaded active material, so optimized mass loading is required in order to get higher 

value of specific capacitance. Moreover, the charge transportation in the thick 

electrode materials is not convenient to the surface of the current collector be-

cause of large diffusion path length, thereby greatly reducing the rate capability 

and specific capacitance of SCs [105]. This problem was elucidated by manufactur-

ing 3D foam and mesh like structures who help in loading optimum mass of the 

active material and results in improved electrochemical performance. 

 

ii Carbon flexible electrodes (carbon fibers, fabric, carbon paper) 

 

Metallic porous substrate, owing to their conductivity and porosity, are consid-

ered excellent candidates for flexible SCs application but their low corrosive  

 

 

 
 

    Figure 2.14  Carbon fiber substrate  

 

resistance confines their applicability as substrate [94] and make the device bulk-

ier because of their high density. On contrary, carbon-based flexible substrates      

(Figure 2.14) , such as carbon fiber, fabric, paper and foam demonstrate higher 
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electrical conductivity and most prominently, high flexibility and lower weight to 

make them better contender for flexible fiber-shaped SCs application [106]. Here, 

I present the current developments in the carbon-based flexible substrates for 

FSSCs. Carbon materials with outstanding chemical properties and exciting chem-

ical constituents offers large surface areas, excellent conductivity, and discrete 

carbon atoms, which can be coupled to formulate pore channels to transport elec-

tron and ions of electrolyte effectively [35]. Owing to high porosity, mechanical 

veracity and good electrical conductivity, they have been extensively used as sub-

strates in energy applications such as fuel cells and SCs [107]. For instance, Kang 

et al. described the synthesis of MnO2/carbon nanofibers nanocomposites as free-

standing electrodes and achieved the maximum capacitance of 365 F g−1 at a cur-

rent density of 1 A g−1. This freestanding electrode also exhibited good rate capa-

bility in terms of power density of 13.5 kW kg−1 and energy density of 20.9 W h 

kg−1 at 30 A g−1 along with excellent cycling stability, capacity-retention 94% of its 

original capacitance after 1500 cycles [101-102]. Similarly, Zhi et al. [103] reported 

very conductive carbon MnO2/nanofiber coaxial cables in which single electro-

spun carbon-nanofibers were deposited with an ultrathin hierarchical MnO2 layer 

which exhibits a capacitance of 311 F g−1 at the scan rate of 2 mV s−1. 

2.6.2 Architecture of flexible supercapacitors 

One of the key factors affecting SC’s performance is the architecture of the device. 

With regard to the device architecture, flexible SCs are mainly classified into three 

groups. I) fiber or wires shaped supercapacitors, ii) parallel plates flexible SCs and 

iii) interdigitated SCs 

2.6.2.1 Parallel plates flexible supercapacitors 

The very concept of the parallel plate capacitor was first introduced in 18th century 

[13] for conventional capacitors in which two plates are placed parallel to each 

other as decribed in detail in section 2.2. In this configuration, when the potential 

is applied across two plates like electrodes, an intrinsic electrostatic field will be 

generated across the dielectric with differing polarity to that of the applied elec-

trical field. But parallel plate flexible SCs are fabricated by placing two flexible elec-

trodes parallel to each other on a planar substrate and separator or gel-polymer 

electrolyte between these two electrodes to avoid the short circuit as shown in 

figure 2.15a [108]. Here, the charges are stored using (EDL or faradaic reactions 

depending on the active material used as the electrode) at the interface between 

electrode and electrolyte which are separated by a distance of < 1 nm. In order to 

enhance specific capacitance beyond the level of the traditional parallel plate  
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Figure 2.15 Architecture of parallel plate flexible SCs a), coaxial fiber SCs b). (Reproduced  copy-
right permission) [108] 

capacitor, we have to increase the surface area of the electrodes to store more 

charge particles. 

2.6.2.2 Wires or fiber-shaped supercapacitors (co-axial) 

 

Apart from parallel plate SCs comprise of two fibers electrodes twisted together, 

there have been a few efforts of evolving coaxial fiber-like SCs fabrication as 

shown in figure 2.15b [108]. Compared with two-parallel plate flexible SCs, the 

production procedure of coaxial fiber-like SCs is more complex and special actions 

must be taken to confirm the micrometric thickness of the gel-polymer electrolyte 

layer, certainly averts the chance of short-circuit among the core electrode and 

the exterior electrode during the whole device length [91]. Nevertheless, a coaxial 

fiber-like SC is an innovative energy storage device assembled on a single fiber 

structure, and there will be no potential problem of delamination of two fiber 

electrodes in commercial application as is in case of two parallel plate flexible SCs. 

Investigation towards this direction is just on an early stage. 

2.6.2.3 Interdigitated supercapacitors  

Interdigitated electrode fabrication method is a normally used for micro SCs, 

where the electrodes stick side-by-side and infuse together on a current collector 

or substrate as shown in the Figure 2.16. In comparison to traditional sandwich-

like SCs and fiber-shaped architectures, micro-SCs generally selected a planar con-

figuration with in-plane interdigital electrode interstices, which offers several ad-

vantages [14]. Firstly, the in-plane architecture configuration can increase the ap-

proachability of the active materials, as the protruding edges of the active elec 

trodes are directly exposed to electrolyte. 
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Figure 2.16 Interdigitated electrode. (Reproduced copyright permission) [109]   

Consequently, an ultrahigh specific power density is achieved which is many or-

ders of magnitude larger than that of conventional SCs and batteries. This is mainly 

significant for the cases where the electrodes are fabricated from 2D layered ma-

terials [110]. Secondly, owing to the trivial interspace amid electrode finger arrays, 

and elimination of the separators (necessary in SCs with conventional sandwich 

architectures), cell electrolyte ion-transport resistance can be reduced, and a high-

frequency response can be obtained. This is critical factor for future miniaturized 

portable electronics [111]. Thirdly, interdigitated electrodes architectures help to 

integrate micro-SCs into on-chip integrated circuits [14]. All of these advantages 

render micro-SCs with in-plane interdigitated electrodes architectures as influen-

tial candidates in miniaturized portable electronic devices application, especially 

on-chip electronic device. 

 

2.7 Applications of supercapacitors 

SCs can offer higher power densities than batteries and accumulate great amount  

 

 

Figure 2.17 Application of supercapacitors in different fields. (Reproduced copyright permission) 
[112] 
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of energy than conventional capacitors. Meanwhile, other advantages such as a 

high charge/discharge rate and a long cyclic life, SCs can be used for the following 

applications. Figure 2.17 shows some of the potential application of the superca-

pacitors in different fields, such as biomedical, smart grids, hybrid electrical vehi-

cles, E-textile, wearable fitness tools, and Airplane industry etc. 

 

2.8 Summary  

Earlier research present in literature on operating principle, electrode material 

composition, different categories and potential applications of SCs were summa-

rized in this section. The imminent technological growths of SCs are advancing to-

wards flexible SCs. The flexible SCs exploration has become a comparatively new 

area of scientific interest. Recent studies in this arena were also reviewed. Maxi-

mum studies were focus on, how to enhance the electrochemical performance of 

the SCs either synthesizing and developing new electrode material or how to de-

sign the novel configurations of the flexible SCs. It is believed that the advance-

ments in the investigations of flexible SCs will enrich knowledge of this novel and 

emerging field. This will also empower for further progress of highly flexible en-

ergy storage device and put development of smart energy source technology on 

fast-track. 
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Chapter 3 Wire shaped electrode ex-

ploiting graphite/ZnO composite 

electrode 

“I could trust a fact and always  

cross-question an assertion” 

  Michael Faraday. 

3.1 Introduction  

Wearable SCs play a crucial role as reliable flexible power supplier for replacing  

batteries which has safety and compatibility issue (e.g. bulkiness, rigidity) with  

flexible and portable electronic systems[113],[114].  In this chapter, parallel wire- 

shaped SCs were fabricated using low cost, environment friendly material exploit-

ing simple facile dip-coating technique on copper wires. Metal-wires (MWs) are 

characteristically introduced as the flexible current collector and framework for 

fabricating electrode materials for flexible fiber shaped supercapacitors, due to 

their high conductivity [115].  Here, ZnO nanoparticles are added in different con-

centrations (1 %, 5 %, 10 % and 20 % respectively) to fine graphite powder to en-

hance the specific capacitance of the active electrode material. The SCs devices 

are assembled in a two-parallel wire configuration engaging a gel-polymer elec-

trolyte which acts both as separator and ionic mediator. The electrochemical per-

formance is evaluated by using cyclic voltammetry, exhibiting the excellent energy 

storage properties of the device under bending stress conditions and textile-inte-

grated conditions. Part of this study has been published [116]. 

3.2. Experimental section 

This section contains the detail about the fabrication of the electrodes and device.  

3.2.1. Graphite-based Electrode (EDLC)  

Electrode fabrication  

 

Graphite pellet (Supreme Mineral) are ball-milled (Pulverisch 7, Fritsch, Germany) 

to obtain ultrafine graphite powder at speed of 850 rpm for 15 minutes, both 

clockwise and anticlockwise. The carbon-based slurry was prepared using 1 g of 

ultrafine graphite powder mixed with 3 ml Polyvinylidene fluoride (PVDF) solution 
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(2 wt.% PVDF in N-Methyl-2-pyrrolidone (NMP)) and ultra-sonicated for 10 min 

(Lab Sonic LBS-2 22.5 FALC) at 59 Hz frequency and 100 W power. Copper wires, 

selected as flexible substrate, are cut into 2.5 cm length pieces and prudently 

cleaned with acetone and ethanol for 5 minutes respectively. Electrodes are man-

ually fabricated by simple dip-coating technique into container comprising active 

material slurry. The mass of the loaded active material on substrate is controlled 

by keeping a fix ratio (i.e. 1:3) between active material and solvent to get an opti-

mized viscosity of the slurry, hence reproducible film of active material on sub-

strate (Cu wire). As coated samples are dried on heat plate at 100 oC for 15 min to 

evaporate excess of solvent. Mass of the loaded active material is evaluated by 

weighing before and after coating flexible substrates for specific capacitance cal-

culation. 

  

Synthesis of gel-polymer electrolyte 

 

Gel-polymer used is comprise of PVP in 1 M NaCl solution. Gel-polymer electrolyte 

is prepared by dissolving (Polyvinyl pyrrolidone (PVP-10, Sigma Aldrich) in 1 M of 

NaCl in water while continuous stirring.  Solution is heated for 4 hours until a clear 

solution is obtained.  

 

Assembly of device 

 

Graphite coated copper wire electrodes are soaked into gel-polymer electrolyte 

for 15 minutes and after this they are put on hot plat for 5 min to semi-solidify the 

polymer electrolyte. After cooling these electrodes are assembled into device in 

two electrodes parallel configurations. 

3.2.2. Graphite / ZnO based nanocomposite electrodes (PCs) 

Electrode fabrication 

 

In order to fabricate a nanocomposite slurry of ultrafine graphite and ZnO same 

procedure is repeated as mentioned above. 1 g of ball-milled ultrafine graphite 

powder is mixed with commercial ZnO nanoparticles (Zinc Oxide, APS powder - 

Nanotek, Alfa Aesar) in solvent (2 wt. % PVDF in NMP). Varied amount of ZnO na-

noparticles are mixed into the as prepared paste: 1 %, 5 %, 10 % and 20 % of ZnO 

nanoparticles upon weight of graphite respectively. After mixing all these ingredi-

ent, it is ultra-sonicated for 15 min to get a uniform slurry. Same copper wires, 

chosen as flexible substrate, are cut into 2.5 cm length pieces and prudently 

cleaned with acetone and ethanol for 5 minutes respectively. Electrodes are man-

ually fabricated by simple dip-coating technique into container comprising 
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composite slurry of graphite/ZnO.  The further process is repeated as mentioned 

above.  

 

Device assembly 

 

Same procedure was used to assemble a device as employed in case of simple 

graphite/Cu wires device. Here graphite/ZnO nanocomposite was used as active 

material. After dipping these electrodes into gel-polymer electrolyte (mention 

above), they were placed on hot plate for 5 min for electrolyte to semi-solidify. 

After cooling these electrodes were placed on a planer substrate and sealed 

properly to avoid the drying of electrolyte and device.  

3.3 Characterization of the materials  

The crystallographic characterizations of the as-synthesized samples were per-

formed with a Panalytical X'Pert MRD Pro X-ray duffractometer in Bragg/Brentano 

configuration with a Cu Kα X-ray source.  

Raman spectrum was achieved using Renishaw InVia Reflex micro-Raman spec-

trometer (Renishaw plc, Wottonunder-Edge, UK), equipped with a cooled CCD 

camera, with a laser excitation wavelength of 514.5 nm and a laser spot size of 10 

μm.  

The characterization of morphology was carried out by means of a Field-Emission 

Scanning Electron Microscope (FESEM Supra 40, manufactured by Zeiss), 

equipped with an Oxford instruments EDX Si(Li) detector (10 mm2 detection area). 

The images which contain elemental information were acquired by adjusting the 

collector bias voltage of the Everhart-Thornley detector in order to produce 

pseudo-backscattered electron images.  

Electrochemical performance of the supercapacitors was evaluated by cyclic volt-

ammetry performed with a Metrohm Autolab PGSTAT128 potentiostat / Gal-

vanostat. Galvanostatic charge/discharge measurements are obtained with an Ar-

bin Instrument Testing System model BT-2000. Both above-mentioned measure-

ments are performed in device configuration (e.g. two symmetric electrodes). 

3.4 Results and discussions 

In this section, I discuss the details about the morphology, physical characteriza-

tion (XRD, Raman) and electrochemical characterization. 

3.4.1 Surface morphologies  

Figure 3.1a shows the schematic representation of the preparation of the ultrafine 

graphite powder from granular graphite, employing ball milling machine following 
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coating of ultrafine graphite slurry on current collector (copper wire substrate). 

After the coating process, the morphology of the obtained wire-shaped electrode 

is examined by FESEM measurement as shown in Figure 3.1b, low-magnification 

top-view images exhibit the uniform deposition of composite active material on  

 

 
 

Figure 3.1  a) Shows Scheme of the coating of slurry on copper wire, b-c) shows the FESEM images 

of the coated wire-electrodes in top and cross section view respectively, d-e) higher magnifica-

tion images of the graphite slurry. (Reproduced copyright permission) [116]. 

the wire-based electrodes. In Figure 3.1c, from the cross-sectional view, it is pos-

sible to evaluate the thickness of the active material covering, which is in the order 

of tens of µm. The variation of active material layer thickness could be the conse-

quence of deposition method or due to the manual cutting for cross-section expo-

sure prior to FESEM measurements. Regarding the deposition technique, it is a 

very simple and scalable method to coat the flexible current collector with the 

active material with almost insignificant variation in the material loading. Cer-

tainly, more than 50 electrodes samples were fabricated using this method with 

an average active mass deposition of 2.0 ± 0.2 mg cm-1 and the variation in the 

deposition of active mass is not more than 10 %. Figure 3.1d-e show higher mag-

nification images of morphology of the ball-milled fine graphite nanoparticles, 

which constitute the layer of active material. It is clear from Figure 3.1d that, shape 

of the fine graphite nanoparticle obtained is not exactly flat but rather consists of 

round shape particles. The edges of the nanoparticles got damaged owing to abra-

sion during the ball milling procedure [85]. The nanoparticle has varied size distri-

bution, with lateral size varying from the scale of nanometer (nm) to the 
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micrometer(µ) and variable in thickness. It is worth noting, the porous nature of 

the deposited active material, which is vital to allow the diffusion of the electrolyte 

ions through the whole 3D carbonaceous network letting charge buildup for en-

ergy storage purpose. The aforesaid graphite-based electrode fabricated by deco-

rating with ZnO nanoparticles, to enhance its electrochemical performance as SCs 

electrode via pseudocapacitive behavior. Four different types of composite slur-

ries were prepared and investigated (see Figure 3.2a FESEM image) by adding dif-

ferent amount, (e.g. 1%, 5%, 10% and 20 % respectively), of commercial ZnO upon 

weight of graphite. ZnO nanoparticles of different aspect ratio and variable mor-

phology (see Figure 3.2a) are employed for the decoration of the graphite nano-

particles at four different amounts: 1%, 5%, 10% and 20% ZnO upon weight of 

graphite are investigated. 

 

 
 

Figure 3.2 a) Shows the FESEM images of the morphology of commercial ZnO nanoparticles, b-e) 

Panels are low-magnification FESEM images of composite slurry prepared by mixing 1 %, 5 %, 10 

% and 20 % of ZnO nanoparticles with graphite respectively. (Reproduced copyright permission) 

[116]. 

Low magnification FESEM images (Figures 3.2b-e) present ZnO nanoparticlesat dif-

ferent amount can be depicted at high-intensity (almost white) structures. These 
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sights of the amalgam pastes slurries permit to appreciate the uniform and homo-

geneous scattering of ZnO nanoparticles over sections several hundred µm2 wide, 

where the ZnO nanoparticles are arranged in small sub-micrometric agglomerates 

in all four slurries as shown in Figure 3.3a-d. 

 

 

 
 

Figure 3.3 a-d) Higher magnification images of the all four slurries. (Reproduced copyright permis-

sion) [116] 

                         
Figure3.4 X-ray diffraction (a) and Raman (b) spectra of graphite/ZnO composite. (Reproduced  

copyright permission) [116]. 
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The crystallographic structural properties of the active electrode materials are as-

sessed through X-ray diffraction and Raman spectroscopy. Figure 3.4a shows the 

diffraction spectra of the composite material in which the graphite shows a very 

strong (002) peak at ~26.3 ° (2 theta), agreeing to an interlayer spacing of 

d002=0.338 nm, characteristic of bulk graphite [117]. The ZnO shows a pure hexag-

onal wurtzitic crystal structure in a randomly oriented polycrystalline network 

(a=0.3253 nm, c=0.5215 nm, space group P63mc, JCPDS card: 89-0511). The mean 

crystallite dimension, as determined by Scherrer formula, is almost equal to 30 

nm, in line with the FESEM measurements previously reported in Figure 3.2a. Fig-

ure 3.4b shows Raman spectra, which is dominated by the structures coming for 

the graphitic features, with D peak at 1340 cm-1, G peak at 1580 cm-1 and 2D peak 

at 2695 cm-1 respectively. The D peak depicts the presence of defects on in-plane 

sp2 domains, while the G peak instigated from a first order inelastic scattering pro-

cedure including the degenerate iTO and iLO phonons at the G point (E2g mode) 

and the 2D peak is associated with the 2nd-order zone- boundary phonons [118]. 

The weak signal at ~438 cm-1 initiated from the oxide decoration of the carbon 

structure, being related with the active branch of the non-polar optical phonon E2 

high mode, related with zinc and oxygen of wurtzitic ZnO [119].  

 
 

Figure 3.5 a) Show 3D representation of two parallel electrode arrangement, b) cross-sectional 

FESEM images at lower (b) and higher (c) magnification of the PVP gel-polymer electrolyte-

coated electrodes. (Reproduced copyright permission) [116]. 

3.4.2. Electrochemical characterization  

Figure 3.5a shows the 3D schematic representation of the two parallel-electrodes 

configurations of assembled supercapacitor device. The copper wires-based elec-

trodes covered with active material were dipped in polymer electrolyte to wrap 

the electrodes with solid polymer electrolyte, has dual functionality, polymer elec-

trolyte as well as separator between two electrodes to evade short circuit. Figure 
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3.5 b-c, shows the FESEM images of the assembled devices, demonstrating the 

formation of a compact structure, with securely sandwiched between two parallel 

electrodes. Higher magnification images were also obtained to shows the cross-

sectional view (Figure 3.5c) of the electrodes, permitting to appreciate the good 

interface between the copper wire and the electrode active material as well as the 

perfect diffusion of the gel-polymer electrolyte into the porous carbonaceous net-

work. These two interfaces are the most significant in the SCs devices since the 

latter permits ions storage into the pores of the conductive materials while the 

former allows charge transfer to the substrate. Cyclic voltammetry is performed 

to evaluate the specific capacitance both in plane condition and under bending 

conditions.  

 

3.4.2.1 Graphite-based electrodes 

 

Carbonaceous materials characterize the most used class of electrode materials  

 

 

         
 

Figure 3.6  a) Shows the CVs recorded at different scan rates, b) comparison of specific capacitance 

as function of scan rate of plane and bended wire-based SCs. (Reproduced with copyright per-

mission) [116] 
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exploited for SCs fabrication, since they can deliver a high electrical conductivity 

and high specific surface area, fundamental to enhance the EDLC. Electrochemical 

double layer SCs are based on the EDL principle as described in detail in chapter 2 

Figure 2.1. In ELDC’s energy storage is obtained by electrostatic process by sepa-

rating charges at the interface between the surface of a conductive electrode and 

an electrolyte without faradaic reactions. This stored energy in EDLCs mainly de-

pends on the available active surface sites for electrolyte ion adsorption/desorp-

tion, pore structure of the active material and the conductivity of the material, 

which affects the transfer of electrolyte ions and electrons. Therefore, high-sur-

face-area of porous ultrafine graphite powder used as electrodes to obtain higher 

EDLC. As from carbon based EDLC’S, we can obtain high power density and attain 

outstanding cycling stability, but system suffer from low energy density due to a 

limited specific capacitance of carbon materials [116], [119]. Two different graph-

ite electrodes based symmetric devices were assembled in planar configuration 

and electrochemical performance was evaluated for both devices in flat position 

as well as in bending conditions. Standard cyclic voltammograms were recorded 

at different sweep rates (10, 50, 100 and 200 mV s-1 respectively), as shown in 

Figure 3.6a in a voltage window of 0.5 V. The capacitance of the cell is computed 

following the procedure described in chapter 2, using equations 2.4, 2.5, 2.6, 2.7 

and 2.8 respectively. The specific capacitances computed is 8.88 F g-1 for free de-

vice and 8.70 F g-1 for the device integrated into textile at 10 mV s-1. These data 

established that the full charge storage capacity of the SCs device maintained after 

being incorporated into the textile (plane) as shown in Figure 3.6b along with high 

magnified microscopic images. Figure 3. 6b shows the comparison of the specific 

capacitance as the function of the scan rate for both plane as well as bended de-

vices. It is depicted from the plot that there is insignificant variation in the specific 

capacitance of the device under different stress levels in bending position. The 

small variation in the specific capacitance performance (lower than 8 %) can be 

attributed to inefficient contact between current collector and active material 

while in bending condition causing the change of surface exposure of the elec-

trodes (less surface area exposed for charge storage), which diminishes the spe-

cific capacitance of the material. 

3.4.2.2 ZnO/graphite composite electrodes 

A symmetric device of graphite/ZnO based electrode are assembled, and CV char-

acterizations are performed to study the effect of the ZnO nanoparticles on the 

capacitance recorded at different sweep rates (10, 50 and 100 mV s-1 respectively) 

in a working voltage window ranging -0.5 V to 0.5 V. The composite slurries of 

various ratios of graphite and TMO’s are prepared by adding: 1, 5, 10 and 20% of 

ZnO upon weight of graphite respectively. The CVs are recorded at 10 mV s-1 for 

different ratios of graphite/ZnO nanocomposites as shown in Figure 3.7a. The 

curves show distorted conventional rectangular shape behavior (brinjual like 
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shape of CV) due to ohmic like contributions [120], without discrete Faradaic re-

dox peaks imputable to the intercalation and de-intercalation of sodium ions in 

the bulk of the ZnO from the electrolyte. Indeed, the enhanced performance of 

the nanocomposite by increasing the amount of the ZnO nanoparticles attributed 

to the combined effect of the EDL capacitance and PC related with surface redox-

type reactions in the TMOs [119]. 

 

 

      
 

 Figure 3.7 (a) Shows the CVs recorded at 10 mV s-1, b) comparison of specific capacitance vs scan 

rate of varying the ZnO amounts. (Reproduced copyright permission) [116] 

The voltammograms comparison of all the composite slurries show that the com-

posite electrode with 10 % of ZnO nanoparticles gives the best electrochemical 

performance. This indicate a substantial enhancement in capacitance perfor-

mance at this ratio, but when the ratio of the TMOs nanoparticles increased to 20 

% ZnO nanoparticles, the area of the cyclic voltammogram is reduced and semi-

conductor behavior become prominent and hence results in low specific capaci-

tance. In comparison to pristine graphite electrodes, graphite/ZnO composite 

electrodes exhibited remarkable increase in specific capacitance, i.e. 350% higher 

values. Figure 3.7b shows the specific capacitance as the function of the scan rate, 

exhibiting strikingly high value of specific capacitance for a fiber-shaped SCs: 27 F 

g-1 at 10 mV s-1 for slurry comprising 10 %  
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Figure 3.8  Shows the trend of specific capacitance vs various amount of ZnO. (Reproduced copy-

right permission) [116] 

of ZnO nanoparticles. These specific capacitance values are also in agreement with 

the literature [121]–[124]. In comparison to graphite specific capacitance, ZnO na-

noparticles give four-time higher specific capacitance, since nanoparticles offer 

more favorable sites for pseudocapacitive redox reactions. This porous structure 

of graphite /ZnO nanocomposite electrodes permit the charge particles to diffuse 

easily into the bulk of the structure of the electrodes active material and the ad-

dition of the ZnO nanoparticles show synergic effect and the total specific capaci-

tance of the device increases up to 10 % of ZnO concentration in graphite. How-

ever, it reduced exponentially, when amount of ZnO nanoparticle increased to 20 

% as shown in Figure 3.8. This decrease of specific capacitance can be attributed 

to the bigger agglomerates of the ZnO nanoparticles on the graphitic surface (as 

shown in the Figure 3.2a-b). These aggregates of ZnO nanoparticles forms a non-

conducting layer on the surface of the graphite, increasing its resistance and de-

creasing its charge storage capacity [116]. Moreover, these aggregated layers are 

linked to the surface area of the electrode and limit the interaction sites of the 

active material for electrolyte ions adsorption on electrode surface. It is also de-

scribed from Figure 3.7b that specific capacitance is a function of the scan rate, as 

we increase the scan rate, the specific capacitance decreases, because at higher 

scan rates, electrolyte ions have limited time to diffuse into pores of active elec-

trode material. This will lead to lower storage capacity and  results in lower specific 

capacitance [116]. 

3.4.3 Galvanostatic charge/ discharge & Cyclic stability 

Cyclic stability is most important feature for commercial application of the SCs, so 

galvanostatic charge/discharge technique is used to demonstrate the cyclic-stabil-

ity of the SC devices [116]. These measurements are performed at constant 
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current of 10 µA between working voltage window ranging from 0 V to 1 V. The 

measurements are performed to check stability for different cycles; e.g. 100, 200, 

300, 400 and 500 cycles respectively and device exhibits a capacitance retention 

of above 95%, even after 500 cycles as depicted in Figure 3.9a. These findings des-

ignate that a nanocomposite comprises graphite with ZnO nanoparticles and gel-

polymers electrolyte (PVP/NaCl) establish high specific capacitance as well as high 

cyclic stability. Galvanostatic constant current charge/discharge characterization 

are also conducted on the optimized electrodes (10% ZnO nanocomposite) at var-

ious currents, 10, 100, 500 µA respectively as shown in Figure 3.9b [119]. The 

charge and discharge plot exhibited almost perfectly triangular symmetric shape 

at all currents. Specific capacitance has also been computed using equation 2.6 

and achieved a specific capacitance of 27.45 Fg-1, at 500 µA current. 

 
 

               

        
 

Figure 3.9 (a) Show capacitance retention of the device against no of cycles, (b) charge/discharge 

cycles at three different current density for 10 % ZnO device. (Reproduced copyright permission) 

[116].  
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3.4.4 Supercapacitors in parallel configuration 

Supercapacitors, like any electrical components, can be connected to other elec-

tronics elements either in series or in parallel configuration depending on its ap-

plications [114]. Sometimes it is useful to connect several SCs in parallel in order  

 
 

Figure 3. 10 Schematic of the parallel supercapacitors 

 

 

    
 

Figure 3.11  a) CVs comparison of current density vs voltage of the parallel supercapacitors, b) 

comparison of the capacitance as function of scan rates. 



 

44 
 

to make a functional block such as the one in the Figure 3.12a in order to investi-

gate their properties. In such cases, it is important to know the equivalent capaci-

tance of the parallel connection block. From the CV curves, the output current of 

the two parallel connected units were measured at 10 mV s-1 and it is found that  

Table 3. 1 Summary of specific capacitance of parallel configuration 

 

 

current has increased by almost a factor of two as compared with a single unit 

shown in figure 3.13a-b and also, total capacitance of the device is almost double 

the capacitance of individual electrodes. Current densities for all capacitors re-

main same but overall capacitance density doubled, as summarized in Table 3.1. 

This designated that our devices follow the theory of typical parallel capacitors 

[114]. 

3.4.5 Bending stability 

In order to fabricate a fully developed fiber-based supercapacitor, it is necessary 

to check the stability of the SCs in bending conditions, verifying that fibers SCs 

does not lose capacitance during Bending conditions [125]. Flexibility is one of the 

core property for wearable SCs because, when it is integrated into textile, it is 

prone to multiple stresses. In order to study the effect of repeated bending 

stresses on device performance and its performance degradation, I conducted 

several bending tests under various stress levels and the results are shown in Fig-

ures 3.10a-b. The fiber-shaped SC is bended at various stress levels (bending an-

gle) starting from 30o up to 180°, then planarized and then bent again at 180° 

[119]. The device showed a retention of almost the 80% of the initial capacitance 

value under these severe stress levels. These results of bending stability are very 

promising for the further integration of such devices into textile and in agreement 

with hitherto reported performance of wearable SCs in bending conditions [125].  

 

  

Scan rate (V s-1) 
Cs / F g-1 Cs / F g-1 Cs / F g-1 

 Device 1 Device 2 Parallel Device 

0.01 6.95 7.79 12.23 

0.05 3.70 3.97 6.29 

0.1 2.69 2.98 4.29 
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Figure 3.12 a) CVs of first measurement to last measurement of repeated bending, b) normalized 

capacitance at different bending angles (inset shows bending at 60o). (Reproduced copyright per-

mission) [116] 

The values of power density and energy density were also computed for both pris-

tine graphite-based electrodes and graphite/ZnO composite electrodes using  

 
 

               
 

Figure 3.13 Show the Ragone plot and comparison of results with other fiber-shaped SCs from the 

literature. (Reproduced copyright permission) [116] 
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equations 2.8 and 2.9. A Ragone plot is drawn in order to compare the result of 

wire-shaped SCs in gel-polymer electrolyte as shown in Figure 3.11. The results of 

the specific energy and specific power are comparable with other flexible material  

used as electrode for the flexible wire-based SCs and graphite/ZnO composite 

electrode offers higher power density than OMC/CNT yarn [126] and MWNT/OMC 

electrodes [127]  and comparable to MWNT/carbon fibers [128]. 

 

3.5 Conclusion 

Composite electrodes of graphite/ZnO nanoparticles are fabricated and wire-

based SCs are successfully assembled. The structural analysis and electrochemical 

properties of the graphite/ZnO nanocomposite electrodes are investigated. In 

comparison with the pristine graphite electrodes, the graphite/ZnO nanocompo-

site electrodes demonstrated an enhanced electrochemical performance. The 

electrodes with 10 % of ZnO demonstrated almost 4-time higher specific capaci-

tance than pristine graphite electrodes, and almost same improvement factor is 

achieved in energy density and power density. Furthermore, it is found that SCs 

devices maintain good cyclic and bending stability in repeated bending condition. 

The performance of the SCs devices was also evaluated by connecting them into 

parallel configuration and devices have shown almost double current density and 

specific capacitance. All improvements described above are achieved by simple 

strategies in the fabrication process. 

This study offers useful basis to employ other high porous carbon materials with 

various other TMOs or dicalcogenides to improve the specific capacitance of the 

wearable wire-based PCs. 
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Chapter 4 Electrodeposited MnO2 

nanoflakes on carbon fibers for SCs 

“Work, finish and Publish”. 

 Michael Faraday. 

 

In recent past, a countless attention has arisen on the advancement of cost-effec-

tive, non-toxic and environment friendly substitute materials [129], [130], such as 

manganese dioxide, used as alternative to the expensive ruthenium oxide [131]. 

Since manganese oxide-based electrodes have a high theoretical capacitance (ap-

prox. 1400 F g-1), low-cost, natural bounty and good environmental compatibility 

[132], [133]. The combination of these two active materials (carbon fiber and man-

ganese dioxide) provide a synergic effect to significantly improve the supercapac-

itor performance [131]. Additionally, using a pseudocapacitive material such as 

manganese dioxide with CFs as composite electrode material with a gel-polymer 

electrolyte permits to elucidate the draw backs of electrolyte fading and large size 

of the devices employing a liquid electrolyte [134] in commercial applications 

[135].  

4.1 One step electrodeposition (ED) of MnO2 

4.1.1 Introduction  

In this study, a simple approach is used to synthesize composite electrodes com-

prising of MnO2 nanosheets deposited on carbon fibers by an anodic ED method 

without any template and binder. Here, the core CFs serves as both current col-

lector and structural spine for the MnO2 active material. Two electrodes parallel 

configuration is used to assemble a semi-solid-state SC, with gel-polymer electro-

lyte acting both as ion mediator and separator. The effect of both the electrodep-

osition current density and time on the MnO2 mass deposited and corresponding 

electrochemical performance of the devices are fully investigated, along with the 

electrolyte composition. Thanks to these attributes, the composite shows a high 

specific capacitance, enhanced rate capability, excellent cycling and bending sta-

bility. Part of this work is already published [136]. 

4.1.2. Experimental section 

This section contains details about the ED, fabrication of electrode and assembling 

of the device. 
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4.1.2.1 Electrode 

There are three electrodes in the experimental set up during ED process: refer-

ence, counter and working electrode respectively. CFs are inert, thus remain sta-

ble during electrolysis process against corrosion. Counter electrode is used to con-

trol the current flux passing through the working electrode in equal magnitude but 

in opposite direction to CFs. Reference electrode is used to maintain the constant 

over-potential throughout the deposition process [137]. 

The working electrodes used here have 3 cm length CFs substrate and they are 

purchased from Panex® 35, ZOLTEK. Prior to ED, the CFs are washed with a solu-

tion of water, ethanol and acetone with 1:1:1 ratio to remove wax and dried at 

room temperature. Platinum mesh is used as counter electrode for electrodepo-

sition of MnO2. Silver/Silver chloride (Ag/AgCl) was used as reference electrode 

for ED.  

4.1.2.2 Materials 

All the reagents and chemicals used for the preparation and synthesis of MnO2 are 

of analytical grade and used as received without any further cleansing. The rea-

gents and chemicals used for synthesis are: manganese acetate tetrahydrate                                 

Mn (CH3COO)2.4H2O > (98 % Sigma-Aldrich), Na2SO4 (98% Sigma-Aldrich), distilled 

water. Polyvinyle Alcohol PVA (Mw 89,000-98,000, 99 % hydrolyzed Sigma-Al-

drich) and NaCl (Sodium chloride, ≥99%, AR grade Sigma-Aldrich) are used for the 

preparation of the gel-polymer electrolyte. 

4.1.2.3 Electrode preparation setup 

All the manganese dioxide-based electrodes were prepared by ED both galvanos-

tatic and potentiostatic techniques using a (Bio-Logic potentiostat, VMP-300). The  

 

 
 

                                      Figure 4.1 ED set up 

ED set up comprises CFs substrate as working electrode, Platinum mesh as coun-

ter electrode and Ag/AgCl as reference electrode as shown in the Figure 4.1. After 

MnO2 deposition, all the electrodes are washed with deionized water thoroughly 
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and calcinated at 300 oC for 1 hour at ramp rate 1 oC /min and cooled down to 

room temperature. 

Fabrication of electrodes 

Manganese dioxide covered CFs were obtained by electrochemical deposition. In-

itially both potentiostatic and galvanostatic approaches are exploited: in the first 

technique, a constant potential is applied to the working electrode and current 

response is monitored, while in the latter the current is set as a constant parame-

ter and the potential is mutable. With the deposition time increasing, potential 

tends to somewhat increase in galvanostatic approach, whereas current decreases 

in potentiostatic arrangement, owing to the increase in the deposited oxide layer, 

which results in increase in the electrical resistance. Figure 4.2 displays the 3D 

scheme of the three electrodes arrangement (details on the electrode connection 

are shown in Figure 4.1). Better results were obtained with galvanostatic process, 

thus manganese dioxide deposition on the CFs is carried out by galvanostatic ED 

applying a constant anodic current of (0.7 mA) in a solution containing 0.1M man-

ganese (II) acetate (Mn (CH3COO)2, as MnO2 precursor, and 0.1M of sodium sul-

fate, as supporting electrolyte. 

 

 
 

Figure 4.2 Schematic representation of the ED. (Reproduced copyright permission) [136]  

 

Different electrode samples are synthesized, and time of deposition is optimized 

by varying deposition time ranging from 10 to 180 minutes at ambient condition. 

After the manganese dioxide deposition on the CFs, the electrodes are washed 

several times with distilled water and dried in ambient condition. After drying sam-

ple are subjected to calcination at 300 0C at ramp rate (1 0C/minute). The mass of 

the manganese dioxide deposited on the CFs substrate is evaluated by weighting 

the substrate before and after deposition using a microbalance (Sartorius CP225D) 

with capacity and accuracy of 80 and 1x10-4 g respectively.  
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4.1.2.4 Preparation of Gel-polymer electrolyte  

The gel-polymer electrolyte is prepared by adapting the method described else-

where [25]. Here, 1M solution of NaCl is prepared and Polyvinyl Alcohol (PVA) is 

added in this solution slowly while vigorously stirring. PVA + 1M NaCl gel is syn-

thesized by dissolving 2g of PVA in 10 ml of distilled water containing 1M NaCl. 

After adding PVA to the solution, it is left under stirring for 4 hours on hot plate at 

80 oC until homogeneous and highly viscus translate electrolytic gel is obtained.   
 

4.1.2.5 SC Fabrication 

SCs are fabricated as demonstrated schematically in the Figure 4.3. Two MnO2 /CF 

electrodes are used as both current collectors and active material and the gel-pol-

ymer with dual function, electrolyte as well as separator sandwiched between two 

electrodes. The MnO2 /CF electrodes are dipped into gel-polymer electrolyte for 

20 minutes in order to permit a good infiltration of gel into the porous structure 

of MnO2 and wrapping up of electrode. After wrapping, they are kept in ambient 

conditions to obtain quasi-solidification of electrolyte and then positioned onto 

flexible PET sheet in two-parallel electrodes arrangement. After partial gelification 

of electrolyte, they are enclosed in Kapton tape as packaging and bundled with 

copper tape to improve electrical contact for the electrochemical measurements. 

 

 

 
Figure 4.3 3D Schematic demonstration supercapacitor fabrication. (Reproduced copyright per-
mission) [136] 

4.1.3 Characterizations 

Physical characterization (FESEM, XRD and Raman spectroscopy) performed are 

described in detail in chapter 3 experimental section.  

TEM and STEM analyses are performed on FEI Tecnai F20 ST transmission electron 

microscope. Concerning sample preparation, parts of the MnO2 layer are detached 

from the CFs by sonication in ethanol. Then, they are dispersed and subsequently 

deposited on a holey carbon copper TEM grid. 

The chemical composition is investigated with a (PHI 5000) Versaprobe scanning 

X-ray photoelectron spectrometer using monochromatic Al [K-α] X-ray source 
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1486.6 (eV). The analyzed sample area is (500 (µm) × 500 (µm)). Different pass 

energy values are employed for survey spectra 187.85 (eV) and for high-resolution 

acquisitions (23.5 eV). All the spectra are acquired with simultaneous charge com-

pensation. CasaXPS software is used for data analysis. All corelevel peak energies 

are referenced to C 1s peak at 284.8 eV (C-C/C-H bonds)).  

The electrochemical characterization of as-synthetized MnO2 electrodes is carried 

out in a two-electrode cell in gel-polymer electrolyte. The performance of the de-

vice is evaluated according to the procedure described in detail in chapter 2. 

4.1.4 Result and discussion  

In this section, I present details about physical characterization and discuss the 

results in detail. I also discuss in detail about the electrochemical characteriza-

tions. 

4.1.4.1 Morphological analysis  

Figure 4.2 shows the 3D schematic of electrochemical deposition of Manganese 

dioxide on carbon fibers. The electrochemical synthesis of MnO2 was performed  

 

 
 

Figure 4.4 (a) Fesem images of potentiostatic, (b) galvanostatic deposition of MnO2 [136] 

initially exploiting both potentiostatic and galvanostatic techniques of deposition, 

the former results with very low MnO2 coverage as shown in the figure 4.4, while 

the latter shows some spots of deposited MnO2 owing to this reason, galvanostatic 

approach was chosen as best method and was optimized by adjusting the current 

density and time of deposition. The time of deposition was varied from 10 minutes 

up to 180 minutes to find out best time at which optimized loading of manganese 

oxide was obtained and consequently best electrochemical performance. The syn-

thesized materials are firstly examined by field emission scanning electron micros-

copy to study the evolution of morphology with deposition time.  
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Figure 4.5 a-c) FESEM images for higher galvanostatic deposition times (30, 60, 120 min respec-
tively) results in better coverage of the CFs with manganese dioxide layer, d) higher magnifica-
tion image of 120 min deposition. (Reproduced copyright permission) [136] 

As shown in Figure 4.5, the deposition time had some impact on the consistency 

of the manganese dioxide coverage. Precisely, full coverage of the fibers cannot 

be achieved at low time of deposition. For example, the 30 minutes deposited 

sample shows, there are regions, the external surface of the CFs is not covered by  

 

 
 

Figure 4.6 EDX mapping performed on the region shown in the FESEM image on the left. The an-
alyzed sample was obtained with galvanostatic 120 min deposition. (Reproduced copyright per-
mission) [136]. 
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manganese dioxide as shown in Figure 4.5a, these naked regions can be identified 

in low-magnification FESEM images as they have lower intensity (they are 

“darker”) than the covered area. After 120 minutes of deposition, full coverage of 

the CFs is achieved, as established by FESEM imaging and by EDX mapping as 

shown in Figure 4.6. The variation in the coverage of the CFs at low deposition 

times is possibly due to the actual current density provided to the CFs, which is 

considerably lower than the set current density. This resulted in lower ED rates 

which needed longer time of deposition for the full coverage of the fibers, if com-

pared to other flexible substrates, such as Ti foil [138]. The morphology of the 

nanostructured manganese dioxide layer is also examined by high-resolution im-

aging and it does not seem to be influenced by the time of deposition. Figure 4.5a-

c are typical images of the morphology of the manganese dioxide coverage, which 

consists of really thin nanosheets (thickness < 10 nm, see STEM and TEM meas-

urements in Figure 4.7a-c), as anticipated for this specific ED method, as previously 

stated in the literature [139], [140]. 

 

 
 

Figure 4.7 a) Show High-magnification FESEM images of the morphology of the ED MnO2 
nanoflakes, b) STEM HAADF image of the MnO2 nanosheets, c) TEM images of various regions. 
(Reproduced copyright permission) [136] 

4.1.4.2 physical characterization  

XRD and Raman 

Some insights on the crystal structure characteristics of the material are collected 

with X-ray diffraction and Raman spectroscopy. XRD (Figure 4.8a) exhibit the pres-

ence of an amorphous region, with only a very feeble and wide signal at 2θ ~ 37°. 

Raman measurements (Figure 4.8b) illustrate characteristics from both MnO2 in 

the 200 - 800 cm-1 region and from CFs in the 1200 - 1700 cm-1 region. In general, 

it is well-known that manganese dioxide in their several crystalline phases exhibit 

Raman signals associated with the motion of the oxygen atoms within the MnO6 

octahedral units in manganese dioxide [140]. In particular, this material demon-

strated a strong phonon band around 650 cm-1 (associated with A1g spectroscopic 

species with Mn−O symmetric vibrations) and a weak phonon band in the region 

200 - 500 cm-1 range with no explicit resonances (a fuse of Mn-O symmetric vibra-

tions and Mn- O bending vibrations). These properties of materials are well- 
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Figure 4.8 (a) XRD spectrum from MnO2/CF sample (JCPDS references for α-MnO2: 44-0141), (b) 
Raman spectrum from MnO2/CF sample, (c) XPS high-resolution scans of Mn 2p, (d) Mn 3s re-
gions of the photoelectron spectrum for the MnO2/CF sample. (Reproduced copyright permis-
sion) [136] 

matched with the synthesis of an amorphous material, in-line with XRD findings. 

At higher wavenumbers, the characteristics peaks D and G from CFs are desig-

nated at ~1350 cm-1 and ~1580 cm-1, respectively. 

 

X-ray photoelectron spectroscopy (XPS) 

 

XPS measurements are performed to study the surface chemical composition of 

ED manganese dioxide. This characterization permits the identification of MnO2, 

since there are characteristics of the XPS spectra which are sensitive to the oxida-

tion state of manganese. Precisely, the two most vital regions of the XPS spectrum 

for the identification of MnO2 phases are Mn 2p and Mn 3s. Regarding Mn 2p area, 

a multiplet structure is anticipated to arise for Mn+2, Mn+3 and Mn+4  owing to the 

existence of unpaired d electrons [141]. The specific multiplet structure depends 

on the oxidation state and it can be employed for phase identification. Further-

more, more information can be achieved from shake-up characteristics: e.g, MnO 

displays a clear shake-up constituent at the higher binding energy side of the         

2p3/2 peak [142]. In the case of the MnO2 /CF electrode, the peak structure of the 

Mn 2p area (Figure 4.8c) is indicative of manganese dioxide: the existence of mul-

tiplet splitting constituents, the nonappearance of a shake-up satellite adjacent to 

the 2p3/2 peak and the overall shape of the convoluted spectra agrees with reports 

published in the literature [143], [144]. In agreement with the previously 
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mentioned reports, low binding energy peak is not considered as a multiplet split-

ting element but it is ascribed to Mn3+, since this peak does not appear from the-

oretical computations of multiplet structure of core 2p levels for manganese [141]. 

Concerning the Mn 3s region of the photoelectron spectrum, multiplet splitting is 

responsible for the existence of two main peaks, whose binding energy difference 

can be used for phase recognition. For the evaluated sample, a binding energy 

difference of about 4.8 eV is well-matched with the manganese dioxide phase, 

rendering to previous reports [145], [146]. 

 

4.1.4.3 Electrochemical characterization  

 

Two-parallel wire configuration wearable devices are assembled employing a gel-

polymer electrolyte with dual functionality, acting as a separator and ion mediator 

(a 3D schematic of the fabricated device is shown in Figure 4.3). The electrochem-

ical performance of the MnO2/CF composite electrodes is studied by CV and con-

stant current charge/discharge measurements, while all the energy storage pa-

rameters can be computed by the equations reported in detail in chapter 2. The 

assembled devices with electrodes containing 10 minutes deposition of manga-

nese dioxide using both techniques (potentiostatic as well as galvanostatic), and 

electrochemical characterizations were performed in both cases. Figure 4.9a, 

shows the comparison of cyclic voltammograms of the galvanostatic deposition at 

different scan rates. It is observed that galvanostatic deposition shows better elec-

trochemical performance as compared to potentiostatic deposition. This is be-

cause MnO2 by potentiostatic shows very low mass loading and more compact 

while galvanostatic deposition, gives higher mass loading which are less compact 

and greatly separated from each other [147]. In galvanostatic deposition of MnO2, 

it is observed that the potential of deposition gradually decreases with passage of 

time, owing to the higher friction effect resulting from the deposition of MnO2 on 

the cathode and the interaction of ions moving in cathodic direction with the ions 

electro-transferred in anodic direction. This reduction of voltage reduces the dif-

fusion rate of MnO2 to the cathode surface and decreases deposition rate, thus I 

obtained MnO2 layered structure with less compact nanosheets, as shown in 

FESEM images [148].  It is also observed that for galvanostatic deposition CVs ex-

hibit larger and semi-rectangular shape at lower scan rates with ideal symmetry 

signifying good charge transfer within nanostructure as compared to potenti-

ostatic deposition. The better spacing between nanosheet or nanoflakes and low 

compactness leads to better diffusion of electrolyte, which results in higher cur-

rent and specific capacitance [148].  
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Figure 4.9 a) Comparison of CVs obtained at various sweep rates for galvanostatic deposition, b-
c) comparison of CVs and specific capacitance for both galvanostatic and potentiostatic. (Repro-
duced copyright permission) [136]. 

As it is clear from the Figure 4.5b, CFs are not completely covered at this current 

and time. So, I doubled the current and also increased time to optimize the cover-

age and electrochemical performance. As shown in Figure 4.10a-c, the time of 

deposition sturdily affects the capacitive performance of the SC device, with a no-

ticeable increase of the current in the CVs and results in increased specific capac-

itance, respectively.  
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Figure 4.10 a) CVs comparison recorded at 5 mV s-1 on electrode synthesized at various times of 
deposition: 10, 30, 60, 120 and 180 minutes, b-c) show a plot of the specific capacitance as func-
tion of sweep rate the for various devices in F g-1 and (mF cm-1) respectively. (Reproduced copy-
right permission) [136]. 

Even, if the manganese function as pseudocapacitive materials, there are no oxi-

dation/reduction peaks sited in the CVs. These results agree with many other re-

ports, since MnO2 PC is owed to fast and reversible faradaic interactions, which 

include the electrochemical interconversion between Mn (IV) and Mn (III) in the 

solid, and corresponding insertion of cations from the electrolyte [149]. The max-

imum specific capacitance obtained at 5 mV s-1 is computed (using equation 2. 4  
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Figure 4.11 a) Comparison of constant current charge/discharge measurements at various current 
densities for 2 hours deposited device, b) comparison of specific capacitance and mass loading 
vs time of deposition. (Reproduced copyright permission) [136].  

and 2.5 respectively) to be 62 F g-1 as gravimetric capacitance, and 23 mF cm-1 as 

length capacitance for the two-hour deposited MnO2 electrodes, which is almost 

4 orders of magnitude higher than the pristine CFs (0.02 F g-1 and 0.06 mFc m-1, 

respectively) as can be seen in comparison in Figure 4.10b-c. This value is also 

much higher than other recently published composite electrodes such as RGO-

MnO2/ RGO (22 Fg-1) [134] or CNT@MnO2 /CNT (12.5 F g-1) in PVA based gel-poly-

mer electrolytes [150]. Constant  charge-discharge measurements were also per-

formed as shown in Figure 4.11a exhibiting a good triangular profile.  In order to 

highlight the effect of the manganese dioxide deposition, Figure 4.11b demon-

strate the trend of the specific capacitance vs the MnO2 loading on the CFs. The 

specific capacitance is also computed by using the equation 2.6 from the constant 

current charge and discharge measurements and the specific capacitance is 62.5 

F g-1. 

It is a common thought, that the charge transfer resistance, ohmic resistance (ac-

tive material and electrolyte) and mass transfer resistance can influence the ca-

pacitive performance of the electrodes [151], [152]. By employing nanostructures 

as active materials, some of the aforementioned factors may become insignificant 

because these active materials deliver both, high specific surface area and fast re-

dox reaction for charge transfer. Thanks to their micro/nano attributes, the MnO2 
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/CF composite electrodes structure not only ease a fast penetration of the cations 

between electrode and electrolyte, but they are also helpful to overcome the poor 

electrical conductivity of the MnO2, both of which results in enhanced electro-

chemical performance of SCs [149]. The capacitive performance for the 180-

minutes of deposition of manganese dioxide is lower than the 120-minutes of dep-

osition time, since the increase in time of deposition has increased the corre-

sponding mass loading which results in thick manganese dioxide layer on CFs (as 

shown in Table 1 in CFs and MnO2 ratio) and possibly only a layer of manganese  

Table 4.1 CFs to MnO2 mass loading ratio 

Time of  
deposition(min)  

Mass of MnO2      depos-
ited(mg/cm) 

Ratio (CF: MnOx) 

10 0.2 1: 0.011 

30 0.6 1: 0.033 

60 1.1 1: 0.061 

120 2.56 1: 0.14 
 

 

dioxide is charged and discharged during SC testing, resulting  in a reduction in the 

energy storage behavior [125]. This confirms that capacitance of the active mate-

rial (manganese dioxide) is strongly reliant on the loaded mass and the thickness 

of the film of material involved in the synthesis of the electrodes [149].  

4.1.4.4. Effect of temperature on electrochemical performance 

The effect of calcination temperature i.e. 500 oC on the electrochemical perfor-

mance of the manganese dioxide was also studied. After synthesis of electrode 

and calcinating at 500 oC, electrochemical characterizations were performed. The 

comparison was drawn between the electrodes which are ambient dried, calcined 

300 oC and 500 oC.  It is observed that specific capacitance exhibits a 50% decrease, 

as shown in the Figure 4.12. According to Mao et al. [153] electrodeposited MnO2 

usually has inbound water content which has a appreciated effect on the specific 

capacitance by enhancing the transport of the active ionic species. The calcination 

treatment at 500 °C causes an evaporation of the inbound water content, decreas-

ing ionic transport properties and resulting in lower specific capacitance, as sup-

ported by the experimental data. 
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Figure 4.12 a) CVs comparison of samples calcinated at different temperatures, b) specific capac-
itance vs scan rate. (Reproduced copyright permission) [136] 

4.1.4.5 Cyclic stability 

Cyclic stability is considered one of the most important attributes of SC devices 

practical applications. Long-term cyclic stability of the device was tested by CV in 

a voltage window of 0.5 V for 10000 cycles at 50 mV s-1 scan rate. The SC still has 

90 % specific capacitance of initial capacitance after 10000 cycles as shown in Fig-

ure 4.13a-c. CVs are also plotted to show the degradation after various cycles and 

found a slight change in voltammograms which demonstrated that device has ex-

cellent cyclic stability. This also exhibits that the devices with gel-polymers elec-

trolytes PVA+NaCl evade loss of specific capacitance by averting the evaporation 

of the electrolyte [152]. 
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Figure 4.13 a) Comparison of CVs at various cycles, b) capacitance retention vs no of cycles after 
10000 cycles. (Reproduced copyright permission) [136] 

4.1.4.6 Bending stability & Ragone plot 

In addition to smaller size, light weight, and higher flexibility, a supercapacitor 

must have mechanical stability so that they can be deformed to almost any antic-

ipated shape, knotted or even weaved into textile [154]. Because, in their ex-

tended life cycles, these delicate fiber shaped SCs unavoidably suffer from various 

local stress under bending and other deformations, which is a real problem for 

wearable SCs in practical applications which may cause to a permanent mechani-

cal deformation over time. This inevitable failure would seriously limit the lifecycle 

and reliability of the supercapacitor, resulting in a failure of the whole device 

[155].  
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Figure 4.14 a) CVs recorded at 90o bending angle of 20 cycles, b) comparison of CVs recoded at 
different bending angles, c) capacitance retention vs bending angles (in set shows assembled 
device. (Reproduced copyright permission) [136]. 

After performing the electrochemical characterization of assembled devices, me-

chanical stability under different mechanical stresses has been examined. The cy-

clic voltammetries were recorded at different stresses levels in the angle ranges 

from 30 to 180 degrees, to evaluate the bending stability of the devices (photo 

attached inset of figure 4.14 c).  CVs are plotted as shown in the Figure 4.14a-b to 

demonstrate stability at 90o and also comparison of CVs of all the angles. It is clear 

from the Figure 4.14c that capacitance retention is almost 100 % which is in 
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Figure 4.15 Ragone plot comparison of results with other material in PVA base electrolyte. (Reproduced 
copyright permission) [136]  

 

Table 4. 2  Comparison of PVA based fiber shaped supercapacitors 

 

Sr# Electrodes electrolyte Cs 

(mF/cm) 

E 

(µWh/cm) 

P 

(µW/cm) 

Reference 

1 rGO PVA/H2SO4 27.1 0.17 100 [156] 

2 CNT fiber PVA/H2SO4 .006 - - [157] 

3 CNT fiber PVA/H3PO4 .027 - - [158] 

4 OMC/CNT 

yarn 

PVA/H2SO4 1.91 0.085 1.55 [127] 

5 MnO2/rGO 

fibers 

PVA/H2SO4 0.143 - - [159] 

6 MWCT/CF PVA/H2SO4 6.3 0.7 13.7 [81] 

7 MnO2/CF 

(Current 

study) 

 

PVA/NaCl 24 1.089 129.65 This work 

 

 

 
line with previous literature reports [125], hence exhibiting the appropriateness 

of the here demonstrated device to be integrated into textiles. The energy and 

power density values for the best performing device are computed using the equa-

tions 2.7 and 2.9 and are 530 W kg-1 and 1.087 Wh kg-1, respectively. Ragone plot 

is drawn to compare the performance of composite electrode device, especially in 

gel-polymer electrolyte with other stated composite material as shown in Figure 

4.15. It is demonstrated that MnO2/CF composite material devices exhibit higher 

specific energy and power density respectively, when connected with other 
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carbon-based composite material devices in PVA based polymeric electrolytes as 

shown in Table 2. 

4.1.5 Conclusion 

In summary, novel synthesis of MnO2/CF composite electrodes are obtained by 

galvanostatic ED of manganese dioxide nanoflakes film on CFs and fully investi-

gated from the chemico-physical aspect. Two parallel electrodes configuration is 

exploited for flexible symmetric SCs with a gel-polymer acting as both electrolyte 

as well as separator. Constant current charge/discharge and CV measurements 

exhibit excellent electrochemical performance as compared to the stated litera-

ture. The dependence of the ED time on the energy storage behavior is studied 

and maximum values of specific capacitance and length capacitance of 62 F g-1 and 

23 mF cm-1, respectively, are achieved for two hours of manganese dioxide depo-

sition. Finally, cycling and bending stability is investigated and the attained results 

demonstrate that these flexible fiber-shaped SCs possess appropriate mechanical 

and electrochemical performance as wearable power source for textile electronic 

devices. 

This innovative approach permits the required large-area synthesis and offers an 

inimitable combination of high MnO2 loading, binder-free attributes, open macro-

/meso-porous structure, high-accessibility for the electrolyte, excellent electrical 

conductivity, use of cost-effective and no-critical raw materials for the EU commu-

nity as well as optimum stability over the time. 
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4.2   2-Step electrodeposition of MnOx 

4.2.1. Introduction 

The primary objective of this study is to enhance the specific capacitance by im-

proving intrinsic kinetics, porosity and specific surface area of the material. Second 

objective was to use this material for asymmetric supercapacitors (ASC) to fabri-

cate high energy devices. In this regard, single step ED MnO2/CF electrode (detail 

in section 4.1) subjected to hydrogenation process to induce oxygen vacancies in 

the manganese dioxide film to improve intrinsic kinetics and porosity. When this 

material tested in three electrodes configuration, it exhibits a very resistive behav-

ior due to cracks in the film. To counter the problem, a new approach of 2-step ED 

of MnOx is used, which has not only improved the coverage of the CFs but also 

increases electrochemical performances of 2-step ED MnOx. The electrodes were 

also synthesized by reversing the orders of steps and time of deposition to study 

the effect on the electrochemical performance. Herein, an effective and reliable 

approach is presented to intrinsically improve the conductivity and capacitance of 

the MnOx by inducing oxygen vacancies (denoted H-MnOx) on the surface of the 

MnOx film by performing thermal treatment under hydrogen environment. Oxy-

gen vacancies plays an important role in determining properties of the manganese 

oxides. Induced oxygen vacancies on fabricated electrodes significantly improve 

the conductance and the kinetics of the surface redox reactions [132], [160]–[162] 

because of the high porosity. In this study, I have also synthesized sodium Birnes-

site using in-situ electrochemical oxidation of spinel Mn3O4 structure, in which pre-

insertion of the cations (such as Na+ and K+) in Mn3O4 strucuture can effectively 

improve the performance of the SCs [163]. 

4.2.2. Experimental section 

This section contain detail information about the synthesis of the electrodes and 

fabrication of the devices. 

 

4.2.2.1 Reagents  

All the reagents and chemicals used for preparation and synthesis of MnOx are of 

analytical grade and used as received without any further cleansing which includes 

manganese acetate tetrahydrate Mn(CH3COO)2.4H2O > (98 % Sigma-Aldrich), 

Na2SO4 (98% Sigma-Aldrich), distilled water, CFs (Panex® 35, ZOLTEK), copper 

tape, glass microscope slides. 
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4.2.2.2. preparation of MnOx   

MnOx nanoflakes are first grown on CFs substrate via 2-step ED method. The ED is 

performed in two steps using traditional three electrode configurations with CFs 

as working electrode, a Pt mesh as counter, Ag/AgCl as reference electrode re-

spectively. Prior to the ED, the CFs are cut (length 3 cm), washed in acetone, eth-

anol and distilled water in a 1:1:1 ratio, and blocked on microscope glass slides 

and are used as anode for the ED of the manganese dioxide. The end of the CFs 

bundle is tied up with a copper tape to enhance the electrical contact during the 

ED. MnOx nanoflakes deposition on the CFs is carried out by 2-step galvanostatic 

ED using instrument (CHI660D electrochemical work station), applying a two dif-

ferent anodic current densities of (0.27 mA cm-2 and 0.135 mA cm-2 for 45 min and 

75 min respectively) in a solution bath comprises 0.1M (Mn(CH3COO)2, as manga-

nese oxide precursor and 0.1M of Na2SO4, as supporting electrolyte. After first 

deposition of the 45 minutes at 0.27 mA cm-2, electrode is calcined at 150 0C for 1 

hour and then second step of deposition is performed at low current density 

(0.135 mA cm-2). The dark brown MnOx nanoflakes film is obtained with average 

mass loading of 0.25 mg cm-1 uniformly coated on the CFs. After growth CFs are 

cleaned with distilled water to remove the unattached particles and calcination 

was done at 300 0C for 1 hour. Various samples are prepared, by varying the elec-

tro-deposition current and time of depositions at room temperature. The mass of 

the manganese oxide loaded on the CFs is evaluated by weighting the CFs before 

and after ED using a microbalance (Sartorius CP225D). 

4.2.2.3. Synthesis of Mn3O4 by thermal reduction method 

Synthesis of partially crystalline Mn3O4 denoted as (H-MnOx) nanoflakes was ob-

tained by annealing as deposited MnOx in a furnace (Carbolite Tube Furnaces MTF 

12/38/400) at 250 oC for 3.5 hours at ramp rate of 2.5 oC/min under hydrogen flux.  

Figure 4.16a shows the 3D schematic detail of the complete process.  

 

4.2.2.4.  Synthesis of Sodium Birnessite from Mn3O4 spinel structure 

Birnessite is a phyllomanganate, which is a kind of manganese oxide minerals with 

major proportion of manganese having similar layer strucuture and dissimilar in-

terlayer arrangement [164]. The structure of these phyllomanganate is not well-

know and thought to be similar to chalcophanite which is based on sheets of edge-

sharing Mn4
+-O octahedra. The vacancies in Mn-O octahydra, create charge defi-

ciencies which are balanced by the external cations (i.e. Li+, Na+, K+) to form bir-

nessite [164]. Sodium Birnessite is synthesized by in-situ electrochemical oxidation 

in which Na+ cation was inserted into Mn3O4 spinel structure in the presence of 

saturated Na2SO4 solution [163], [165]. First saturated solution of Na2SO4 was pre-

pared and then using same three electrodes configuration, in which H-MnOx is 

used as working electrode, SCE and platinum rod is used as reference and counter 
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electrodes respectively. Sodium Birnessite is synthesized by cycling this H-MnOx 

electrode in this electrolyte of saturated Na2SO4 for 500 cycles and black color 

Na0.36MnO2 is prepared.  

4.2.3. Characterizations 

All the physical characterization performed to confirm the morphology, crystal 

structure (XRD, Raman) and XPS (chemical composition) described in detail in 

chapter 3 and 4. Electrochemical measurements are performed in three electrode 

set-up using SCE and platinum rod as reference and counter electrode respec-

tively, in a 1M Na2SO4 solution at pH=10. 

4.2.4. Results and Discussion  

4.2.4.1 Structural and morphological analysis  

Free standing hierarchical structure is prepared by electrodeposition as shown in 

the schematic below in Figure 4.16. Mn3O4 nanoflakes are synthesized on CFs by 

three step process which involves binder and template free anodic galvanostatic 

ED of the MnOx by two steps and thermal treatment in Hydrogen environment as 

show Figure 4.16. In our previous study [136], single step anodic ED of MnO2 per-

formed on CFs (detail in section 4.1), there were problems of coverage and cracks 

 

 
 

Figure 4.16 Schematic of 2-step electrodeposition of MnOx and hydrogenation of MnOx, a-b) 
FESEM images of 1-step deposition and 2-step MnOx coverage, c) higher magnification images of 
2-step deposition, d) higher magnification images of H-MnOx with porosity in nanoflakes. 
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on the surface of the film after calcination as shown in Figure 4.16a which degrade 

the performance of the device specially in aqueous based electrolyte. To expound 

this problem, here I have used a new approach, 2-step anodic ED which not only 

exhibited better coverage of the CFs and also fills the cracks appeared on the sur-

face of the film as shown in Figure 4.16b. The full coverage of the surface of the 

CFs is achieved with uniform film of MnOx nanoflakes of nano scale dimension < 

10 nm as expected for this kind of precursor and technique (anodic ED) [136], [139] 

and Figure 4.16c shows the higher magnification image of the 2-step ED MnOx 

nanosheets. To introduce oxygen vacancies and improved kinetics of the MnOx 

nanoflakes, the as prepared MnOx nanoflakes are reduced in hydrogen (H2 / Ar) 

environment at 250 oC for 3.5 hours (denoted as H-MnOx). The treatment has in-

troduced further porosity in nanoflakes as shown in the Figure 4.16d, when com-

pared with high magnification FESEM images of simple 2-step MnOx shown in Fig-

ure 4.16c which results in partially crystalline Mn3O4 nanosheets.  

 

4.2.4.2 Raman spectroscopy 

Structural features of the 2-step ED MnOx are investigated using Raman spectros-

copy.  Raman measurements as shown in the Figure 4.17 demonstrate character-

istics from both MnOx in the wavenumber 200 - 800 cm-1 range and for CFs in the 

wavenumber 1200 - 1700 cm-1 range. In general, it is well-established that MnOx 

in their different crystalline phases show Raman signals associated with the mo-

tion of the oxygen atoms within the MnO6 octahedral units in MnOx [140]. In par-

ticular, this material demonstrated a three Raman bands around 500, 575, 645 cm-

1 which are in agreement of three major vibrational mode of MnO2 [166], [167]. 

At higher wavenumbers, the typical D and G peaks associated with CFs substrate 

are designated at ~1350 cm-1 and ~1580 cm-1, respectively. 

 

 
       Figure 4.17 Raman spectra of 2-step MnOx 

4.2.4.3 XPS 

The XPS measurements are performed to investigate the chemical composition of 

the MnOx nanostructures. By the investigation of high-resolution scans of the Mn 
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2p and Mn 3s areas of the photoelectron spectras of (1-step MnO2, 2-step MnOx, 

H-MnOx) as shown in Figure 4.18a-b, it is probable to gather information on the 

different existing MnOx phases. The Mn 2p region is typically characterized by a 

complex shape as an effect of multiplet splitting and shake-up attributes [133], 

[161]. In this case, characteristic attributes of specific MnOx phases [140] cannot 

be identified, pointing to the simultaneous existence of different oxidation states 

of manganese.  It is possible to evaluate the average oxidation state (AOS) through 

the examination of the Mn 3s region: in fact, as reported in the literature, [162] 

peak separation in binding energy (owed to multiplet splitting) is correlated to the 

AOS by using the formula,  

       AOS = 8.956−1.126 ΔE                               

where ΔE is the difference in binding energy between the two main peaks of the 

Mn 3s region. In this case, the estimated AOS is around 3.1, which cannot be 

 

 

     
 

Figure 4.18 Comparison of high-resolution XPS scans of Mn 2p (a) and Mn 3s (b) regions of the 
photoelectron spectrum of 1-step MnO2, 2-step MnOx and H-MnOx. 

attributed to specific stoichiometric MnOx phases, thus confirming results 

achieved from the Mn 2p region. 
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4.2.4.4. Electrochemical characterization 

In our previous study [136], single step electrodeposited MnO2/CF film was sub-

jected to hydrogenation at 250 oC for 3.5 hours to further improve electrochemical 

performance of the electrode by inducing oxygen vacancies and to improved in-

trinsic kinetic behavior. But extended exposure of high temperature treatment of 

deposited film, e.g. after deposition calcination at 300 oC for one hours and sub-

sequent hydrogenation process at 250o C in hydrogen environment 2.5o C/min 

ramp for 3.5 hours, the structure of the film collapsed and disrupt the continuity 

of the structure (nanoflakes) as shown in Figure 4.16b. It behaves like resistor dur-

ing three electrodes electrochemical characterization in 1M Na2SO4 aqueous elec-

trolyte at pH=10 (adjusted by adding some drops of NaOH). The electrode resistive 

behavior after hydrogenation was attributed to surface cracks and dry shrinkage 

of the electrode because of the removal of the surface adsorbed and structural 

water elimination [73] which degrade the electrode capacitive performance in the 

aqueous electrolyte [168].  

To overcome this problem of the electrode, a new facile approach was used and 

divided the optimized two-hour deposition time [136] (at which material shows 

best performance) into 2-step deposition. In the first step, I performed ED at 

higher current density (1 mA for 45 min) and subjected this electrode to calcina-

tion at 150 oC for 1 hour to evaporate the surface adsorbed water. In the second 

step same process was repeated at lower current density (0.5 mA for 75 min). The 

bottom line of this strategy is, when I performed calcination after the first step to 

remove surface adsorbed water, film became a little dry and prone to cracks to 

appear on the surface of the film during calcination.   By performing the second 

step of deposition at lower current density, I can fill those cracks and not only have 

full coverage of CFs with interconnected nanoflakes but can get desired morphol-

ogy (nanoflakes).  

CV has been a suitable electrochemical characterization technique for evaluating 

the capacitive properties of active materials. Two mechanisms are proposed for 

MnO2 during charging and discharging, the first one indicates the intercalation of 

protons (H+) or alkali metal cations (C+) such as Li+, Na+, K + etc. in the bulk of the 

material upon reduction of MnO2 to MnOOH followed by deintercalation upon ox-

idation. As experiments are performed in slight basic environment, so charge stor-

age mechanism is as follows [73], 

 

      MnO2 + H+ + e-   ↔ MnOOH + OH-                                          (4.1) 

Or 

      MnO2 + C+ + e-    ↔   MnOOC+ + OH-                                      (4..2) 

 

The second mechanism is based on the surface adsorption of electrolyte cations 

(C+) on MnO2 [169]. 
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      (MnO2) surface + C+ + e-  ↔ (MnO2 - C+) surface                           (4.3)  

     

Here C+= cations of alkali metals e.g. Na+, K+, Li+. This mechanism of charge storage 

of MnO2 was proposed after the observation of significant difference of the CV’s 

and the specific capacitance of MnO2 in the presence of various alkali metal cati-

ons in the electrolyte [169]. It is noticed in above mentioned equations that both 

proposed mechanisms of charge storage exhibited the redox reaction between  

 
Table 4. 3  Summary of deposition and masses of deposition 

Electrode 

                               

Current -Time 

step1                            

Current -Time 

step 2 

notation    

Mass                         

mg/ cm  

1 – step MnO2 1 mA (120 min)  1-step MnO2    0 .34 

1st step sample1 1 mA (45 min)  1st step- Dep1     0.21 

Sample 1 

 

1 mA (45 min) 

 

0.5mA-(75min) 

 

Dep 1    0.29 

Sample 2 

 

0.5 mA (75 min) 

 

1mA-(45min) 

 

Dep 2    0.56 

sample 3 

 

1 mA (75 min) 

 

0.5mA-(45min) 

 

Dep 3     0.68 

H- MnOx   H-MnOX     0 .2 

Na0.36MnO2   Na0.36MnO2     0.2 

 

 

 

 
 

                                              Figure 4.19 Typical three electrodes setup 

Mn III and Mn IV of oxidation states of manganese. These mechanisms of charge 

storage in the MnO2 electrodes are based on the solid-state diffusion of electrolyte 

protons in the bulk of the active material similar to RuO2 [170] but diffusion may 

not be as fast as of RuO2 because of low electrical conductivity  of MnO2 [78]. Sub-

sequently, the charge storage might only involve the surface atoms of the MnO2 

crystallites or a very thin layer of active material. Then it might be plausible to 
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adopt that electrolyte ions would participate in the charge compensation process. 

On the other hand, the reported [66] specific capacitance for MnO2 ranges be-

tween 150 and 200 F g-1 for composite electrode, and it cannot be associated on 

to the formation of the classical EDL but both EDLC as well as PC. The electrochem-

ical characterizations of individual electrodes are performed to evaluate the elec-

trochemical behavior and stability of nanostructured material, under potential 

window ranging -0.025 V to 0.75 V in three electrode cell configurations in 1M 

Na2SO4 electrolyte at pH=10, with saturated calomel electrode (SCE) and Platinum 

(Pt) rod as reference and counter electrode respectively as shown in the Figure 

4.19. Figure 4.20a show the cyclic voltammetry comparison of all the individual 

electrodes, and Figure 4.20b show the comparison of specific capacitances of the 

all individual electrode materials. The summary of different individual electrode 

materials studied are shown in Table 4.3 along with loaded mass during deposi-

tions. The specific capacitance of the cell was calculated using the equations 2.4 

and 2.5 respectively (detail description in chapter 2). From Figure 4.20a-b, it is 

clear that deposition 1 (notation as described in Table 4.3) is the best performing 

electrode and exhibited outstanding electrochemical performance with specific 

capacitance of 267 F g-1 at scan rate 5 mV s-1 as compared to other electrodes, 94 

F g-1 for 1-step 2-hours ED MnO2, and 125 F g-1 for 1st step of deposition 1 respec-

tively. It is also clear, the 1st step of deposition 1 has less specific capacitance and 

second step of deposition has greater impact on specific capacitance value and 

morphology. It is also observed that electrochemical performance of the pristine 

CFs (which is not shown here) is very low and have negligible contribution in this 

electrochemical performance of the electrode and all the capacitive performance  

 
Table 4. 4  Specific capacitance and efficiency of the electrode 

Scan rate 

(mVs-1) 

1 step MnO2 

(F/g)                     

 

1st step Dep  

(F/g) 

 

Dep 1 

(F/g) 
Dep 2 

(F/g) 
Dep3 

(F/g) 

 

200 17 41 60 12 9 

100 26 55 93 20 15 

50 39 70 132 31 24 

30 50 83 165 40 32 

20 60 92 191 47 38 

10 77 107 231 59 49 

5 94 126 266 72 59 
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Figure 4.20 a-b) Comparison of CVs & specific capacitance vs scan rates of 2-step MnOx against 1 
step 2 hours deposition and 1st step of MnOx deposition, c-d) CVs vs potential of 2-step MnOx at 
different scan rates and specific capacitance. 
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strictly attributed to the MnOx. This value of specific capacitance for 2-step MnOx 

/CF is higher than anodically deposited MnO2 rod like structure on Au sputtered Si 

substrate with 185 F g-1 at 5 mA cm-2 [79], 210 F g-1 at 5 mA cm-2 for ED MnO2/PE-

DOT [171]. To study the effect of scan rates, CVs are recorded at different scan 

rates for 2-step MnOx starting from 5 mV s-1 to 200 mV s-1. The rate of cation dif-

fusion into the bulk electroactive electrode material could be controlled by apply-

ing different sweep rates during the electrochemical study. The electrodes elec-

trochemical behavior differs from the anticipated ideal pseudocapacitive behavior 

at the scan rate higher than 5mV s-1 owing to some polarization effect [172], [75]. 

This means complete charge or discharge of the MnOx electrodes cannot be real-

ized at this time scale. At high sweep rates, the electron reached only to the outer 

surface-active sites and half of the manganese surface atoms participate in the 

Faradaic process [173]. One reason can be that high scan rates limit the diffusion 

of Na+ ions and/or protons throughout the bulk volume of the active materials 

(MnOx electrode) and electrolyte ions probably adsorbed on the surface of the 

active material. On the contrary at lower scan rate, ions have large length of time 

to diffuse in the bulk of the material’s active sites and authorizing better interca-

lation of the ions with active sites exhibiting larger capacity to store charge and 

hence results in higher specific capacitance properties as a supercapacitor elec-

trode material. The Specific capacitances as function of scan rate for manganese 

oxide deposits synthesized under different deposition conditions are tabulated in 

Table 4.4.  

Figure 4.21a shows the comparison of the columbic efficiency of electrodes at dif-

ferent sweep rates. It is clear from the plot that efficiency constantly deteriorate 

for the 1-step electrodeposited MnO2 and 1st step of the deposition1 but for 2- 

step electrodeposited electrode shows excellent coulombic efficiency at both 

lower and higher scan rates. The longer-standing stability of both ED composite 

electrodes is also investigated using same three electrodes setup in 1M Na2SO4 

solution at pH=10 for 4000 cycles as depicted in the Figure 4.21b and the variation 

of specific capacitance is evaluated. The 1-step ED electrode shows good cyclic 

stability up to 500 cycles but after that continuous deterioration was observed in 

specific capacitance and total 30 % loss of capacitance is reported after 4000 cy-

cles. But if we compare this cyclic stability performance with 2-step MnOx, it ex-

hibits excellent cyclic stability and only 3% capacitance loss is depicted. The spe-

cific capacitance decreases a small fraction for first 1500 cycles then it increases 

to original initial value and remain stable for 4000 cycles. I have also synthesized 

electrodes by varying the time of deposition and order of steps to investigate the 

impact on the performance of the electrode. It is observed that specific capaci-

tance decreases in both case, in time variation as well as changed order of steps 

as summarized in Table 4.3 
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Figure 4.21 a) Comparison of the coulombic efficiencies of electrodes, b) cyclic stability of the 2-
step MnOx electrode. 

The improved performance in deposition 1 (2-step ED of MnOx) as compared to 

other electrodes (1-step deposition, deposition 2, deposition 3) can be attributed 

to many reasons, i) more surface coverage as compared to the 1-step MnO2 and 

1st step of deposition 1, so it has more surface area and more active sites are avail-

able for charge storage, ii) more uniform and interconnected deposition of MnOx 

is obtained in the second step deposition performed at lower current density. In 

this case first layer of deposited MnOx particles serve as seed for the growth of 

thin sheet of MnOx in the second step [79],[174]. These sheets of MnOx under gal-

vanostatic control may grow preferentially on energetically favorable sites results 

in very porous structure exhibiting relatively large specific surface area which en-

courage effective contact at active material/electrolyte interface offering more ac-

tive site for electrochemical reactions. It is observed that material with porous 

structure and interconnected nanoparticles (nanosheets) offer additional accessi-

ble active sites for electrolyte ions while maintaining adequate conductivity for 

electron transfer. This will help to store more charges and results in improved ca-

pacitance and high cycling rate. Moreover, nanosheets can provide miniscule dif-

fusion path lengths to both electrolyte ions and electrons and also enough poros-

ity for electrolyte diffusion giving rise to high charge/discharge rates [79]. iii)  As 

the second deposition was performed in the same solution bath, so lower 
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concentration of precursor in the bath along with low current density promote 

discrete oxide clusters favors growth of porous structures [172], [174].  iv) Electro-

deposition at higher current density (as in 2nd-step in deposition 2) leads to for-

mation of the aggregate of rod-like structure around nanosheets which results in 

reduced porosity and hence lower specific capacitance and same is the case with 

deposition 3. v) It is evident that the thickness of the electrodes also plays a major 

role in electrochemical performance e.g. 2-step MnOx have less mass as compares 

to other electrodes. Hence, it is reported [80], [136], that a longer diffusion length 

of ionic motion in the 1-Step, deposition 2 and deposition 3 electrodes is necessary 

from electrolyte to the inner MnOx. In the range of the applied scan rates, alkali 

cations have enough time to reach the surface of MnOx for the absorption/desorp-

tion reaction to occur favorably and results in improved electrochemical perfor-

mance.  

4.3 Synthesis of Mn3O4  

Free standing H-MnOx nanoflakes were also prepared on CFs by performing hy-

drogenation treatment as shown in scheme Figure 4.16. MnOx nanoflakes were 

first grown on CFs by 2- step ED (detail in experimental section) and then they 

were subjected to thermal treatment under hydrogen (H2) environment at 250 oC 

for 3.5 hours. This hydrogenation induced oxygen vacancies on the surface of the 

film and increased the porosity of the electrode as seen in Figure 4.16 (c-d), which 

results in partially crystalline Mn3O4 phase of manganese which is confirmed by 

XRD and Raman measurement as shown in Figure 4.22a-b.  

The hydrogenation process induces a partial crystallization of the material in the 

Hausmannite form (weak signal), as clearly evidenced in the XRD pattern reported 

in Figure 4.22a. As reported previously [136], the manganese oxide film is amor-

phous after the electrodeposition process, while after the hydrogenation step it is 

possible to identify peaks from the (101), (112), (103) and (201) planes of the 

Mn3O4 crystallographic structure, superimposed to the typical diffraction pattern 

of CFs. Raman spectroscopy is less sensitive in the precise identification of the 

crystallographic behavior of this material, since it is well-established that MnO2 in 

their different crystalline forms exhibit Raman signals associated to the motion of 

the oxygen atoms within the MnO6 octahedral units in MnO2 .The spectrum re-

ported in Figure 4.22b exhibits an intense and sharp peak at 657 cm-1 that can be 

ascribed to A1g mode which corresponds to the Mn–O breathing vibration of Mn2+ 

ions in tetrahedral coordination, and two weak features at 371 and 318 cm-1, re-

lated with Mn−O bending vibrations. At higher wavenumbers, the typical D and G 

peaks from CFs are revealed at ∼1350 cm−1 and ∼1580 cm−1, respectively.  
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Figure 4.22 XRD and Raman spectra of Mn3O4 

XPS is also performed to study the surface composition change induced by the 

thermal treatment. From the Mn 3s spectra of the untreated MnOx and the H-

MnOx (Fig. 4.18 spectra b and c) substantial change in the multiplet splitting en-

ergy induced by a change in the oxidation state. The larger the splitting energy, 

the lower the Mn valence number. The H-MnOx shows a larger splitting energy       

6 eV as compare to 5.2 eV for MnOx [143], [162].The thermal treatment under 

hydrogen flow introduced oxygen vacancies in the MnOx due to the reduction of 

Mn (IV) to Mn(III) or Mn(II). The hydrogenated manganese oxide therefore, be-

comes sub-stochiometric in oxygen (MnO2-x) and it shows a lower average oxida-

tion state 2.3 eV when, compared to the 2-step MnOx (untreated) 3.1 eV and 1-

step of deposited MnO2 4 eV. These results confirm that hydrogenation treatment 

has induced oxygen vacancies into MnOx indicating H-MnOx film comprises mixed 

oxide phase. 

Electrochemical performance evaluation of the H-MnOx (Mn3O4) was also carried 

in same three electrodes setup and shown in Figure 4.19. Figure 4.23a shows the 

CV curve of H-MnOx at different scan rate and shapes exhibit quasi-rectangular 

behavior, even as the scan rate increased from 5mV s-1 to 200 mV s-1 indicating its 

good capacitive behavior and good rate capability.  Figure 4.23b shows the calcu-

lated capacitance as a function of scan rates. It is clear from the Figure 4.23b that 

H-MnOx show very high specific capacitance of 342 F g-1 at 5 mV s-1. In comparison 

to MnOx/CF, H-MnOx exhibits an obvious pseudocapacitive behavior which can be 

ascribed to the presence of polyvalent Mn ions (Mn+3/Mn+2 couple) on H-MnOx in 
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line with the literature [162]. This value is higher than H-MnOx nanorods on con-

ductive carbon fabric (306 F g-1) [162], 261 F g-1 Mn3O4 [175] and 232 F g-1 

Mn3O4/MnOOH [176]. If we compare the electrochemical performance of the H-

MnOx with 2-step MnOx, there is a significant improvement in the specific capaci-

tance. The enhanced electrochemical performance is attributed to the oxygen va-

cancies in H-MnOx which exhibits excellent electrical conductivity and good capac-

itive behavior. Moreover, as it is confirmed from the XRD, Raman and XPS that 

oxygen vacancies-induced phase transformation led to the mixed valent MnOx 

[136]. Due to presence of this mix valent manganese oxides, redox reaction on 

surface of electrodes, surface charge storage as well as intrinsic kinetic properties 

of the material are viable to be enhanced[177], [178]. 

 

 

                            
Figure 4.23 a-b) CV comparison at different scan rates and specific capacitance H-MnOx. 

4.3.1 Electrochemical activation of Mn3O4 

The full capacitive performance of the MnOx cannot be exploited, when electro-

chemical characterizations are performed in 1M solution of neutral electrolyte, 

due to low content of cations ratio between Na+/Mn, which results in limited elec-

trochemical performance of the MnOx and low specific capacitance [163]. Many 

groups reported that pre-insertion of high content of cations [such as Na+ and K+] 

in MnOx nanostructures can effectively improve the electrochemical performance 

of the MnOx based electrodes [179].  Pseudocapacitive behavior of the MnOx is 
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highly dependent on the number of cations (Na+) inserted which can help in Mn+3/ 

Mn+4 redox couple induction and cause significant increase in the specific capaci-

tance [163], [15].   

To counter this problem of low content of cations, here in-situ electrochemical 

oxidation of Mn3O4 spinel structure (detail in experiment section) was performed 

in the same three electrodes setup in saturated Na2SO4 solution, and synthesized  

 

 
 
Figure 4.24 a) Show the coverage of the carbon fiber, b) show the interconnected hierarchical 
structure, c-d) show the comparison of the change in the morphology from Mn3O4 to sodium 
Birnessite  

Na-Birnessite hierarchical structure (lamellar nanosheet/nanoflakes) on the CFs 

substrate as shown in the Figure 4.24a-d. It is clear from the Figure 2.24a that CFs 

are well covered by the active material. This hierarchical structure offers large spe-

cific surface area to electrode material and on other side high content of Na+ cat-

ions enables the material to exhibit high specific capacitance [163], [179]. The sur-

face morphology undergoes a significant transition before and after in-situ elec-

trochemical oxidation process.  As it is clear from the images (Figure 4.24c-d) that 

after electrochemical oxidation, the final product is not only transformed into 

novel hierarchical structure composed of lamellar nanosheet /nanoflakes but also 

induced high porosity. This is also confirmed from the apparent color changes of 

the H-MnOx electrode which has changed from brownish to dark black in line with 

the literature [163].  

Raman spectra was obtained to confirm the synthesis of sodium Birnessite type 

structure as shown in the Figure 4.25. The general distinctiveness of the vibra-

tional features of Birnessite-type MnOx is their low Raman activity. Three  
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Figure 4.25 Raman spectra of sodium Birnessite 

major features can be identified at different wavenumbers range: i.e. 500–510, 

575–585 and 625–650 cm-1 respectively [163], [180]. 

The surface electronic state and chemical composition of the material was inves-

tigated by XPS as shown in the Figure 4.26. A typical XPS full survey of sodium 

Birnessite was shown in the Figure 4.26a. It consists of strong representative peaks 

of Na 1s, Cu 2p3 (impurity from copper tape used during electrodeposition), Mn 

2p3, O 1s and C 1s at 1071.3, 934, 641.9, 531.10 and 284.5 eV respectively. From 

Mn 2p core level spectra, oxidation states of Mn near surface changes from di-

valvent to tri-valent or tetravalent during electrochemical oxidation [163], [181], 

[182]. The detailed structure fruition of the Mn3O4 spinel structure to layered Bir-

nessite Na0.36MnO2 as shown in Figure 4.27 is like the procedures reported by Kim 

et al. and Jabeen et al. [163], [181], [183]. During the cyclic voltammetry scans 

(from -0.2 to 1.15 V), Mn+2 in the crystal structure of the Mn3O4 dissolved out re-

sulting oxidation of Mn+3 in higher oxidation state (Mn+4) [163], [181] with transi-

tion from tetrahedral sites to octahedral sites. Meanwhile, crystal water molecules 

intercalate into space between crystal layers forming layered Birnessite 

(Na0.36MnO2) type structure while in discharging Na+ cation will intercalate in the 

structure and act as a pillar to stabilize structure. Na+ interaction was confirmed 

by the XPS results as shown in Figure 4.26c Na 1s core level spectra, the charac-

teristic peak around 1071.3 eV, is attributed to Na+ cation appear on the surface 

of the electrode material after 500 cycles. Because of the morphology changes and 

phase transition, deposition of high surface area Birnessite would occurs during 

electrochemical oxidation [163], [181]. From the high-resolution analysis, Na/Mn 

atomic ratio determined to be 0.36 which is in line with the literature [163], [181]. 
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Figure 4.26 a) High Resolution XPS survey spectrum, b) Mn 2p spectra, c) Na 1s spectra 

 

       
 

Figure 4.27 Schematic of electrochemical activation of the spinel Mn3O4 to Birnessite Na0.36MnO2 

 It is noteworthy, that preinsertion of the high content of the Na+ cations in 

Na0.36MnO2 allowed us to work in extended potential windows -0.2-1.15 V vs SCE 

by using flexible current collector. CVs were performed at a sweep rate 10 mV s-1 

between -0.2 and 1.15 V (vs SCE) in saturated solution of the Na2SO4 for controlled 

cycles. For initial cycles anodic peaks around 1 V depicting oxidation of the Mn3O4 
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into higher oxidation state and it is observed during activation process that these 

anodic peaks and cathodic peaks at 0.7 V on negative cycles are inclined to de-

creasing trend with increasing number of cycles of activations. These peaks are 

related to oxidation and reduction of the Mn3O4 between Manganese III to IV ac-

cording to Pourbaix diagram. After performing electrochemical activation for 500 

cycles, electrochemical measurements of electrode were performed in 1M solu-

tion of Na2SO4 at pH=10 vs SCE and Pt rod as reference and counter electrode 

respectively.  

To evaluate the electrochemical performance of sodium Birnessite (Na0.36MnO2), 

typical cyclic voltammograms were recorded in different potential windows: i.e.          

-0.2- 0.8 V, -0.2-1 V and -0.2-1.15 V namely (1, 1.2 and 1.35 V respectively) and 

comparison was plotted for CV’s recorded at 5 mV s-1 as shown in the Figure 4.28a. 

It is noted that CV curves show distinct electrochemical performance and current 

densities in different potential windows. The CV curve of 1 V potential window 

shows a pair of redox peaks namely anodic peak at 0.51 V and cathodic peak 0.48 

V, corresponding to the reversible redox reaction of Mn+3/Mn+4 
 via intercalation 

and de-intercalation of the Na+ cations [184]. But as the upper cutoff potential was 

increase from 0.8 V to 1.0 V, an obvious jump of current emerges for the charging 

process at 1.0 V, which was in many study assumed as electrolysis with oxygen 

evolution reaction. But when the upper cutoff potential further increases to 1.15 

V, new two pairs of redox peaks at 0.52 V and 0.89 V anodic peaks and 0.48 V and 

0.70 V cathodic peaks were observed in the CV curves. These double pair of anodic 

and cathodic peaks are more prominent, when potential window in raised up to 

1.35 V with increased current density associated with Na+ intercalation and dein-

tercalation. The newly emerged redox couple and increased current density in 

large potential windows 1.35 V demonstrates that the Mn+3/Mn+4 redox is not 

complete and Na+ cannot be fully extracted from Na0.36MnO2 when, potential win-

dow is below 1 V. The restricted potential windows e.g. 0-0.8 V or 0-1 V adopted 

for electrochemical measurements (CV and charge and discharge) for MnO2 based 

electrodes  as reported in literature [187], [188], which results in low specific ca-

pacitance and energy density because of small voltage windows for symmetric and 

asymmetric configurations of SCs. It is noted that voltage window cannot be ex-

tended beyond 1.23 V, when working with some metallic substrate such as stain-

less steel, Ti, and Ni because they cause electrolysis of the electrolyte when po-

tential window is raised  beyond 0.8 V [163]. In this study, working potential win-

dow can be extended to 1.35 V for sodium Birnessite (Na0.36MnO2) by using carbon 

fibers and can be a potential cathode material for asymmetric SCs.  
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Figure 4.28 a) Comparison of CVs at three different potential windows, b-c) comparison of cyclic 
voltammetry at different scan rates for 1.35 V potential window. 

To understand the charge storage mechanism of the Na0.36MnO2 hierarchical 

structure and specific capacitance, CVs were recorded at different scan rates. Fig-

ure 4.28a show the comparison of cyclic voltammograms of all three potential 

windows. Figure 4.28b shows the CV curve of hierarchical structure for 1.35 V po-

tential window recorded at different scan rates starting from the 5mV s-1 to 200 

mV s-1. It is clear from the graph that as the potential windows increases, specific 

capacitance also increases from 500, 600 and 642 F g-1 for 1, 1.2, 1.35 V respec-

tively and maximum capacitance is 642 F g-1 at 5 mV s-1 against 1.35 V potential 

window as shown in Figure 4.28c as function of the scan rate. Specific capacitance 

without pre-insertion is calculated to be 328 at 5mV s-1 in the -0.025-0.75 V poten-

tial window. If the working potential window extended beyond this range, it gives 

oxygen /hydrogen evolution reactions as reported in  
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Figure 4.29 a-b) Comparison of CVs and specific capacitance between electroactive Na0.36MnO2 and 
Mn3O4, c) comparison of cyclic stability for 1 V and 1.35 V potential windows (inset CVs at differ-
ent cycles), d) columbic efficiency at different potential windows. 
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literature [9,31-32].  It is clear from the Figure 4.23b that although, H-MnOx show 

high specific capacitance value of 328 F g-1 at 5 mV s-1 as compare to the simple 

2-step-MnOx in potential window of -0.025-0.775 V but we cannot go beyond this 

restricted potential window, due to oxygen/hydrogen evolution reactions and 

hence results in low specific capacitance.  But after pre-insertion, the capacitance 

of the device increases almost double to pristine Mn3O4 spinel structure as shown 

in Figure 4.29a-b. This specific capacitance of 642 F g-1 for 1.35 V potential win-

dow is much higher than reported values Na0.5MnO2 366 F g-1 [163], KxMnO2 260 

F g-1 [189]. This indicates that crystalline phase change from Mn3O4 to Birnessite 

proceeds by electrochemical oxidation accompanied by morphological changes 

and increased specific capacitance. It is reported [163] that Birnessite Na0.36MnO2 

are more electroactive because redox couple Mn(III)/Mn(IV) in solids accompa-

nied with reversible alkali ions and proton insertion. Therefore, high capacitance 

value of the Mn3O4 electrode after electrochemical oxidation is due to the for-

mation of Birnessite structure with high surface area. To investigate the cyclic 

stability of the device over the extended voltage window cyclic performance was 

evaluated in different potential windows 1 V and maximum 1.35 V as shown in 

Figure 4.29c. It is clear from the graph, device demonstrate a cyclic stability with 

retention of over 98% of capacitance for both 1 V and 1.35 V potential windows 

and above 95% coulombic efficiency at such high scan rate as shown in Figure 

4.29d. This shows that increase in the potential window does not deteriorate spe-

cific capacitance and coulombic efficiency in extended potential windows and can 

be potential electrode for large voltage windows SCs. After hydrogenation of as 

prepared MnOx characterized as Mn3O4, converted to Birnessite Na0.36MnO2 via 

electrochemically activation. They are termed as composite material comprise of 

Birnessite structure Na0.36MnO2 and marginal portion of Mn3O4. The improved 

performance of the material is attributed to the synergistic effect of poorly crys-

tallized MnO2 and Mn3O4 in the composite material and this non-stochiometric 

Birnessite Na0.36MnO2 generating composite material possess excellent electro-

chemical performance. 

4.4. Conclusion 

 The main conclusions of the work are the following 

1. This facile method of 2-step anodic ED allows the desirable large-area synthesis 

and offer a unique combination of high MnOx mass loading, binder-free proper-

ties, excellent electrical conductivity.   

2. The oxygen vacancies induced in 2-step ED MnOx by hydrogen environment at 

250 oC have intrinsically improved conductivity and electrochemical performance 

of the material.  H-MnOx nanoflakes obtained from hydrogenation exhibit remark-

able enhanced electrochemical performance and excellent rate capability com-

pare to bare MnOx in 1M Na2SO4 at pH=10. H-MnOx with vacant oxygen sites and 
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highly porous nanoflakes enables remarkably increased conductivity, reversible 

and fast charge transfer kinetics and excellent cyclic stability in aqueous electro-

lyte. 

3. In-situ electrochemical activation of the Mn3O4 spinel structure help us to ob-

tain high specific surface area and improved conductivity which results in higher 

specific capacitance with excellent cyclic stability. 

4.  The ability to intrinsic electrochemical performance, open macro-/meso-po-

rous nanostructure, high-availability of active sites for the electrolyte, use of low-

cost raw materials open new opportunities for other semiconductor material for 

different application. 
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Chapter 5 Design and development of high en-

ergy asymmetric fiber-shaped SCs 

“Experimenter are the shock troops of Science”. 

Max Planck.  

5.1. Introduction 

To bridge the gap between batteries and conventional capacitors, SCs have been 

employed in a variety of applications ranging from portable electronic devices, hy-

brid electrical vehicles and large industrial scale power and energy management. 

Therefore, the challenge of the current SCs is to increase the energy density with-

out sacrificing its power density and cyclic life.  The specific energy density (E) and 

specific power density (P) of the SCs is computed according to equations 2.7 (detail 

in chapter 2), 

𝐸 =
1

2
𝐶𝑠𝑉2                       

This means based on above equations, a 2- fold increase in voltage window could 

result in a 4-fold increase in specific energy of the SC device for the same value of 

specific capacitance. Therefore, the specific energy of the device can be enhanced 

either by increasing the voltage window or by increasing the specific capacitance 

of the SCs. There are two possibilities to enhance the cell voltage: i) using polymer 

electrolyte because they provide a wider voltage window with better electro-

chemical stability than aqueous electrolytes. ii) asymmetric supercapacitors 

(ASCs) configuration because each electrode material has its own working volt-

age[190]. One effective way to improve the energy density is to adopt the asym-

metric configuration because during the charge/discharge processes, ASCs can ex-

ploit different voltage windows of the two electrodes to maximize the operating 

 

 

                               Figure 5. 1 Capacitive asymmetric supercapacitor 
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potential of the device as shown in the Figure 5.1a-b. For example, while the po-

tential of a liquid-based symmetric device is restricted to ∼1.23 V, the operating 

potential of an ASCs can be extended beyond 2.0 V. ASCs is an alternative ap-

proach for improved energy density because they can work in wider voltage win-

dows as compared to symmetric SCs [191]. There has been increasing interest in 

incorporating carbon-based material with TMOs to design nanomaterials for SCs 

(called PCs) because their fast- redox reactions occurring at the surface and bulk 

of the electrode materials results in higher energy density. Therefore, a suitably 

designed ASCs offers the prospect of increasing the energy density for applications 

where high energy needs to be stored and delivered with high power. 
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5.1 rGO aerogel /Fe2O3 // 2-step MnOx based asymmetric 

SCs 

5.1.1 Introduction  

In this study, a composite of Fe2O3 dispersed on rGO aerogel was synthesized by a 

hydrothermal technique with polyols as green surfactant for negative electrode of 

an ASC. Graphene based materials have been widely studied in electrochemistry 

as extremely conducting mediator to fabricate composites. The aerogel configu-

ration offers a 3D porous structure with high specific surface area, where stack of 

few-atomic layers of graphene constitute the highly conductive path and promise 

the fast diffusion of the ions of electrolyte and a rapid electron transport. Moreo-

ver, conductive CFs have been chosen as apposite current collector in view of the 

production of wearable devices. Undoubtedly, the resultant composite rGO/Fe2O3 

aerogel displays outstanding pseudocapacitive performance in terms of high spe-

cific capacitance. 2-step electrodeposited MnOx nanostructured onto CFs was 

opted as suitable positive electrode for the fabrication of fiber-shaped SC. The as-

sembled flexible device demonstrated high rate capability, remarkable bending 

and cyclic stability in a hydrogel electrolyte.  

5.1.2. Experimental 

In this section, detail about synthesis of active materials and fabrication of the 

electrode is presented. This section also provides information about reagents 

used.  

5.1.2.1. Reagent  

 

Iron Nitrate Fe(NO3)3.6H2O (Sigma Aldrich), Olive leaf Algerian region, Distilled wa-

ter, Graphene oxide (GO) powder (Single Layer GO, 0.7-1.2 nm, Cheap Tubes Inc.), 

L-Ascorbic Acid (L-AA, Sigma Aldrich), carbon fibers (Panex® 35, ZOLTEK), Manga-

nese acetate (Mn(CH3COO)2), Na2SO4 

5.1.2.2. Synthesis of Fe2O3 and rGO/Fe2O3  

In a typical synthesis of hematite, solutions of Fe2O3 are obtained by a green tech-

nique using: iron nitrate Fe(NO3)3.6H2O as a precursor, an olive leaves extract as a 

dual functioning surfactant as well as reducer with distilled water as a solvent. 

Primarily, fresh olive leaves obtained from Algerian region, are washed and then 

dried completely. Afterward, an infusion of these olive leaves is prepared by mix-

ing 10 g to 1 L of Milli-Q water. The infusion is thermally treated at 100 °C and then 

filtered to eliminate the leaf particles. Thereafter, 0.6M of Fe(NO3)3, was mixed 
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with 30 ml of this infusion while vigorously stirring which results in an orange color 

solution. Then orange color solution is shifted into a beaker and put in a reflux 

system at 70 °C for 3 h. The obtained solution is dehydrated under 100 °C and the 

final powder obtained is washed with Milli-Q water and ethanol for numerous 

times and dried at room temperature. Finally, the powder is shifted into an oven 

for calcinations at 400°C for 1 hour. 

Graphene oxide (GO) powder is dispersed in 16 mL of distilled water and L-Ascor-

bic Acid (L-AA), L-AA is added to the slurry as reducing agent of GO according to a 

2 mg/mL final concentration (w/v). After 5 hours, the dispersed solution is soni-

cated for 30 minutes and 1 mL of the Fe2O3 solution is added to the pristine dis-

persion. The final slurry is then shifted into a Teflon reactor and sealed into a stain-

less-steel autoclave and placed in a muffle oven for the rGO/Fe2O3 hydrogel syn-

thesis happened under hydrothermal conditions, for 12 hours at 180 °C After am-

bient cooling to room temperature, the rGO/Fe2O3 hydrogel is frozen at -196 °C in 

liquid nitrogen and then dried, overnight, under vacuum pressure (3 x 10-3 mbar) 

at -55 °C in a LIO – 5P DIGITAL lyophilized (5Pascal-Italy).  

5.1.2.3 MnOx electrodeposition 

The synthesis of MnOx nanoflakes onto CFs current collector is obtained by a 2-

step galvanostatic anodic ED. The deposition bath comprises 0.1 M Mn(CH3COO)2 

and 0.1 M Na2SO4 as supporting electrolyte.  The deposition was performed under 

a current density of 0.27 mA cm-2 for 45 minutes and 0.135 mA cm-2 for 75 

minutes. In between the deposition steps, the electrode is washed and dried at 

150°C for 1 hour and after the second step, the electrode is washed with distilled 

water so that free metal ions can be detached and annealed at 300°C for 1 hour. 

The mass of the deposited MnOx on the CFs is assessed by weighting the CFs be-

fore and after deposition using a microbalance (Sartorius CP225D). Electrochemi-

cal deposition is performed using three electrode cells in which Ag/AgCl and plat-

inum mesh are used as reference and counter electrodes respectively. 

5.1.3. Characterization 

The physical characterization performed (FESEM, EDX, XRD, Raman and XPS) are 

described in detail in chapter 3 and chapter 4 experimental sections. The electro-

chemical characterization of as-synthetized hematite nanoparticles, rGO/Fe2O3 

composite and ED of MnOx electrodes is performed in a three electrodes cell in 

deaerated 2M KOH with Ag/AgCl and platinum bar as reference and counter elec-

trode respectively. The slurry of Fe2O3 nanoparticles is prepared by mixing Nafion 

5% and water (1 mg: 3 ul: 140 ul) to obtain a well dispersed ink which is drop casted 

onto mirror-like glassy carbon (GC) electrodes (5 ul). The weight proportion of 

electrode material with respect to binder and solvent is revised for rGO/Fe2O3 to 
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sustain same loading of Fe2O3 onto the GC electrodes. All the GC electrodes are 

then loaded with 0.5 mg cm-2 of the prepared ink.  

5.1.3.2. Device fabrication and characterization 

The asymmetric hybrid device is assembled by depositing rGO/Fe2O3 onto CFs 

used as negative and ED MnOx on CFs used as positive electrode. The mass per 

length proportion of negative and positive electrodes active materials is modified 

so that the charge stored on the two electrodes should be equal which are 2 and 

1.6 mgcm-2 respectively. The electrochemical measuremenst of asymmetric de-

vice is first performed in 2M KOH and then a device fabricated by using a hydrogel 

(PVA in 2M KOH) used as electrolyte as well as separator to evade short-circuits. 

All the measurements were performed on M101 Metrohm potentiostat/Galvanos-

tate with Nova 2.1 software, a part of the cyclic life stability of the asymmetric 

hydrogel device that is performed at 1 A g-1 on Arbin instrument. 

5.1.4. Results and discussion 

FESEM measurements of the synthesized rGO/Fe2O3 samples, after freeze drying 

is reported in Figure 5.2a. The existence of hematite solution does not affect the 

development of the rGO aerogel, which exhibit the characteristic 3D porous struc-

ture consists of interconnected wrinkled rGO flakes [192]. The hematite 

nanostructures decorate the rGO aerogel evenly, as depicted in Figure 5.2b, where 

 

 

Figure 5.2 Low-magnification FESEM secondary electron image (a) and pseudo-back scattered 

electron image (b) of the rGO/Fe2O3 sample, accompanied by a high-magnification view (c). Rep-

resentative EDX spectrum (d) acquired on a large area is presented. 
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the iron-containing nanoparticles are identified as higher intensity features in the 

image, owing to pseudo-back scattered electron imaging, with contributions to 

contrast arising from average atomic number differences. Depending on high-res-

olution images such as Figure 5.2c, the hematite nanoparticles having mutable di-

ameters roughly in the range of 100–200 nm, with nanostructured exterior surface 

and asymmetrical shape. EDX analysis is also performed as shown in figure 5.2d to 

confirm the chemical composition of the hematite sample: the EDX spectra show 

C, O and Fe contributions. 

Crystallographic classification of the synthesized material is done by means of X-

ray diffraction as depicted in Figure 5.3a. The rGO aerogel structure exhibits a dis-

turbed behavior and the characteristic peak at ~23° (2θ) is difficult to distinguished 

from the background. On these attribute, representative peaks from Fe2O3 in the 

hematite phase are superimposed. Fe2O3 phase has a hexagonal symmetry (R3c 

space group), and the resulting resonances from (012), (104), (110), (113), (024), 

(116), (214) and (300) planes are visibly evidenced. Raman spectra was also 

achieved as shown in Figure 5.3b which confirms the structural results, display the 

contribution from both the supporting rGO and the hematite nanostructures. The 

rGO support exhibit the characteristic attributes of disordered carbon, with the 

presence of the D band at ~1350 cm-1, related with the creation of defects, vacan-

cies and bent sp2 bonds and G band at ~1580 cm-1, instigated from a first- order 

inelastic scattering method including the degenerate iTO and iLO phonons at the 

G point (E2g mode). In the Raman modes, hematite are clearly visible at lower 

wavenumbers, since the material has two A1g and five E1g modes (247 cm-1, 293 

cm-1 and 299 cm-1, overlapping in the room temperature spectrum, 412 cm-1 and 

613 cm-1) [192] modes (225 cm-1 and 498 cm-1).  

The XPS analysis is performed to study the chemical composition of the surface, in 

order to (i) check that the rGO reduction during the hydrothermal treatment is not 

affected by the hematite dispersion and (ii) for the identification of the iron-con-

taining phases and validation against the results achieved from the structural clas-

sification. Figure 5.3c shows the deconvolution of the C 1s region of the photoe-

lectron spectrum into components with different chemical environments, exhibit-

ing characteristic attributes of reduced GO. Precisely, contributions associated to 

oxygen-containing groups are significantly reduced after the hydrothermal treat-

ment as shown in the Figure 5.4c which display the comparison between the start-

ing GO powder and the reduced GO which is achieved after the synthesis of the 

hybrid rGO/Fe2O3 electrode material. After the hydrothermal process, contribu-

tions at binding energies higher than 285 eV significantly decreased, authorizing 

the successful reduction of the initial GO flakes. 
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Figure 5. 3 (a) X-ray diffraction pattern of rGO/Fe2O3 hybrid material (reference card for α-Fe2O3: 

JCPDS 89-2810); (b) Raman characterization of rGO/Fe2O3 hybrid material. High-resolution XPS 

scans of the C 1s (c) and Fe 2p (d) regions of the photoelectron spectrum for sample rGO/Fe2O3. 

Moreover, the π-π* satellite at the higher binding energy side is characteristic of 

graphitic materials, since this contribution is owed to interbond shifts in sp2-hy-

bridized structures [193], [194]. Concerning the recognition of iron-containing 

phases, the Fe 2p region (Figure 5.3d) gives a lot of information but the investiga-

tion is not trivial. In fact, the Fe 2p region shows multiplet splitting, leading to 

complex shape of the main peaks (Fe 2p3/2, Fe 2p1/2). Moreover, satellite peaks 

owed to transformation processes are present [195]. In practice, it is possible to 

classify the iron-containing phases by the investigation of the following attributes: 

generally, shape of the Fe 2p region, binding energies of the main peaks, presence 

and binding energies of the satellites. In this case, the binding energies (BE) of the 

main doublet (BE (Fe 2p3/2) ≈ 711.3 eV, BE (Fe 2p1/2) ≈724.8 eV) and the presence 

of two satellite peaks positioned at nearly 719 eV and 733 eV, are well-matched 

with the Fe2O3 phase, in agreement with XRD and Raman results and with the lit-

erature [191]. 
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Figure 5.4  High-resolution scans of the C 1s region of GO and rGO-Fe2O3 samples. 

5.1.4.1. Electrochemical characterization 

The electrochemical measurements of the as-synthesized materials are performed 

by cyclic voltammetry and galvanostatic charge-discharge in a three electrodes cell 

as shown in the Figure 5.5a. The as-prepared Fe2O3 and rGO/Fe2O3 composite 

were drop-casted onto GC electrodes to have a comparison of the same quantity 

of Fe2O3 nanoparticles configured in different structures. Figure 5.5b shows the 

cyclic voltammogram of Fe2O3 and rGO/Fe2O3 at 2 mVs-1 together to appreciate 

the larger currents obtained by the composite material, hence higher specific ca-

pacitance. The linearity of CV curve of Fe2O3 nanoparticles demonstrate a highly 

resistive electrode material that cannot be used straight as active electrode mate-

rial for electrochemical storage purposes. On the contrary, CV curve of nanocom-

posite shows no resistive behavior and demonstrated well-defined cathodic and 

anodic redox peaks at -1.072 V during cathodic scan and at -0.762 V in the anodic 

scan respectively, this also true for Fe2O3 sample for redox peaks at the same po-

tentials. These results show that the charge attributes are governed by Faradaic 

redox reactions which correspond to the conversion of Fe+2 to Fe+3 [1], [196]–

[198]. 

According to the above electrochemical measurements and the alkalinity of the 

electrolyte involved, the possible mechanisms of charge storage and the resulting 

reactions are as follows:  

1) Activation reaction: 

 

                                                          5.1 

 

2) Discharging reaction: 

                               5.2 
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3) Charging reaction:  

 

                      5.3 

 

                    5.4  

         

 

              
 

Figure 5.5  a) Comparison of CV and specific capacitance, b) between Fe2O3 and rGO/Fe2O3-30 

OLE.  

In the charging process, two possible reactions can take place or compete. On the 

anodic sweep, at potentials lower than -1.072 V, both the voltammograms exhibit 

asymmetry of the reduction peak. This current behavior can be subjected to many 

reasons: (i) a second current peak, (ii) a change in the resistance behavior of the 

active material due to the possible intercalation of cations (K+) in the crystal struc-

ture, (iii) varying rate of redox reactions, after the maximum current potential or 

combination of thereof. At low scan rate such as 2 mV s-1, the first sweep demon-

strated an extra peak around potential of -1.2 V that gradually disappears after 

five sweeps. The proposed reaction is a complete reduction with two electrons 

from Fe+2 to Fe [196]–[199]  but as I move to more negative potentials, HER hap-

pens. Instead, the decoration of the rGO with Fe2O3 nanoparticles immensely 

changes the performance of pristine rGO (renowned to be a EDLC material) and 
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the metal oxide nanoparticles make a major contribution to the total capacitance 

of the electrode. It is clear from Figure 5.5b, the specific capacitance of the 

rGO/Fe2O3 composite is more than one order of magnitude higher (330 F g-1) than 

pristine Fe2O3 (15 F g-1) at 2 mVs-1. But, as the scan rate increases, the specific 

capacitance decreases representing an electrochemical system in whichthe inter-

calation of electrolyte ions plays a significant role. From the CV, the hematite na-

noparticles activated in alkaline electrolyte demonstrated wide peaks signifying a 

primarily pseudocapacitive behavior. It is interesting to separate the total charge 

stored from the segment owed to capacitive controlled and diffusion-controlled 

phenomena.  

5.1.4.2 Charge storage mechanism  

The voltammograms recorded at different sweep rates have been examined to 

abstract the current which is linear dependent on scan rate  and in the second 

process current is proportional to the square root of the scan rate, ) according 

to [198]–[200]: 

 

                          6.5 

 

Figures 5.6a-b demonstrate the ratio of capacitive and diffusion-controlled 

charges at different scan rates. This graph shows that, the maximum current at 

high sweep rates is capacitive controlled and as we move to lower sweep rates 

current gradually becomes predominantly diffusion-controlled. By equating the 

charge stored on the Fe2O3 and rGO/Fe2O3 composite electrodes materials, at 

higher scan rate like 200 mV s-1 almost 69 % and 13 % of the total currents are due 

to diffusion-controlled phenomena and these proportion increase to 94 % and 

60% when the scan is lowered to 2 mV s-1, as reported in Table 5.1. In Figure 5.6c-

d, instead, the reconstructed CV voltammograms of the capacitive controlled cur-

rent at 10 mV s-1 are stated together with the percentage of the capacitive-con-

trolled to total stored charge. These projected CV voltammograms are equated 

with the ones experimentally achieved on Fe2O3 (c) and rGO/Fe2O3 (d) at the same 

sweep rate. In the rGO/Fe2O3 composite case, a higher capacitive controlled 

charge value is ascribed to the peaks agreeing to the Fe+2 to Fe+3 reaction. I am 

confident that the rGO framework enhances the utilization of the active material 

offering a higher electrode/electrolyte interface, reducing the diffusion path 

length of adsorption/desorption of ions and improves the kinetic of electron trans-

fer. The improved capacitive performance of the rGO/Fe2O3 nanocomposites is 

owed to the synergetic effect of the higher conductivity of rGO and the mesopo-

rous structure of hematite nanoparticles. The high specific surface area of rGO 

nanosheets helps the anchoring of hematite nanoparticles and at the same time 

the rGO nanosheets are analogous to a conductive additive by significantly im-

proving the electrical conductivity of the rGO/Fe2O3 nanocomposites. 
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Figure 5.6 Estimation of the charge stored by diffusion-controlled phenomena (red) and capaci-

tive controlled phenomena (blue) at different scan rates on Fe2O3 (e) and rGO/Fe2O3 (f). Recon-

structed voltammograms of the capacitive controlled current (black line+dots) contribution to 

the total current in the voltammetry of Fe2O3 (c) and rGO/Fe2O3 (d). 

The well-dispersed Fe2O3 nanoparticles avert the agglomeration and the reloading 

of rGO nanosheets creating larger specific surface areas which is available for the 

high energy storage. The capacitance results confirm that rGO/Fe2O3 can be a 

promising nanocomposite active electrode material that can be used as negative 

electrode material in alkaline SCs. Regarding the synthesis of the positive 
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electrode material, here I proposed a small adjustment of the ED method devel-

oped in our preceding work (section 4.1) [136]. 

Table 5. 1 Capacitive controlled and diffusion-controlled charges estimated at different scan rates 

in Fe2O3 and rGO/Fe2O3 

Scan rate Fe2O3 rGO/Fe2O3 

mV s-1 Capacitive 

controlled % 

Diffusion 

 controlled % 

Capacitive 

controlled % 

Diffusion  

controlled % 

200 31 69 87 13 

100 32 67 82 18 

50 25 75 77 23 

20 18 82 54 46 

10 13 87 46 54 

5 10 90 52 48 

2 6 94 40 60 

 

 

 
 

Figure 5.7 Characterization of MnOx /CF material. FESEM images at low (a) and high magnification 

(b) 

The deposition of MnOx nanostructures were obtained in 2-step process to prom-

ise a proper coverage of the CFs, as displayed in low-magnification images such as 

Figure 5.7a. Furthermore, the typical nanosheet morphology of the MnOx 

nanostructures (Figure 5.7b) is reserved through the 2-step deposition, leading to 

a uniform, high specific surface area active electrode material for SCs application 

(detail in sction 4.2 regarding FESEM and physical characterizations). Considering 

the electrochemical performance of MnOx, the charge-storage mechanism in man-

ganese oxide is analogous to that of untreated MnO2 with Faradic reactions taking 

place both on the surface and in the bulk of the electrode. The surface Faradaic 

interactions include the adsorption/desorption of alkali metal cations (denoted as 

cat+ like H+, Li+, Na+, K+) on the MnOx in alkaline electrolyte:  
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Figure 5. 8 Electrochemical experiments on flexible electrodes: reconstructed voltammograms of 

the capacitive controlled current contribution to the total current in the voltammetry (a) and 

estimation of the charge stored by diffusion-controlled phenomena (red) and capacitive con-

trolled phenomena at different scan rates (b) of MnOx/CF. (c) cyclic voltammetry of 

rGO/Fe2O3/CF (negative electrode, blue) and MnOx/CF (positive, red) at 10 mV s-1 vs Ag/AgCl as 

reference electrode; (d) specific capacitance of the negative and the positive measured at multi-

ple scan rates. 
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                    5.7 

 

This mechanism was proposed to be dominant in amorphous manganese dioxide 

or when the sample offer large surface area and it was accompanied with opti-

mum particle size and pore distribution. The second proposed mechanism hap-

pens to be dominant for crystalline manganese dioxide in which the crystallo-

graphic lattice offers tunnels in which restricted Faradaic reactions with intercala-

tion and deintercalation of electrolyte cations occurs: 

 

                                               5.8 

 

In both charge storage mechanism [143], [201], the oxidation and reduction reac-

tions take place between Mn+3 and Mn+4. According to the time-dependent data 

examination previously reported, the capacitive-controlled capacitance is remark-

ably high in the sample of MnOx and it dominates at high rates (above 50 mV s-1) 

as reported in Table 5.1 and in Figure 5.8a. In Figure 5.8b, the recreated voltam-

mogram of the capacitive-controlled current for the manganese oxide nanostruc-

tured electrodeposited on carbon fibers (MnOx/ CF) at sweep rate (10 mV s-1) is 

reported along with the one experimentally achieved:  the large contribution (41 

%) of the capacitive-controlled charge on the overall phenomena is clear. The 

semi-rectangular profile of the voltammograms at all the sweep rates indicates a 

fast charging/discharging process that occurs at almost constant rate even for 

solid state diffusions. The renowned pseudocapacitive behavior of manganese ox-

ide and its potential window in alkaline conditions make this material a potential 

candidate to be composited with the graphene-based iron oxide nanocomposite. 

In fact, Figure 5.8c demonstrate the comparison of CV profiles of rGO/Fe2O3/CF as 

negative electrode and MnOx/CF as positive electrode in three electrodes set up 

(2M KOH). Figure 5.8d shows the comparison of the specific capacitance in mass 

of the carbon fiber-based electrodes having similar electrochemical behavior and 

values.  

 

5.1.4.3 Two- electrode electrochemical characterization  

 

After doing mass balancing with three electrodes set up in aqueous electrolyte, 

two electrode experiments were performed in usual 2M KOH aqueous electrolyte, 

but to study the potentialities of the flexible electrodes, a hydrogel electrolyte 

comprises PVA in 2M KOH was tested and compared with the aqueous electrolyte 

soaked in a glass-fiber membrane. In the latter arrangement, in fact, the flexibility 

of the device is immensely restricted by the presence of the rough membrane, 

which, upon bending, can strip away the active electrode material from the sub-

strate. In comparison to the 2M KOH aqueous electrolyte, hydrogel electrolyte 
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Figure 5.9  Experiments on flexible devices: (a) comparison of CV at 20 mV s-1, (b) specific capaci-

tance, inset of (b) shows the digital photograph of the assembled flexible asymmetric superca-

pacitor.  

owing to its high viscosity offers a larger resistance (larger ESR in the Nyquist plot 

in the EIS), thus it reduced the total capacitance of the device. Figure 5.9a  

 
Table 5. 2 Capacitive and diffusion-controlled charges at different scan rates in MnOx/CFs 

 

Scan rate                             

mV s-1 

Capacitive  

controlled % 

Diffusion  

controlled % 

100 69 31 

75 66 34 

50 61 39 

20 37 63 

10 41 59 

5 33 67 

 

demonstrated that the device exhibits higher current in the aqueous electrolyte 

as compared with that achieved in gel-electrolyte.  As it can be seen in Figure 5.9b, 

the specific capacitance reduced almost half, what achieved with aqueous 
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electrolyte 2M KOH for all the scan rates. However indeed, the bending stability 

of the hydrogel device at multiple angles and the cyclic stability are improved: dur-

ing cycling the specific capacitance of the device initially increases until 250 cycles 

and then it gradually drops back to its initial value at 2500 cycles as shown in Figure 

5.10a. In the inset of the Figure 5.10a, bending of the device elicits a progressive 

decrease in the specific capacitance from flat position (0° no bending on right hand 

side) up to a bending at 180° in which the 75 % retention of its initial capacitance 

sustained.  

Ragone plot is used to compare the performance of various energy-storing de-

vices. On such a graph, the values of specific energy density (in W·h kg-1) are plot-

ted vs specific power density (W kg-1). Both axes are logarithmic, which allows 

comparing performance of very different devices. Specifc energy and specific 

power density of the SCs devices were also evaluated for both aqueous as well as 

hydrogel electrolyte and Ragone plot is reported in Figure 5.10b in order to permit 

a comparison of the proposed device, with similar PVA based SCs devices previ-

ously reported in the literature. The energy and power density obtained in this 

study are comparable with other materials.  

 

 

  

Figure 5.10 (a) Capacitance retention over 2500 cycles and bending stability at different angles on 

the flexible device with hydrogel. (b) Ragone plots of the devices recorded when 2M KOH (blue) 

and hydrogel (red) are employed, compared with literature results. 
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5.1.5. Conclusion 

The synthesis of a rGO/Fe2O3 nano-composite was achieved by hydrothermal 

route exploiting olive leaves extract as green surfactant. After profound physico-

chemical characterization the attained material was used as negative electrode 

material into an asymmetric fiber-shaped SC in combination with manganese ox-

ide as positive electrode material.  The outstanding capacitive performance of the 

rGO/Fe2O3 nanocomposites (established by a specific capacitance value higher 

than 700 F g-1 in three electrode arrangement measurements) is attained, thanks 

to the synergetic higher conductivity of rGO and the mesoporous structure of 

hematite nanoparticles. rGO framework permits to: (i) anchor Fe2O3 nanoparticles 

maximizing the coverage, thanks to the large surface area of rGO sheets, (ii) opti-

mize the utilization of the active material offering a large electrode/electrolyte in-

terface, (iii) reduced diffusion path length to adsorption/desorption of ions and 

(iii) offer improve kinetics of electron transfer. Furthermore, the well-dispersed 

iron oxide nanoparticles avert the agglomeration and the restacking of rGO 

nanosheets producing a large surface area accessible for the energy storage.  

The fabricated ASC device permits to attain capacitance values higher than 50 F g-

1 in aqueous environment and more than 20 F g-1 in hydrogel electrolyte, demon-

strating promising cycling stability and excellent capacitance retention under 

bending conditions. The attained results confirm the high potentialities of 

rGO/Fe2O3 nanocomposite material as negative electrode in fiber-shaped alkaline 

SCs. 
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5.2 MoS2//H-MnOx based flexible 

high energy asymmetric SCs 

5.2.1 Introduction 

 In this part of the chapter, MoS2  is used as negative and hydrogenated manganese 

oxide denoted (H-MnOx) as positive electrode material (details are given in chap-

ter 5) for the fabrication of the ASCs. MoS2 has a layered structure and exist in two 

different phases [202]: i) 2H-MoS2 phase, which is a semiconductor with a mono-

layer direct bandgap    ̴1.67 eV and ii) 1T phase which is metallic and possess con-

ductivity 107-times higher than 2H phase. 1T phase has favorable electrochemical 

characteristics along with excellent hydrophilicity, electrical conductivity and abil-

ity to intercalate electrolyte ions. It has structure comparable to graphite and its 

large specific surface area, fast ionic conductivity and the 2D-like morphology  

make it a potential candidate for using as negative electrodes material in SCs 

[202]–[204]. MnO2 can be easily electrodeposited onto current collectors by an-

odic or cathodic electrodeposition [205]–[207] and this soft-chemical method was 

chosen to nicely coat CFs current collectors. In this study, the pseudocapacitve 

performances of manganese oxide with oxygen vacancies (MnO2-x) have been ex-

ploited showing better performance than MnOx without any reduction [162]. Em-

ploying CFs as a support, the effective utilization of active materials and the me-

chanical strength of the electrodes increases due to their high flexibility that won’t 

be achieved with metallic wires. Moreover, their reduced weight and costs make 

flexible modified carbon-based devices with high performances extremely appeal-

ing to meet the great demand of practical applications. Here, cyclic and bending 

stability of the flexible device was also demonstrated in a wide voltage window 

(1.8 V). 

5.2.2 Experimental 

In this section, the detail about the synthesis of the electrode material and fabri-

cation of the fiber shaped SCs is presented.  

5.2.2.1 Reagents  

All the reagents and chemicals used for preparation and synthesis of MnOx were 

of analytical grade and used as received without any further cleansing. The rea-

gents and chemical used for synthesis are: Manganese acetate Tetrahydrate Mn 

(CH3COO)2.4H2O > (98 % Sigma-Aldrich), Na2SO4 (98% Sigma-Aldrich), distilled wa-

ter. PVA (Mw 89,000-98,000, 99 % hydrolyzed Sigma-Aldrich) and KOH (Potassium 
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Hydroxide, ≥90%, Flakes Sigma-Aldrich), Phosphomolybdic acid hydrate, ≥99.99% 

trace metals basis, Sigma Aldrich, L-Cysteine 97%-Sigma-Aldrich, Sodium hydrox-

ide ACS reagent, ≥97.0%, pellets. 

5.2.2.2 Electrodeposition of MnOx and hydrogenation to H-MnOx 

The fabrication of H-MnOx electrodes onto CFs was carried out by annealing the 

as deposited MnOx on CFs under a constant hydrogen flow at 250 °C for 3.5 h (2.5 

°C per min ramp). Those samples are labelled as H-MnOx/CFs. (detailed procedure 

of synthesis was described in section 4.2) 

5.2.2.3 Synthesis of MoS2 flakes and electrodes fabrication 

The synthesis of MoS2 flakes was carried out with a simple hydrothermal method: 

106 mg of phosphomolybdic acid hydrated and 170 mg of L-cysteine were added 

to 17 mL of dH2O. Before the amino acid was added, the pH of the solution was 

adjusted to 6.5 by adding 1M NaOH dropwise in the solution that was further soni-

cated for 30 min and it was transferred into the autoclave reactor. The hydrother-

mal reduction was carried out at 180 °C for 12 hours in the muffle oven and, after 

cooling down to room temperature, the solution was centrifuged at least 3 times 

at 4000 rpm for 1 hourr with distilled water to remove the excess of reactants and 

soluble products. The flakes were then garnered in 10 mL distilled water and this 

dispersion was directly drop-casted onto the CFs until the desired mass per length 

was obtained. No addition of binder was employed. 

5.2.3 Characterization 

Physical characterizations are described in detail in chapter 3 and chapter 4 exper-

imental sections. The capacitive behavior of the H-MnOx and MoS2 coated fibers 

was carried out in a three electrodes cell in 1M Na2SO4 purged with nitrogen for 

20 minutes prior to perform any experiment. Platinum bar and Ag/AgCl sat KCl 

were employed as counter and reference electrodes respectively. Cyclic voltam-

metry at multiple scan rates was carried out between [-0.6-0.15] V vs. Ag/Ag+ and 

[0.1- 0.85] V vs. Ag/Ag+ for MoS2 and H-MnOx CFs electrodes, respectively. In the 

asymmetric devices the mass or length of the MoS2/CFs electrode was tuned to 

counterbalance the charges stored on the H-MnOx/CFs electrode. Devices with liq-

uid electrolyte and hydrogel (PVA in 1M NaCl) were characterized by means of 

cyclic voltammetry, chronopotentiometry in 1.8 V of voltage window and AC Im-

pedance spectroscopy at 5 mV amplitude between 100 kHz and 10 mHz. Moreo-

ver, to appreciate the potential candidacy of these devices, the capacitance reten-

tion was investigated at different bending angles. The devices were sealed in be-

tween two of Kapton® tapes. All of these experiments were performed with a 

Metrohm Autolab M101 potentiostat/galvanostat and Nova 2.1. 
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5.2.4. Results and Discussion  

This section contained detailed information about the results obtained after phys-

ical characterization such as FESEM, XRD, Raman, XPS and detailed electrochemi-

cal analysis of the negative electrode (MoS2/CF), and positive electrode (H-MnOx 

/CF). 

5.2.4.1 Physical characterization of cathode 

Free-standing highly porous H-MnOx nanoflakes were synthesized via 2-step pro-

cess. In the first process template free manganese dioxide nanoflakes were syn-

thesized by 2-step ED process (details in the experimental section 4.2). In the an-

odic ED of MnOx onto CFs, an electrode proceeds with the diffusion of charged 

electroactive species through the electrolyte, when an electric field is applied and 

consequently oxidation of the charged species occurs in form of the deposition on 

the surface of the substrate. The electro-oxidation of Mn(II) [48], [206]–[208] spe-

cies on the CFs electrode follows this reaction: 

 

𝑀𝑛2+ + 2 𝐻2𝑂 →  𝑀𝑛𝑂2 + 4 𝐻+ + 2 𝑒− 

A careful study on the behavior of the as synthetized MnO2 films produced by tun-

ing the electrodeposition parameters is such as time and current density of the 

deposition details in section 4.2.  

Field emission scanning electron microscopy (FESEM) characterization was per-

formed on the 2-step ED MnOx to study the surface morphology of the obtained 

electrode as described in detail in chapter 5. Figure 5.11a shows the 2-step ED of 

the MnOx and it is clear from the image that fibers are uniformly covered and there 

were no cracks or gap in the film and nanoflakes with thickness < 10 nm, are con-

tinuous and interconnected. To introduce oxygen vacancies into these MnOx 

nanoflakes, they were further subjected to thermal treatment under hydrogen en-

vironment at 250 oC for 3.5 hours as described in experimental section.  Figure 

5.11b-c shows the higher magnification images of the 2-step MnOx and H-MnOx.  

It can be seen that the structure of manganese oxide film before and after the 

hydrogenation process is almost unchanged, but this hydrogenation treatment in-

troduced more porosity in the nanoflakes.  The XRD and XPS measurements details 

are given in section 4.2. 
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Figure 5.11 Figure: a) 2-step electrodeposition of the MnOx, b-c) higher magnification images of 

the of 2-step MnOx and H-MnOx 

5.2.4.2 Physical characterization of negative electrode 

Figure 5.12a shows schematic representation of the fabrication of the CFs based 

electrode in which MoS2 nanoflakes were dip-coated on CFs. Earlier, MoS2 

nanoflakes were hydrothermally synthesized using phosphomolybdic acid and L-

Cystine as precursor in an autoclave at 180 oC for 12 hours (detail in experiment 

section). For electrochemical SCs applications, the surface structure of the elec-

trode material has significant influence on electrochemical properties as electro-

chemical redox reactions occur at or near the surface of electrode. 

 

 
 

Figure 5.12 a) Schematic representation of fabrication of the electrode, b) image of MoS2 

nanoflakes (inset higher magnification image of layer MoS2 nanoflakes). 

FESEM measurement was performed to study the morphology of the synthesized 

material at nanoscale level. As the MoS2 nanoflakes (1T/2H phase) are conductive 

so no metallic coating was performed. Figure 5.12b shows the surface morphology 

of MoS2 thin film at two different magnifications. The surface of deposited MoS2 

thin film reveals the formation of nanoflakes. The nanoflakes morphology is ad-

vantageous for efficient ion/electron transport and for better accommodating the 

volume variation [209]. From the inset high magnification image, it is evident that 

MoS2 nanoflakes are composed of few layers structure with thickness < 5 nm and 

literal length < 100 nm.  TEM measurements were performed to further clarify the 
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morphological structure of the MoS2 nanoflakes as shown in Figure 5.13. TEM im-

ages as shown Figure 5.13a and corresponding selected area diffraction is re-

ported in Figure 5.13b. It is clear from the diffraction pattern that diffraction pat-

tern is diffused, so there is no clear indication about single crystal structure but a 

stack of few layers which is in good agreement with the results obtained from 

SEM. Such nanoflakes structure with such a small dimension offers a very small 

path length for electrolyte ions which is good for SCs application. 

 

 

Figure 5.13  a) TEM image of MoS2 nanoflakes, SEAD pattern for images and layered pattern 

 

 

              Figure 5. 14 Raman spectra of MoS2 

The Raman spectra of the MoS2 nanoflakes decorated CFs was obtained as shown 

in Figure 5.14. The two main peaks related with carbon (originated from carbon 

fibers substrate) are clearly visible: D peak at wavenumber 1350 cm-1, correspond-

ing the decrease in the size of the in-plan sp2 domains induced by the creation of 

the defects, vacant species or bent sp2 bonds. The G peak at 1594 cm-1 originating 

from first order inelastic scattering procedure including degenerate iTO and iLO 

phonons at the G point corresponding E2g(mode) [202].  It can be seen two vibra-

tional band appeared at lower wavenumbers 383 cm-1 (A1g) and 408 cm-1 (E2g) as 

shown in the inset of Figure 5.14. They are the characteristic vibrations of the 

MoS2 compatible with former owed to the presence of few layers of 2H MoS2, 

(opposing vibration of two S atoms with respect to the Mo atom) and latter  
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symmetric stretching vibrations of the Mo-S of the MoS2 [202][210]. It is clear from 

the spectra that intensity of the signal is low because of the very low loading of 

the material on the substrate structure. 

XPS, while permitting for structural composition identification, has a sampling 

depth <10 nm [202]. Therefore, it is beneficial to investigate the chemical compo-

sition of active materials exploited for SCs applications, since electrochemical per-

formance SCs is disparagingly affected by surface or near-surface phenomena 

within the active material. Figure 5.15a-b are the high-resolution scans of the Mo 

3d and S 2p regions and contain lot of information about S through S 2s core peak 

level. Figure 5.15a show Mo 3d spectrum contains two strong doublet peaks posi-

tioned at 229.3 eV and 232.4 eV and S 2s peak 226.5 eV are compatible with MoS2 

chemical structure which confirms the formation of MoS2 [211]. It is also clear 

from the Mo 3d spectra that the existence of two Mo 3d doublets first at 228.7, 

231.8 eV, second at 229.6 ,232.7 eV respectively with the energy gap of ∼ 0.9 eV 

can be ascribed to the co-existence of 1T and 2H MoS2 polymorphs [203]. Similarly, 

in Fig 4.15b, the presence of two doublet in S 2p spectrum at 161 and 163 eV and  

163.5 and 164.6 eV respectively, which correspond to the S2p3/2 and S2p1/2 orbitals 

of the divalent sulfide ions (S-2) respectively [212]. 

 

 

Figure 5.15  XPS spectra of MoS2 

5.2.4.4 Electrochemical characterization  

The behavior of MoS2/CFs and H-MnOx/CFs as electrodes for supercapacitors was 

first investigated in 1M Na2SO4 by a three electrodes configuration in which the 

modified fibers were used as the working electrodes and a platinum bar and a 

saturated Ag/AgCl were employed as counter and reference electrode, respec-

tively. In Figure 5.16a-b, the cyclic voltammograms recorded at at 5 mV s-1 scan 

rates for both the electrodes H-MnOx and in order to appreciate the perfect match 

of their voltage windows. In this experiment, the length of the MoS2/CFs was in-

creased to 2.5 cm with respect to the length of the H-MnOx/CFs electrode in order 

to match the charges stored by the two electrodes. The good capacitive perfor-

mance of the H-MnOx electrodes were studied and compared with the behavior of 

the same sample prior to the hydrogenation [detail in section 4.2] showing  
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Figure 5.15 a) CVs of negative and positive electrodes in respective voltage windows, d) compar-

ison of the specific capacitance vs scan rates 

 

superior characteristic as storage material of the former. H-MnOx/CFs electrodes 

were tested in the potential window between [0.1-0.85] V vs. Ag/AgCl and CV 

shows quasi-rectangular shapes at all the scan rates employed. The capacitive per-

formances of the MoS2 electrode relies in the mixed 1T-2H phases obtained by 

simple hydrothermal synthesis [201] of the flakes that are nicely attached onto 

the CFs without any binder. Cyclic voltammograms recorded at different scan rates 

show that the potential window of [-0.6-0.15] V vs. Ag/AgCl is smaller with respect 

to acidic electrolytes (1M H2SO4) [202] and it reaches 0.75 V. 

 

Charge storage diffusive or capacitive 
 

Figure 5.15b, shows the comparison of the specific capacitances of the two elec-

trodes. According to this plot, for MoS2 electrodes, the capacitance remains al-

most constant up to 20 mV s-1 and for lower scan rates it increases. On contrary 

for the H-MnOx electrode, the specific capacitance rises with the decrease of the 

scan rate, therefore the total amount of stored charges is strongly time depend-

ent. This indicates that charges have enough time to penetrate in bulk of the ma-

terial at lower scan rates. In order to understand the charge storage mechanisms 
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of the two different electrodes, the total charge has to be separated in three com-

ponents: the faradaic currents obtained from ion insertion, the faradaic currents  

 

 

 

        

              

                    

Figure 5.16 (a-d) Estimation of the charge stored by diffusion-controlled phenomena (red) and 

capacitive controlled phenomena (blue) at different scan rates on MoS2/CFs (upper graphs 

graph) and H-MnOx/CFs (lower graphs graph).  

from charge-transfer processes with surface and interlayer atoms giving rise to the 

pseudocapacitance, and the non-faradaic currents due to the double-layer capac-

itance [48], [213],[214]. The first process is diffusion-controlled, so the current is 

proportional to the square root of the scan rate (𝜈1/2), while the two latter phe-

nomena are capacitive-controlled with the current proportional to the scan rate 

(𝜈) as described in section 5.1. In the MoS2 electrodes the capacitive controlled 

mechanism predominates for scan rates higher than 10 mV s-1 (55 %) and in the 

H-MnOx electrodes for scan rates higher than 100 mV s-1 (58%). For lower scan 

rates, the diffusion-controlled current becomes predominant as clearly seen in the 

red plots in Figure 5.16a and Figure 5.16c. In Figure 5.16a-c in fact, shows the spe-

cific capacitance, was recalculated according to the constants 𝑘𝑎 and 𝑘𝑏 previously 
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estimated up to 0.2 mV s-1 and exhibit the partition of the charges due to the two 

phenomena are visualized as percentage on the total capacitance. In Table 5.3, 

the diffusion-controlled capacitance is compared at different scan rates, suggest-

ing that the charge storage mechanism in MoS2 is mainly capacitive controlled and 

in H-MnOx, it is mainly diffusion-controlled in the timescale of the experiments 

performed.  

Table 5. 3 Diffusion controlled capacitance estimated at different scan rates in MoS2/CFs and H-

MnOx/CFs 

Scan rate MoS2/CFs H-MnOx/CFs 

V s-1 % F g-1 % F g-1 

0.2 15 9 34 57 

0.02 37 27 62 179 

0.002 65 86 84 567 

0.0002 86 167 94 1793  
 

Figure 5.17a-b show the experimental voltammetry (black line) with the simulated 

capacitive-controlled current (blue line and dots), diffusion-controlled current (red 

line and dots) and the sum of them (black line and dots) for MoS2/CFs and H-

MnOx/CFs, respectively. According to the data analysis, the charge-storage mech-

anism in sub-stochiometric MnOx (called H-MnOx) is similar to that of untreated-

MnOx with Faradic reactions occurring both on the surface and in the bulk of the 

electrode. The surface Faradaic reaction involves the adsorption/desorption of al-

kali metal cations (called cat+ such as H+, Li+, Na+, K+) on the manganese oxide in 

neutral electrolyte: 

 

𝑀𝑛𝑂2𝑠𝑢𝑟𝑓𝑎𝑐𝑒
+ 𝑐𝑎𝑡+ +  𝑒− 

→
←

 𝑀𝑛𝑂2
−𝑐𝑎𝑡+

𝑠𝑢𝑟𝑓𝑎𝑐𝑒
 

 

This mechanism was suggested to be predominant in amorphous MnO2 or when 

the sample presents large specific surface area [169] and it was associated with 

optimal particle size and pore distribution. The second mechanism was suggested 

[73], [215] to be predominant for crystalline MnO2 in which the crystallographic 

cell provide tunnels in which limited Faradaic reactions with intercalation/deinter-

calation of electrolyte cations takes place: 

 

𝑀𝑛𝑂2 +  𝑐𝑎𝑡+ +  𝑒− 
→
←

 𝑀𝑛𝑂𝑂𝑐𝑎𝑡 

 

In both charge storage mechanisms, the redox reaction occurs between Mn(III) 

and Mn(IV). According to the time-dependent data analysis previously described, 

the diffusion-controlled capacitance is significantly high in the sample H-MnOx not 
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only at lower scan rates but also at dominates higher scan rates (100 mV s-1). The 

main mechanism is therefore the intercalation/deintercalation of cations or  

protons into/out the MnOx nanostructures. The distorted  conventional rectangu-

lar shape of the voltammograms (parallelogram like) at all the scan rates indicates 

a fast charge/discharge process that happens at almost constant rate even for 

solid state diffusions. This may be due to the thermal treatment in hydrogen at-

mosphere that enhances the surface porosity and generates high surface area 

with more active Mn(II) and Mn(III) sites for a rapid intercalation and extraction of 

cations. In MoS2/CFs, the semi-rectangular nature of the CV curves indicates the 

capacitive behavior of such electrodes. The deviation from a perfect rectangular 

behavior can be attributed to the electro sorption of protons on the surface of the 

nanosheets [216]. The adsorption of H+ leads, in fact, to the formation of molecu-

lar hydrogen and evolution of the gas not only in acidic media [217]–[219], but 

also in neutral electrolytes [209]. As  

 

 

   

Figure 5.17 a-b) Comparison experimental voltammetry (black line) with the simulated capacitive-

controlled current (doted blue line), diffusion-controlled current (doted red line) and the sum of 

them (doted black line) for MoS2 /CFS and H-MnOx/ CFs 

discussed above in the XPS and TEM paragraphs, the hydrothermal synthesis em-

ployed in this study allows to obtain a mixed 1T-2H phase of MoS2 and the elec-

trodes were fabricated simply by drop-casting the suspension on the CFs without 

any binder. This makes very challenging to identify a univocal onset potential of 
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the HER from sample to sample and therefore decide the lower potential of the 

voltammetry to study the double layer formation and pseudocapacitive behavior 

only. In 2D-MoS2 flakes, the nature of the storage mechanisms [220], [221] are the 

formation of the electrical double layer with the adsorption/desorption of ions: 

 

  𝑀𝑜𝑆2𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑐𝑎𝑡+ + 𝑒− 
→
←

 𝑀𝑜𝑆2
−𝑐𝑎𝑡+

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

 

and the pseudo capacitance [203], [221] with the insertion/extraction of protons 

and alkali cations between the interlayer spaces: 

 

𝑀𝑜𝑆2 + 𝑐𝑎𝑡+ + 𝑒− 
→
←

 𝑀𝑜𝑆 − 𝑆𝑐𝑎𝑡 

 

Both these two phenomena are capacitive-controlled in nature, that is in fact the 

main contribution of the total current of MoS2/CFs samples (Figure 5.16 a) unless 

very slow rates of charge and discharge are applied. When very slow voltammetry 

is performed, the diffusion-controlled phenomena start to take place and get over. 

This current can be due to diffusion phenomena that take place not only on the 

MoS2 active material, but mainly, and it may be the case, on the CFs substrate that 

is partially exposed to the solution due to the absence of a binder or a com-

pact/blocking layer (like in the case of MnO2-x electrodes) as it has been observed 

for different carbonaceous materials [222]. 

AC impedance spectroscopy measurements were carried out at the open circuit  

 

 

                   

Figure 5.18 Comparison of AC impedance spectra (a) Nyquist plot up to 10 mHz of the MoS2/CFs 

electrode (blue) and H-MnOx/CFs electrode (red). 
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potentials of each electrode. From the data fitting, it is possible to appreciate the 

uncompensated resistance (highest frequencies) characteristic of each material, 

the constant phase element (lower frequencies) that mimic imperfect capacitor 

(EDLC and pseudocapacitance) and the Randles circuit in which the Warburg im-

pedance (medium frequencies) describe the diffusion-controlled phenomena pre-

viously analyzed and commented in the text. The uncompensated resistance is 

14.6 Ω and 11.9 Ω while the charge transfer resistance is 0.9 Ω and 2.5 Ω for H-

MnOx/CFs and MoS2/CFs electrodes respectively. 

5.2.4.5 Electrochemical characterization of two electrode device 

After the 3-electrode electrochemical study of the single electrodes and making 

current balances, the MoS2/CFs and the H-MnOx/CFs electrodes were employed 

as neagtive electrode and as positive electrode in ASCs. With this intent, two  

     

 

Figure 5.19  Electrochemical experiments on flexible devices employing liquid electrolytes (blue) 

and hydrogel (red): (a) Charge and discharge at 0.5 A g-1 (upper), b) cyclic voltammetry at 5 mV 

s-1 (lower); (c-d ) specific capacitance estimated on charge and discharge experiments (upper) 

and cyclic voltammetry (lower) 

configurations of ASCs were chosen: (i) standard asymmetric device by using 1M 

Na2SO4 electrolyte (called liquid electrolyte) and (ii) asymmetric device by using 

PVA based gel (called hydrogel) to make the cell appealing for commercial flexible 

devices with excellent bending stability over multiple angles. Figure 5.19a-b shows 
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the comparison of charge-discharge profiles (upper graph) and CV (lower graph) 

of the devices in liquid electrolyte and in hydrogel electrolyte. The two methods 

show consistent behaviors at multiple current densities and scan rates: as shown 

in Figure 5.19c-d, the specific capacitance computed from the galvanostatic exper-

iments and from  

 

 

         

    

Figure 5.20 Electrochemical impedance experiments on flexible devices employing liquid electro-

lytes (blue) and hydrogel (red): a) Nyquist plot, (b) Ragone plot and (c) cyclability and bending 

stability. 



 

117 
 

cyclic voltammograms show that the devices made with hydrogel have larger ca-

pacitance at low rates, while the liquid electrolyte devices provide larger capaci-

tance at higher rates. This unusual behavior may be produced by the larger un-

compensated resistance of the hydrogel devices as shown in the Nyquist plot in 

Figure 5.20a in which Z’ is null at 60 ohms (15 ohms in liquid electrolyte devices). 

Decreasing the rates of the experiments, the capacitance values of the two 

batches merge to quite the same value (i.e. the specific capacitances at 0.5 A g-1 

current density are 65 F g-1 and 70 F g-1 respectively). Wearable and flexible devices 

are those in which the performances of the devices remain almost invariant, when 

the electrodes are bended, folded and wrapped. The presence of liquid electro-

lyte-soaked membrane, is a major limitation on the flexibility because by bending 

the device (i) the electrolyte moves, and this creates inhomogeneity at the elec-

trode-electrolyte interface and (ii) the roughness of the membrane scratches the 

active material away from the fibers. With this aim, bending and ageing experi-

ments were performed at multiple (shown in Figure 5.20c). From bending experi-

ments, it was observed that the capacitance decreases 12 % with respect to the 

its initial value, when the device was completely folded (180°). The devices with 

hydrogel were cycled at 200 mV s-1 up to 3000 scans showing a capacitance reten-

tion of 80% that could be increased indeed by improving the packaging and seal-

ing. The performances of the two devices are compared with the literature on flex-

ible supercapacitors and plotted in the Ragone diagram in Figure 5.20b. It is pos-

sible to observe that the devices under study provide comparable power with re-

spect to devices in literature, but their energy density improve mainly due to the 

working voltage i.e. 1.8 V which is a quite large voltage window for water-based 

supercapacitors. 

5.2.5 Conclusions 

Porous manganese oxide with oxygen vacancies (MnO2-x) on CFs has been made 

by anodic electrodeposition and annealing in reducing atmosphere as flexible 

cathode. Two-dimension flakes of mixed phase 1T-2H of MoS2 were synthetized 

by hydrothermal method and they were employed as binder-free active material 

on carbon fibers as flexible negative material. Asymmetric supercapacitors assem-

bled with neutral electrolyte deliver at 0.5 A g-1 a device capacitance of 65 F g-1 (32 

mF cm-1) and when the gel electrolyte is employed, it increases up to 70 F g-1 (35 

mF cm-1). The latter layout allows not only to achieve higher level of capacitance, 

but also to use such device under bending conditions with very limited capacitance 

fading also after 3000 cycles. The present results demonstrate that these flexible 

hybrid devices which involve all the electrochemical storage mechanisms can in-

crease the typical energy range and maintain the same speed (power) of PCs. 
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Chapter 6 Conclusion and Future pro-

spect 

 “There are two possible outcomes; 

if the results confirm the hypothesis, 

 then you’ve made a correct measurement 

if results contrary to the hypothesis,  

you’ve made a discovery”.              

 Enrico Fermi. 

 

In this chapter, a broad recap of the results discussed in this thesis is presented. 

As declared in Chapter 1, the first motivation, objective of this thesis activity is 

devoted to the efficient fabrication of solid-state SCs exploiting different flexible 

substrates used as current collector. 

The second objective was to synthesize the other cost-effective free-standing 

nanostructures materials for SCs to overcome the limitation imposed by size, 

weight and binder (used for adhesion of active material with substrate) of the 

aqueous-electrolyte based SCs.  

6.1 Conclusion of the dissertation  

6.1.1.  Wire- shaped SCs  

ZnO/graphite-based nanocomposite slurries were prepared by varying the 

amount of ZnO nanoparticles (1, 5, 10, 20 % respectively) with respect to the 

weight of the graphite and dip-coated on copper wire for fabrication of wire-

shaped electrode in view of the optimization of configuration of the solid state 

flexible SCs. ZnO/graphite based composite active material with 10% of ZnO 

showed the highest electrochemical performance as compared to other compo-

site slurries due to the rational fabrication of the electrodes and the inherent ad-

vantage of the structures. In addition to electrochemical performance of the wire-

shaped SCs, its bending and cyclic stability was also evaluated. Device has shown 

4-time higher specific capacitance than pure graphite-based electrodes and shown 

an excellent energy and power density as compare to other materials in gel-poly-

mer electrolyte. 
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6.1.2. Fiber-shaped SCs  

 

In this activity, a systematic study was performed to fabricate free-standing 

MnO2/CF based composite electrode exploiting potentiostatic and galvanostatic 

electrodeposition techniques. After selecting galvanostatic technique as best per-

forming deposition, it was optimized by tuning deposition parameters such as cur-

rent density and time. The growth mechanism of the MnO2 nanostructures was 

investigated by FESEM, TEM and crystallographic study was conducted using XRD, 

Raman and XPS (to study chemical composition) techniques. It is observed that 2 

hours deposition exhibits excellent electrochemical performance in terms of 

length specific capacitance (F cm-1) and gravimetric capacitance (F g-1) in gel-poly-

mer electrolyte. The bending and cyclic stability measurements were also per-

formed and device has exhibited excellent cyclic and bending stability. I have also 

calculated specific energy and specific power density and MnO2/CF composite 

based solid state device exhibit higher energy and power density as compare to 

other PVA based solid state devices. 
The deposition process is further optimized by: 

• using 2-step electrodeposition method. This helps us to improve the cov-

erage of the fiber as cracks appear on the surface of the film (in 1-step 

deposition process); the improvement in the coverage results in high spe-

cific capacitance.  

• hydrogenation of the MnOx to induce oxygen vacancies and to improve 

the intrinsic kinetics of material which results in Mn3O4. Morphology and 

crystalline structure is investigated through FESEM, XRD, Raman and XPS 

(to study chemical composition) which confirms that structure is mixed 

oxide phases. 

• synthesized Na0.36MnO2 through in-situ electrochemical oxidation which 

is confirmed by Raman and XPS. As Na0.36MnO2 is more conductive than 

MnOx and results in higher specific capacitance. This has also allowed us 

to work in extended potential windows without deterioration of the ma-

terial and show excellent cyclic stability. 

 

6.1.3 Flexible fiber-shaped asymmetric supercapacitors  

I have also assembled ASCs which has helped to fabricate device using electrodes 

material working in different voltage windows. PVA based gel-polymer electrolyte 

which allowed us to work in large window. As voltage windows are wide, both 

devices exhibited high specific capacitance and high energy density. The cyclic and 

bending stabilities of both the devices were also investigated and they have shown 

excellent performance of aging and bending stability. Our SCs exhibited very prom-

ising electrochemical performance with much enhanced energy and power densities 

as summarized in the Ragone plot in Figure 6.1 for full weight devices. 
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Figure 6. 1 Ragone plot shows the achieved energy and power densities of our devices including 

the SCs of MnO2/CF and ASCs comprises H-MnOx/CF//MoS2/CF, MnOx/CF//rGO/Fe2O3/CF elec-

trodes respectively in gel-polymer electrolytes. All data are obtained from two electrodes SCs. 

6.2 Future perspective 

In order to further enhance the energy storage capacity of the SCs and fully exploit 

the potential of nanostructured materials such as MnO2 based SCs and flexible 

substrate, the following guideline need to be considered. 

 

1. To enhance the specific capacitance (F g-1, F cm-1) energy density and 

power density, need to explore other material such as manganese sulfide 

instead of MnOx. Other potential candidates (materials) for high perfor-

mance supercapacitor are, binary metal oxide or ternary metal oxide and 

sulfides such CoMnOx or CoMnSx, NiMnOx or NiMnSx, MnVOx or MnVSx, ZnM-

nOx or ZnMnSx, FeMnOx or FeMnSx etc. These electrodes allow to work with 

extended potential windows which results in high specific capacitance and 

high energy and power densities. Furthermore, the Mn based layered inter-

calation structures such as: LixMnO2, KxMnO2, etc. will significantly improve 

the energy storage capacity of the SCs due to their faster ionic diffusion 

with enhanced kinetics redox reactions than the conventional MnO2 elec-

trode materials and could be a potential candidate for flexible hybrid su-

percapacitors as cathode [223]. 

 

2. Encapsulation or packaging of these flexible fiber shaped supercapacitors 

is a big challenge in realization of the complete wearable supercapacitor 

an its integration in textiles. There is no study available on packaging for 

wearable supercapacitors. So, there is a need to design such packaging for 

flexible supercapacitors that when integrated in E-textiles, can sustain mul-

tiple uses, i.e., washability and durability. To the best of our knowledge, 
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there is no study in literature on multiple washable textiles integrated with 

electronic components. In general, multiple washing for the long-term us-

age of these wearable E-textiles is again a matter of concern which can be 

ensured by designing a suitable packaging for fiber shaped SCs [224].  

 
3. Wearability is a critical aspect while designing wearable supercapacitor. 

Wearability prerequisites for textile energy storage devices are so far not 

well defined and standardized. Toxicity (material and electrolyte), flame 

resistance, mechanical flexibility, elasticity, abrasion resistance, moisture 

permeability, fatigue resistance, active material loading, thermal conduc-

tivity, and wettability are some basics requirements which need to be con-

sidered. Textile industry is well standardized to test different features of 

textile products, but textile energy storage devices have to setup new 

standards in order to be accepted by textile industry and clients. Wearabil-

ity properties place critical obligation on the design of practical textile en-

ergy storage devices. Many 2D textile devices (non-woven) created by 

coating methods reported in literature are impermeable to moisture and 

cause uncomfortability while in direct contact with skin. It is also worth 

noting that little research has been conducted on the fatigue lifetime of 

textile energy storage devices under daily wearing conditions [225]. Signif-

icant research efforts will be required to create truly wearable textile en-

ergy storage devices. 

 

4. The fundamental understanding of the surface redox reactions dominated 

energy storage mechanism of the MnO2 supercapacitors is extremely im-

portant for the better synthesis and fabrication of MnO2 materials in the 

future. The in-situ techniques such as TEM, XRD and Raman spectroscopy 

to directly observe the charge and discharge process and the associated 

evolution of the MnO2 electrodes will discover new aspects towards the 

fundamental studies of SCs [226]. 
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