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Zusammenfassung 

Superkondensatoren (SCs) haben sich in den letzten Jahren als eine der zentralen 

Technologien der elektrochemischen Energiespeicherung etabliert. Ihr hohes 

Leistungsvermögen, gekennzeichnet durch außergewöhnliche Leistungsdichte, schnelle Lade- 

und Entladeprozesse, ausgezeichnete Zyklusstabilität und hohe Betriebssicherheit, macht sie zu 

vielversprechenden Kandidaten für eine Vielzahl praktischer Anwendungen. Mit dem 

dynamischen Fortschritt tragbarer und insbesondere auch tragbarer, flexibler Elektronik steigt 

die Nachfrage nach leistungsfähigen flexiblen SCs kontinuierlich an. Dies hat umfangreiche 

Forschungsarbeiten zur Entwicklung innovativer Elektrodenmaterialien, Elektrolyte und 

Gerätearchitekturen angestoßen. Von diesen Komponenten nehmen die Elektrodenmaterialien 

eine Schlüsselrolle ein, da sie maßgeblich die elektrochemische Leistungsfähigkeit sowie die 

mechanische Flexibilität von SCs bestimmen. 

In dieser Arbeit wurden drei Elektrodensysteme entworfen und hergestellt: flexibles 

Diamond Cloth (DC), NiMnOx-beschichtetes Kohlenstoffgewebe (NiMnOx@CC) sowie 

NiMnOx-beschichtetes Diamond Cloth (NiMnOx@DC). Deren elektrochemische 

Eigenschaften wurden umfassend untersucht. 

Das flexible DC wurde durch das Überwachsen eines bor-dotierten Diamantfilms (BDD) auf 

Kohlenstoffgewebe (CC) mittels mikrowellenunterstützter plasmaverstärkter chemischer 

Gasphasenabscheidung (MWCVD) synthetisiert. Eine Ti-Zwischenschicht wurde eingesetzt, 

um das CC vor Plasmaätzung zu schützen und die Haftung des BDD zu verbessern. Die DC-

Elektrode zeigte exzellente elektrochemische Eigenschaften, darunter erhöhte Kapazität, gute 

Rate-Performance sowie außergewöhnliche Zyklusstabilität. Ein symmetrischer 

Pseudokondensator (PC), bestehend aus zwei DC-Elektroden, erreichte eine Energiedichte von 

45,96 µWh cm-2 bei 4,25 mW cm-2 und behielt 17,64 µWh cm-2 bei 67,93 mW cm-2. Darüber 

hinaus wies der symmetrische DC-EDLC (Electric Double-Layer Capacitor) eine 

hervorragende mechanische Flexibilität auf. 

Zur Einführung von Pseudokapazität wurden MnOx-Filme mittels Elektroabscheidung auf 

CC synthetisiert, was eine bessere Konformität, Schichtdickenkontrolle und 



Reproduzierbarkeit als hydrothermale Verfahren ermöglichte. Die optimierte Ni-dotierte 

Elektrode (NiMnOx@CC) zeigte größere Stromantworten, ein weites Potentialfenster (-

0,1―1,4 V vs. Ag/AgCl) und ausgeprägte Redox-Peaks. Sie erreichte eine spezifische 

Kapazität von 47,1 mF cm-2 bei 10 mV s-1 und 42,8 mF cm-2 bei 1 mA cm-2 in 1,0 M Na2SO4 

Electrolyte, bei einer Coulomb-Effizienz von > 98,5 % über 10.000 Zyklen. Allerdings war die 

Zyklusstabilität begrenzt (≈ 16 % nach 10.000 Zyklen), was die praktische Anwendbarkeit 

einschränkte. 

Der Ersatz von CC durch DC als Substrat führte zu einer synergistischen NiMnOx@DC-

Elektrode. Ein Abscheidepotential von 1,0 V erwies sich dabei als optimal, da es Abscheiderate 

und Nebenreaktionen in Einklang brachte. Die optimierte NiMnOx@DC-Elektrode zeigte 

ausgeprägte Redox-Eigenschaften und hohe spezifische Kapazitäten von 180,5 mF cm-2 bei 

einer Scanrate von 10 mV s-1 sowie 228,1 mF cm-2 bei einer Stromdichte von 2 mA cm-2. 

Gleichzeitig wurde eine nahezu ideale Coulomb-Effizienz (ca. 100 %) über 10.000 Lade-

Entlade-Zyklen erreicht. Darüber hinaus zeigte die NiMnOx@DC-Elektrode im Vergleich zur 

NiMnOx@CC-Elektrode eine signifikant verbesserte Kapazitätserhaltung. Die maximale 

Energiedichte betrug 72,8 µWh cm-2, während die maximale Leistungsdichte 17,0 mW cm-2 

erreichte. Zugleich wies das quasi-festkörperbasierte Gerät auf Basis der NiMnOx@DC-

Elektroden eine ausgezeichnete mechanische Flexibilität in Biegetests auf. 

Zusammenfassend präsentiert diese Arbeit einen systematischen und schrittweisen Ansatz 

von DC zu NiMnOx@DC, der die Vorteile von CC, BDD und Ni–Mn-Oxiden wirksam 

integriert. Diese Strategie ermöglicht die Herstellung leistungsstarker flexibler SCs, die nicht 

nur durch hohe Energiedichte und schnelle Leistungsabgabe, sondern auch durch exzellente 

Langzeitstabilität und mechanische Flexibilität überzeugen. Die erzielten Fortschritte bei den 

Elektrodenmaterialien leisten somit einen wesentlichen Beitrag zur praktischen Realisierung 

flexibler SCs für portable und tragbare elektronische Anwendungen. 
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Abstract 

Supercapacitor (SC), one of the most important classes of electrochemical energy 

storage devices, has attracted considerable attention due to their high power density, fast 

charging-discharging capabilities, superior cycling stability, and reliable performance. 

With the rapid advancement of portable and wearable electronics, the demand for high-

performance flexible SCs has significantly intensified, thereby driving extensive research 

into advanced electrode materials, electrolytes, and device architecture. Among them, the 

development of electrode materials plays a decisive role in determining both 

electrochemical performance and mechanical flexibility of SCs.  

Herein, three electrode systems were designed and fabricated in this thesis: flexible 

diamond cloth (DC), NiMnOx-coated carbon cloth (NiMnOx@CC), and NiMnOx-coated 

diamond cloth (NiMnOx@DC). Their electrochemical performance was further and 

comprehensively evaluated by means of various techniques and tools. More details ae 

demonstrated as follows. 

The flexible DC was synthesized through the overgrowth of a boron-doped diamond 

(BDD) film on CC in a microwave plasma enhanced chemical vapor deposition 

(MWCVD) reactor. A Ti interlayer was first introduced to protect CC from plasma etching 

while simultaneously enhancing BDD adhesion. The DC electrode demonstrated 

excellent electrochemical performance, including enhanced capacitance, good rate 

performance, and exceptional cycling stability. A symmetric pseudocapacitor (PC) 

assembled from two DC electrodes delivered an energy density of 45.96 µWh cm-2 at a 

power density of 4.25 mW cm-2, retaining 17.64 µWh cm-2 at 67.93 mW cm-2. Moreover, 

the symmetric DC electric double-layer capacitor (EDLC) exhibited excellent mechanical 

flexibility. 

Pseudocapacitance was then introduced by electrochemical synthesis of Mn-oxide 

films on CC. This NiMnOx@CC electrode offered better conformality, thickness control, 

and reproducibility compared with electrodes prepared through hydrothermal methods. 

The optimized Ni-doped electrode exhibited larger current responses, a wide potential 
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window (1.5 V), and distinct redox peaks, yielding a specific capacitance of 47.1 mF cm-

2 at a scan rate of 10 mV s-1 and 42.8 mF cm-2 at a current density of 1 mA cm-2 in 1.0 M 

Na2SO4, with > 98.5 % coulombic efficiency over 10,000 cycles. Its cycling retention 

was limited (≈ 16% after 10,000 cycles), constraining practical application. 

CC was further replaced with DC as the substrate to produce a more stable 

NiMnOx@DC electrode. The optimal deposition potential of 1.0 V balanced deposition 

rate and side reactions. The as-fabricated NiMnOx@DC electrode exhibited pronounced 

redox features and high specific capacitances of 180.5 mF cm-2 at a scan rate of 10 mV s-

1 and 228.1 mF cm-2 at a current density of 2 mA cm-2, coupled with exceptional 

coulombic efficiency approaching 100 % over 10,000 charging-discharging cycles. 

Furthermore, the NiMnOx@DC electrode exhibited significantly enhanced capacitance 

retention in comparison to the NiMnOx@CC electrode. The maximum energy density of 

72.8 μWh cm-2 and maximum power density of 17.0 mW cm-2 were obtained for a 

symmetric NiMnOx@DC PC. Simultaneously, the quasi-solid-state device using the 

NiMnOx@DC electrodes showed excellent mechanical flexibility during the bending 

tests. 

In summary, this thesis presents a systematic and stepwise route to design different SC 

electrodes from DC to NiMnOx@DC, effectively integrating the advantages of CC, BDD, 

and Ni–Mn oxides. This strategy enables the fabrication of high-performance flexible SCs, 

which exhibit not only high energy density and rapid power delivery but also excellent 

long-term stability and mechanical flexibility. These advancements in electrode materials 

significantly contribute to the realization of practical applications for flexible SCs in 

portable and wearable electronic devices. 
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1 Introduction 

1.1 Electrochemical energy storage 

The growing scarcity of energy resources and the escalating tension between energy 

consumption and environmental preservation have emerged as the most pressing 

challenges for sustainable development in the 21st century. In recent decades, the 

development of environmentally friendly clean energy sources, such as solar energy, wind 

power, hydropower, and nuclear power, is one of the most effective ways to alleviate such 

issues. Consequently, the global transition toward sustainable energy systems and 

electrified transportation has intensified the demand for efficient energy storage devices. 

Taking electrochemical energy storage (EES) as an example, it converts chemical energy 

into electrical energy and vice versa, playing a vital role in modern energy systems and 

has been widely employed in various applications, such as portable electronic devices, 

electric vehicles (EVs), and large-scale grid integration.1 

Generally, EES systems can be categorized into two primary types: batteries and 

supercapacitors (SCs). The main performance characteristics of different EES devices 

presented in the form of their Ragone plot, are shown in Figure 1.1.2 One can see clearly 

that lithium-ion batteries (LIBs), which are widely used for EVs and portable electronic 

devices today, possess many advantages, such as a high operating voltage, an extended 

cycle life, and a high energy density.3 The global shipments of LIBs are estimated to reach 

439.32 GWh by 2025.4 However, LIBs still have several shortcomings including 

relatively slow charging rate, and low thermal stability and flame point. 

Development of SCs is an alternative to partially address these challenges. SCs, also 

known as electrochemical capacitors, have garnered significant attention due to their 

unique ability to bridge the gap between conventional capacitors and rechargeable 

batteries. SCs are characterized by their ability to deliver high power density, rapid 

charging and discharging rates, exceptionally long operational lifespans, and reliable 

performance.5,6 These attributes render them highly promising candidates for a wide 
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range of applications. Despite their advantages, a major limitation of SCs is their 

relatively lower energy density compared to that of lithium-ion batteries.7,8 Therefore, 

enhancing the energy density of SCs is substantially crucial to fulfilling a broader range 

of applications. 

 

Figure 1.1. Ragone plot of main EES devices in terms of the specific power density 

against specific energy density. The arrows show the development trends of the specific 

power density and specific energy density of EES devices approaching the star symbol. 

LTO refers to lithium titanium oxide (Li4Ti5O12). Reproduced with permission.2 Copyright 

© 2020, Springer Nature Limited. 

 

The first electrochemical capacitor was developed and patented by Becker in 1957.9 

Initial designs were based on porous carbon electrodes and aqueous electrolytes, which 

offered the modest energy densities but high reliability. Since then, SCs have undergone 

significant advancements and transformations that have solidified their importance in 

advanced energy storage technologies stemming from the breakthroughs in materials 

science and electrochemistry.5,7,10,11 

A SC is mainly composed of current collectors, electrode materials, and an electrolyte. 
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Electrode materials are one of the most crucial components of SCs. Various materials, 

such as activated carbon, metal oxides, and conducting polymers, have been developed 

and utilized as capacitor electrodes to enhance their performance.12–14 Among various 

materials explored, carbon-based electrodes have garnered particular attention due to 

their remarkable chemical stability, high specific surface area, excellent electrical 

conductivity, tunable pore structure, and long-term durability.15,16 These outstanding 

properties make carbon materials extremely suitable for development of high-

performance SCs. 

In addition to conventional performance metrics of SCs, such as cycling stability, 

energy density, and power density, the rapid growth of flexible and wearable electronics 

has introduced a new critical requirement: mechanical robustness and flexibility.17–20 As 

portable and wearable devices (e.g., smart textiles, health-monitoring electronics, and 

foldable displays) become increasingly prevalent, the demand for energy storage 

components that can withstand bending, twisting, and repeated mechanical deformation 

without significant performance degradation has surged.21–23 The realization of high-

performance flexible SCs critically depends on the design and fabrication of flexible 

electrode materials that possess not only excellent electrochemical performance but also 

exceptional mechanical durability. The following section discusses the fundamental 

energy storage mechanisms, providing the significant theoretical foundation for the 

electrode design strategies presented in this thesis. 

 

1.2 Energy storage mechanisms of supercapacitors 

To rationally design flexible SCs, it is essential to understand their underlying energy 

storage mechanisms. SCs store energy through mechanisms fundamentally different from 

those employed in conventional batteries. Generally, SCs can be classified into two 

categories based on their two energy storage mechanisms: electric double-layer capacitors 

(EDLCs) and pseudocapacitors (PCs). An ECLC involves the storage and release of 

energy through the rapid adsorption and desorption of ions at the interface between the 
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electrode material and the electrolyte.24 Most carbon-based SCs are based on this 

mechanism. Whereas energy storage of a PC is achieved from fast faradaic 

electron/charge transfer (or redox reactions), intercalation, or electrosorption taking place 

on the surface of used capacitor electrodes und the applied potential.16,25  

1.2.1 Electric double-layer capacitors 

EDLCs store energy through the physical separation of charge at the interface between 

the electrode material (typically high-surface-area carbon) and the electrolyte. When a 

voltage is applied, the ions from the electrolyte migrate and accumulate on the electrode 

surface to form a nanoscale electrochemical double-layer. This process involves purely 

physical adsorption/desorption of ions without redox reactions (i.e., via no faradaic 

process). Therefore, EDLCs exhibit extremely fast charging and discharging rates and are 

capable of storing and releasing a significant amount of energy per unit time, resulting in 

high power density. Meanwhile, the cycling life of EDLCs is theoretically supposed to be 

unlimited. 

The electric double-layer theory was first expressed and presented in the 19th century 

by Hermann Von Helmholtz during the investigation of colloidal suspensions, which was 

known as Helmholtz double-layer model (Figure 1.2a).26 Two dense layers of opposite 

charge are formed at the interface of an electrode and an electrolyte. They are further 

separated by a nanoscale distance. The electric double-layer plays a role that is 

approximate to the dielectric layer in a conventional two-plate capacitor. In the early 20th 

century, the Helmholtz model was further refined by Louis G. Gouy and David L. 

Chapman, who considered that ions (both anions and cations) are continuously distributed 

in the electrolyte solution due to thermal motion (Figure 1.2b).27,28 The layer was 

proposed as a diffuse layer in the Gouy-Chapman model. However, the capacitance 

calculated using the Gouy-Chapman model was overestimated because of the assumption 

of point charges and their extremely small distance from the electrode surface under high 

potential. Therefore, by taking the size of ions into account, Otto Stern integrated the 

Helmholtz model and the Gouy-Chapman model to propose the Stern model (Figure 1.2c) 

in 1924.29 In this model, some ions adsorb onto the electrode surface, forming an inner 
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static Helmholtz layer, while others constitute a Gouy-Chapman diffuse layer. The 

capacitance Cdl of an EDLC calculated using the Stern model consists of two parts 

connected in series: capacitance CH from the Helmholtz layer and CD from the diffusion 

layer. Their relationship can be expressed by the following equation: 

1
𝐶𝐶𝑑𝑑𝑑𝑑

=
1
𝐶𝐶𝐻𝐻

+
1
𝐶𝐶𝐷𝐷

 (1.1) 

Note that the surfaces of cations and anions in the electrolyte are actually surrounded by 

solvent molecules, forming solvated ions. These solvated ions serve as the actual charge 

carriers. Based on that, David C. Grahame improved the stern model in 1947.30 It has 

been taken into account that the solvated ions might lose their solvation shell as they 

approach an electrode. The proposed Helmholt layer in the Stern model was separated 

into the inner Helmholtz plane (IHP) and the outer Helmholtz plane (OHP) (Figure 1.2c). 

 

Figure 1.2. Schematic representations of the electric double-layer near a negatively 

charged electrode in an aqueous electrolyte: (a) the Helmholtz model, (b) the Gouy-

Chapman model, (c) the Stern model. IHP refers to the inner Helmholtz plane and 

OHP refers to the out Helmholtz plane. 

 

Based on the classical electric double-layer theoretical models described above, the 

specific capacitance of an (e.g., carbon-based) EDLC is expected to be proportional to 
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the specific surface area of the used electrode. However, for porous carbon materials, this 

assumption does not hold true. The insufficient wettability of porous electrode materials 

in the electrolyte solution results in a reduced accessible surface area to electrolyte ions 

for the formation of electric double-layer, thereby causing the specific capacitances to be 

lower than theoretically expected ones.31 In addition, the pore size of porous carbon 

materials strongly influences the capacitance of EDLCs. In macropores, minimal 

curvature allows the Stern model to describe charge storage effectively. In micropores, 

however, ion behavior becomes more complex. Chmiola et al. found that the specific 

capacitance of carbide-derived carbons exhibited an anomalous increase when the pore 

size was below 1 nm (Figure 1.3a).32 This contradicts the conventional view that 

capacitance decreases continuously with pore size. At sub-nanometer scales, solvated 

ions partially shed their solvation shell (Figure 1.3b, 1.3c, and 1.3d), thereby shortening 

the distance between ions and electrode surface and enhancing capacitance. Thus, the 

optimal pore size for maximizing capacitance tends to match the desolvated ion size rather 

than the solvated one. 

 

Figure 1.3. (a) Graph depiction of the specific capacitance against average pore size of 

four carbon material electrodes using the same electrolytes. (b―d) Schematic 

illustrations of solvated ions located within pores with varying distances between 
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adjacent pore walls: (b) greater than 2 nm, (c) between 1 and 2 nm, and (d) less than 1 

nm, visually explaining this behavior.32 Copyright © 2006 American Association for the 

Advancement of Science. 

 

The development of various electric double-layer models has significantly advanced 

the understanding of the energy storage mechanisms in EDLCs and plays an important 

role in enhancing the electrochemical performance of carbon-based materials. Factors 

influencing the energy storage performance of EDLCs are intricate and multifaceted, such 

as the wettability and microstructure of the electrodes, the type of electrolyte ions, and 

the interaction between ions and electrode. Consequently, the exploration of efficient 

electrode materials and the careful selection of appropriate electrolytes are essential for 

achieving high-performance EDLCs. Overall, further research is necessary to elucidate 

the fundamental mechanisms underlying electric double-layer energy storage. Ultimately, 

a comprehensive understanding of all contributing factors will facilitate the design of 

next-generation EDLCs with their superior performance. 

1.2.2 Pseudocapacitors 

The concept of pseudocapacitance was initially introduced by B.E. Conway.33 In 

contrast to EDLCs, which store energy through pure electrostatic adsorption of ions, 

pseudocapacitors (PCs) store energy involving a Faradaic process, namely fast and highly 

reversible redox reactions on the surface or near-surface of the electrodes. The charge 

transfer of PCs is argued to be similar to the process in batteries. However, for 

thermodynamic reasons, there exists a linear relationship between charge acceptance (ΔQ) 

and the change in potential (ΔV). This results in the derivative dQ/dV being equivalent to 

a capacitance. Generally, PCs can achieve a higher capacitance and a greater energy 

density due to the additional contribution of their pseudocapacitances compared to 

EDLCs. Their power density and energy density are usually between those of EDLCs and 

LIBs.34 
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Clearly, electrode materials are the core components of various PCs. Among numerous 

electrode materials, typical pseudocapacitive materials include transition metal oxides 

(e.g., ruthenium oxide, manganese oxide, and vanadium nitride), conducting polymers 

(e.g., polyaniline, polypyrrole), and surface-functionalized carbons containing redox-

active heteroatoms (e.g., oxygen, nitrogen).35 

 

Figure 1.4. Illustration of three types of pseudocapacitance mechanisms: (a) 

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

pseudocapacitance. Reproduced with permission. 36 Copyright © 2014 Royal Society of 

Chemistry. 

 

Based on charge storage mechanisms of the applied electrode materials, 

pseudocapacitance can be categorized into the following three types as illustrated in 

Figure 1.4: (1) underpotential deposition, (2) surface redox pseudocapacitance, and (3) 

intercalation pseudocapacitance.33,36 Underpotential deposition refers to the deposition of 

atomic monolayers of a metal from its cationic solution onto a dissimilar metal substrate 

under a higher redox potential (Figure 1.4a). A characteristic example of underpotential 

deposition is the deposition of lead (Pb) on gold (Au).37,38 This process is rarely utilized 

for the preparation of high-performance PCs owing to its limited potential window, which 

leads to relatively low capacitance, as well as the high cost associated with noble metals. 
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By contrast, the surface redox pseudocapacitance is more prevalent. It arises from the 

rapid and reversible redox reactions between the electrode and the electrolyte. Typically, 

ruthenium oxide demonstrates redox pseudocapacitance primarily because of the rapid 

charge transfer enabled by its high conductivity (Figure 1.4b).39 In literature, metal 

oxides and conducting polymers have been more frequently shown to exhibit 

pseudocapacitive behavior because their multiple oxidation states facilitate rapid redox 

reactions. The intercalation pseudocapacitance originates from the fast intercalation of 

ions from the electrolyte into tunnels, layers, and crystal structure of redox-active 

materials, where a faradic reaction occurs without any phase transformation (Figure 

1.4c).40 In comparison with LIBs, intercalation process of PCs is much faster due to the 

rapid diffusion of ions, thereby avoiding any phase transformation.41 Intercalation 

pseudocapacitance materials, including MoS2, Co(OH)2, TiS2, T-Nb2O5, and transition 

metal carbides, exhibit superior rate capability and extended cycle life in comparison to 

battery materials.42 In addition, pseudocapacitive behavior has been observed in several 

battery materials.43 To clarify this point, pseudocapacitive materials are further classified 

as intrinsic or extrinsic, depending on whether their pseudocapacitance is inherent or 

arises from nanostructuring, respectively.36 

In addition to pseudocapacitive electrode materials, pseudocapacitance has been 

suggested to arise from redox-active electrolytes. These electrolytes contain redox-active 

species that are capable of undergoing reversible redox reactions during the charging-

discharging cycles, thereby significantly enhancing the capacitance and energy density of 

SCs.44,45 Redox-active electrolytes thus play a critical role by directly participating in fast 

electron transfer processes at the electrode-electrolyte interface. For instance, specific 

ionic liquids or aqueous solutions containing redox couples such as Fe(CN)6
3-/Fe(CN)6

4- 

or I3
-/I- provided additional pseudocapacitive contributions.44,46 This is because these 

redox-active ions adsorb onto the electrode surface and engage in faradaic reactions, 

which effectively enhance the energy density without relying solely on the intrinsic 

properties (mainly capacitive performance) of the electrode materials (Figure 1.5). The 

primary advantage of utilizing redox-active electrolytes for the construction of PCs lies 
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in their flexibility in selection of electrode materials and redox species.46 Thus, the 

electrochemical performance becomes tunable, enabling the adjustment to parameters 

such as operating voltage windows and the ionic conductivity. However, several 

challenges limit their practical applications. These disadvantages encompass the potential 

for internal and fast self-discharging rates caused by the shuttling of mobile redox species, 

losses of active species due to diffusion overvoltage, and reduced cycling stability 

resulting from the cross-mixing of redox couples.47,48 To mitigate these limitations 

different strategies have been applied, including using redox-active species like heptyl 

viologen and bromide that adsorb onto electrodes to suppress diffusion and self-

discharging, and applying a Nafion membrane as separator to prevent self-discharging 

via redox shuttling.47,49 

 

Figure 1.5 Mechanism representation of a PC using a redox-active electrolyte of 

ferricyanide/ferrocyanide. 

 

In summary, pseudocapacitance represents a distinct electrochemical energy storage 

mechanism that combines characteristics of both electric double-layer capacitance and 

battery-like charge storage. It involves Faradaic reactions that facilitate the storage of 

electrical energy via charge transfer mechanisms, analogous to processes observed in 

batteries, while maintaining the high power density and long cycle life typical of 

capacitive systems. An in-depth understanding of the underlying charge storage 

mechanisms involved in pseudocapacitive processes is essential and still required to 
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develop effective PCs, such as for enhancing the energy density and cycling performance 

of various SCs. 

 

1.3 Performance evaluation of supercapacitors 

The systematic evaluation of SC performance is essential for understanding their 

charge storage behavior and for assessing its practical applications. Typically, the 

performance of SCs is assessed through several key parameters including capacitance (or 

specific capacitance), energy density, power density, coulombic efficiency, and cycling 

stability (also known as capacitance retention). For flexible SCs, an additional bending 

test for assessment of mechanical flexibility needs to be taken into consideration as well. 

Capacitance is a critical parameter that reflects the complete charge storage capability 

of a capacitive electrode. It is defined as the ratio of the change in charge adsorbed or 

released during the charging and discharging processes to the corresponding change in 

applied potential.25,50 It can be expressed using the following equation: 

𝐶𝐶 =
∆𝑄𝑄
∆𝑈𝑈

 (1.2) 

where ΔQ is the charge stored by an electrode and ΔU is the given potential. To compare 

the capacitance of different electrodes efficiently, the specific capacitance (Csc) is 

introduced. There are three kinds of specific capacitance: area specific capacitance 

normalized by the working geometric area (Cs, mF cm-2), volume specific capacitance 

normalized by the working volume of electrode (Cv, F cm-3), and mass specific 

capacitance normalized by the weight of active electrode material (Cg, F g-1). 

Energy density refers to the amount of energy that is stored in the given system per 

given unit (i.e., area, volume, or mass). If a capacitor electrode possesses a high energy 

density, it means they have the capability to store a large amount of energy by a very 

small amount of mass or in a small space. The energy density of an EDLC, E, can be 

calculated according to the following equation: 
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𝐸𝐸 =
1
2
𝐶𝐶𝑠𝑠𝑠𝑠𝑉𝑉2 (1.3) 

in which V is the operational voltage. It should be noticed that the energy density is 

estimated based on the measurement of a two-electrode system. 

Similar to energy density, the power density is the amount of power delivered within a 

specific unit. It is also an important parameter to describe the properties of SC 

performance. The power density is usually calculated by the following equation: 

𝑃𝑃 =
𝐸𝐸
∆𝑡𝑡𝑑𝑑𝑑𝑑

 (1.4) 

where P is the power density, and Δtdc is the discharging time. 

As the above equations indicate, the primary approach to obtain high energy and power 

density in a SC is to enhance both its specific capacitance and the cell voltage. The 

capacitance can be effectively improved through the selection of efficient electrodes 

(materials), the incorporation of redox-active species, and the introduction of 

nanostructured features onto electrode surface. The working cell voltage is strongly 

influenced by the electrochemical stability window of both the electrolyte and the 

electrode materials. Consequently, improving both the cell voltage and the electrolyte's 

electrochemical stability window can lead to a substantial increase in the energy density 

of the resulting SCs. 

In addition to power density and energy density, long-term cycling stability and 

coulombic efficiency are critical for practical applications of SCs. High-performance SCs 

must maintain a substantial fraction of their initial capacitance after thousands or even 

hundreds of thousands of charging-discharging cycles, with minimal degradation of the 

electrode or electrolyte. The cycling stability is exhibited through the ratio of the 

capacitance retention after certain number of charging-discharging cycles to the initial 

capacitance. The cycling stability is determined by several factors such as the type of SCs, 

the active electrode materials, the charging-discharging rate, the electrolyte, the given 

potential, and the temperature during testing.51 Coulombic efficiency, defined as the ratio 

of the charge transferred in the discharging step to that in the charging process, reflects 
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the reversibility of the charge storage process and ideally approaches 100 % for a high-

performance SC.  

In addition to the performance parameters mentioned above, mechanical flexibility of 

SCs in some cases is a specialized evaluation parameter.18,52 This performance directly 

affects the practicality of flexible SCs in wearable and flexible electronic devices. The 

electrochemical performance of flexible SCs is evaluated through bending, stretching, 

and/or twisting tests, which involve handling related SCs at various angles and after 

extended cycling cycles. Therefore, flexible substrates should accommodate strain 

without structural failure. Similarly, active materials need to have good adhesion to the 

substrates while retaining electrical connectivity and ion accessibility during repeated 

deformation. In addition, the electrolyte should be mechanically compatible, which is 

often addressed by using gel electrolytes that combine ionic conductivity with structural 

integrity. 

 

1.4 Electrode materials 

The selection of electrode materials significantly influences the overall electrochemical 

performance of SCs, encompassing key parameters such as specific capacitance, energy 

and power densities, and long-term cycling stability.24 Ideal electrode materials are 

expected to exhibit high electrical conductivity, large specific surface area, 

electrochemical stability, and compatibility with the electrolyte. Moreover, in the context 

of wearable electronics, electrodes must further reconcile electrochemical efficiency with 

flexibility, lightweight design, and mechanical robustness. This section highlights three 

electrode materials relevant to this thesis: carbon cloth (CC) as a flexible substrate, boron-

doped diamond (BDD) films, and manganese oxides. 

1.4.1 Carbon cloth as a flexible substrate 

Commercial CC has emerged as a widely used current collector and electrode substrate 

for flexible electrodes in energy harvesting and storage devices due to its unique 
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combination of properties.53,54 Structurally, it is composed of carbon fibers (CFs), which 

collectively provide a three-dimensional (3D) porous architecture that enhances both 

mechanical flexibility and structural integrity. In contrast to rigid current collectors such 

as metal foils, the macroporous structure (pore diameter: 10―50 μm) of CC, with pore 

diameters typically ranging from 10 to 50 μm, allows for efficient electrolyte penetration, 

ensuring uniform ion distribution across the CC surface. Moreover, this open-pore 

framework can effectively accommodate mechanical deformation caused by bending, 

twisting, or repeated flexing without compromising structural integrity or electrochemical 

performance. The fibrous network of CC contributes to excellent electrical conductivity, 

low density, and high chemical stability, making CC particularly attractive for the 

applications requiring lightweight and durable components.55,56 Moreover, the large 

surface area of the 3D CC electrode effectively lowers local current densities, leading to 

a more uniform distribution of the electric field. In addition, CC can be easily processed 

into various shapes of electrodes. These advantageous characteristics make CC especially 

suitable for its integration into wearable electronics and portable energy storage systems, 

where mechanical durability under dynamic conditions is essential. 

However, a key limitation that restricts the CC applicability is the relatively low 

intrinsic capacitance, which stems from the factors such as its limited specific surface 

area, poor electrolyte wettability, and insufficient electrochemical activity.53 

Consequently, CC is typically used more frequently as a chemically stable and inert 

platform to grow or deposit a wide range of electroactive materials, such as metal oxides, 

conductive polymers, and carbon nanostructures.53,56–59 The employed CC can be 

classified into two types (Figure 1.6): woven CC and non-woven CC. The woven CC 

(Figure 1.6a) consists of interlaced CFs that form a mechanically robust and flexible 

textile structure (Figure 1.6b). In contrast, non-woven CC (Figure 1.6c) is composed of 

CFs randomly distributed and held together by a polymer binder, typically polyvinyl 

alcohol (PVA) (Figure 1.6d). Although non-woven CC is typically lighter with respect to 

its weight, PVA has an undeniable drawback: it can be easily etched in a plasma 

atmosphere or dissolved in aqueous solutions, causing carbon fibers to scatter. This makes 
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non-woven CC less suitable for the construction of SCs. In contrast, the interwoven 

architecture of woven CC offers better mechanical integrity, chemical stability, and 

durability during synthesis and electrochemical cycling. In this thesis, woven CC was 

employed as a flexible and robust substrate for integrating electroactive materials, aiming 

to combine the structural advantages of CC with the high electrochemical performance 

of the active components. 

 

Figure 1.6. Two types of CC are presented: (a) Optical photograph and (b) 

microstructure of woven CC; (c) Optical photograph and (d) microstructure of non-woven 

CC. 

 

1.4.2 Boron-doped diamond films 

Conductive diamond nanomaterials exhibit excellent electrochemical performance, 

making them promising candidates for use as capacitor electrodes.11,60 Up to date, BDD 

appears to be the best choice among different doped diamond nanomaterials. As a 

capacitor electrode, BDD possesses a large potential window, good electrical conductivity, 

long-term stability, and superior chemical inertness.61 A BDD electrode survives in 2 M 

H2SO4 within a voltage range of -35 to +6 V without structure damage.62 Various BDD 

nanostructures (e.g., nanowires,63 porous film,64–66 network67) with enhanced specific 

surface areas have been meanwhile fabricated by use of different nanotechnologies (e.g., 
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top-down, und bottom-up). These diamond nanomaterials have been applied as capacitor 

electrodes to form SCs in a wide variety of electrolytes. They exhibited outstanding 

chemical inertness, high capacitances, and extremely long cycling stability even in crucial 

conditions (e.g., high currents, voltages, or temperatures).60 For example, a honeycomb-

structured BDD EDLC delivered a specific capacitance of 3800 und 666 µF cm-2 in 1 M 

H2SO4 solution and organic 0.5 M tetraethylammonium tetrafluoroborate (TEABF4) plus 

propylene carbonate solutions, respectively.68 These capacitances were evaluated in three-

electrode systems. A higher capacitance of a diamond electrode can be achieved once the 

effective surface area is enlarged, benefiting from the enhancement of surface defects or 

the higher number of active sites through boron doping. A highly porous diamond foam 

was applied as an EDLC electrode and showed a wide potential window of 2.5 V in 

aqueous solutions, a specific capacitance of 2.3 F cm-3 (or 0.598 mF cm-2), and a power 

density of 807 W cm-3 at discharging rate of 1000 V s-1.69 The diamond-based EDLC 

demonstrator using the free-standing diamond paper as the electrode owned a capacitance 

of 0.688 mF cm-2 per layer of paper (or 0.645 F g-1) in aqueous electrolytes. Thanks to 

the wide potential window of conductive diamond (e.g., up to 2.5 V) and the capacity of 

conductive diamond to be worked at high operation frequencies, the specific power 

density of this device attained to 105 W kg-1.70 A porous BDD network, formed via a 

template-free method, possessed hundreds of times larger (e.g., 490-fold enhancement for 

a 3 µm thick diamond network) surface area in comparison with a flat diamond film. The 

EDLC based on this diamond network displayed a capacitance of 13.7 F g-1 (or 17.3 F 

cm-3) at a scan rate of 0.1 V s-1 in the H2SO4 aqueous solution.67 

The radar plot (Figure 1.7A) exhibits the differences in the electrochemical 

performance of several SCs with diamond electrodes as measured by their maximum 

capacitive dimensions, including EDLCs, PCs and redox-electrolytes enhanced SCs (R-

SCs) that were fabricated in our lab.71 Several diamond electrode SCs could possess both 

high power and energy densities (Figure 1.7B). Their gravimetric energy density (Eg) and 

volumetric energy density (Ev) values are larger than those of most SCs with other 

material electrodes, and their gravimetric power density (Pg) and volumetric power 
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density (Pv) values are higher than those of batteries. Therefore, diamond nanomaterials 

are promising electrodes to improve the performance of SCs. 

 

 

Figure 1.7. (A) Radar plot of different diamond electrode SCs based on their maximum 

capacitances (C), lifetime, gravimetric power densities (Pg), volumetric power densities 

(Pv), gravimetric energy densities (Eg), and volumetric energy densities (Ev). (B) (a) 

Gravimetric Ragone plots and (b) volumetric ones of diamond electrode SCs in 

comparison with those of other energy storage devices. The abbreviations of LTO, R-SC, 

PDD, Dia/ Gra, BNDD, Dia/CNF, Dia/MnO2, Network, Dia/TiC, and Fiber stand for 

lithium titanium oxide (Li4Ti5O12), redox electrolyte-enhanced SC, phosphorus-doped 

diamond, diamond/graphite composites, boron-nitrogen co-doped diamond, 

diamond/carbon nanofibers, diamond/MnO2 composite, diamond network, diamond/TiC 

composite, and diamond fibers, respectively. Reproduced with permission.71 Copyright © 

2023, American Chemical Society. 
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Diamond SCs have been also constructed using hybrid diamond (carbon) materials, as 

these composites effectively combine the advantageous properties of both sp² and sp³ 

carbon materials in capacitor electrode applications. Benefiting from the enlargement of 

surface areas of such hybrids and additional capacitance from sp2 carbon, the 

enhancement of the capacitive performance of these hybrids is thus expected. Different 

hybrid diamond films with combinations of other sp2 carbon materials have been 

investigated. For example, when BDD-coated carbon nanotubes (CNTs) was utilized as a 

hybrid EDLC electrode, it possessed a potential window of over 2.6 V together with a 

capacitance of up to 0.58 mF cm-2 in the phosphate buffer saline solution.72 Another 

hybrid diamond film, which was synthesized by growing vertically aligned carbon 

nanofibers (CNFs) on a thin BDD films, has been utilized as an EDLC electrode and 

showed a capacitance of 137.9 mF cm-2 at a current density of 2 mA cm-2 in aqueous 

solutions.73 Even after 10,000 charging-discharging cycles, its capacitance retention 

remained almost unchanged. Such outstanding capacitive performance mainly resulted 

from an enlarged surface area from the CNFs, the porous structure of a BDD film, high 

conductivity of this hybrid electrode, as well as its high stability.  

In addition to being used as an electrode, BDD is also frequently utilized as an electrode 

support owing to its diverse surface chemistry and stable surface terminations, which 

facilitate the incorporation of pseudocapacitive materials (e.g., conjugated polymer, metal 

oxides, metal nitrides, metal carbides, and metal sulfides).11,61,74 The integration of 

pseudocapacitive materials with diamond enables fast and reversible surface-controlled 

faradaic redox reactions at the electrode-electrolyte interface, facilitating additional 

electron and charge transfer, thereby significantly enhancing pseudocapacitance of SCs.75 

However, several critical challenges remain to be addressed in the development of 

diamond-based pseudocapacitive electrodes, such as the declined electrical conductivity, 

the limited operational lifespan, the detachment or depletion of pseudocapacitive 

materials, and the structural degradation of diamond pseudocapacitive composites.11 

1.4.3 NiMnOx Pseudocapacitive Electrodes 

As previously stated, transition metal oxides/hydroxides are proven to be one of the 
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primary categories of pseudocapacitive materials utilized in the fabrication of SCs. They 

have received significant attention as SC electrodes due to their multiple advantages, such 

as high specific capacitance, natural abundance, non-toxicity, environmental friendliness, 

cost-effectiveness, designable structure, and simple preparation.76,77 Among them, 

manganese oxides (MnOx) are particularly notable, thanks for their outstanding 

pseudocapacitive properties, excellent redox activity, diverse crystal structures, and 

collectively enhanced electrochemical performance. For example, MnO2 is one of the 

most extensively studied manganese oxides due to its high theoretical capacitance of 1370 

F g-1.78 Additionally, MnO2 exhibits a wider operational potential window compared to 

other transition metal oxides, which contributes to a higher energy density.79 Manganese 

oxides can be synthesized through either a hydrothermal method or electrodeposition.80–

84 Both methods are efficient processes and widely employed in the preparation of 

manganese oxides. Manganese, like other transition metals, exhibits the ability to form a 

range of stable oxide phases such as MnO, Mn2O3, MnO2, and Mn3O4, which can adopt 

a variety of crystallographic structures.85 Each of these manganese oxides exhibits unique 

structural arrangements, such as cubic, tetragonal, or orthorhombic crystal lattices, that 

significantly influence their physical and electrochemical properties. This structural 

versatility allows manganese oxides to exhibit a variety of characteristics of 

electrochemical performance when used as electrode materials. It has been demonstrated 

that the energy storage mechanism in manganese oxide-based SCs involves a combination 

of electric double-layer capacitance, arising from ion accumulation at the electrode-

electrolyte interface, and pseudocapacitance resulting from charge transfer associated 

with the fast, reversible Mn3+/Mn4+ redox reactions. Therefore, manganese oxides 

typically exhibit a high specific capacitance. For example, nanostructured MnO2 that was 

electrodeposited onto graphene-functionalized textile substrates yielded a specific 

capacitance of 315 F g-1 at a scan rate of 2 mV s-1 in a 0.5 M Na2SO4 electrolyte solution. 
86 Hydrothermally prepared manganese oxide (i.e., Mn3O4)/biomass porous carbon 

composite exhibited a high specific capacitance of 482 F g-1 at a current density of 0.5 A 

g-1 in the 6 M KOH aqueous solution.87 However, the practical applications of MnOx in 

SCs are often limited by its low electrical conductivity due to the wide band gap and 
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structural instability during prolonged cycling.13 Fortunately, the disadvantage of their 

poor conductivity has been effectively mitigated to some extent by combining manganese 

oxides with conductive carbon nanomaterials that feature excellent electrical conductivity. 

In addition to manganese oxides, nickel-based materials have garnered extensive 

research interest and have been systematically studied as promising pseudocapacitive 

electrode candidates. This is attributed to their notable theoretical specific capacitance, 

excellent thermal and chemical stability across different electrolytes, simple fabrication 

processes, and advantages such as low cost and environmental compatibility.77,88 For 

example, nickel oxide (NiO) has been extensively studied as an electrode material for 

SCs due to its remarkable electrochemical activity, rich redox reactions, and a high 

theoretical capacitance of 2573 F g-1.89 To improve the electrical conductivity, the 

structural stability and the Na+ storage capacity, nickel can be incorporated into 

manganese oxides to form Ni–Mn-based composite materials (i.e., NiMnOx), which serve 

as promising electrode candidates for SC applications.90,91 The integration of these 

components extended the potential window, improved the electrical conductivity, and 

enhanced the electrochemical activity for the electrode materials.88,92 The enhanced 

performance is typically ascribed to the synergistic interaction among the transition metal 

constituents. For example, the carbon-coated Ni–Mn composite electrode exhibited a 

specific capacitance of 1863 F g-1 (671 C g−1) at a current density of 1 A g-1.93  Another 

core-shell architecture using MnOOH as the core and NiO as the shell demonstrated a 

remarkable specific capacitance of 1890.5 F g⁻¹ (1040 C g⁻¹) at a current density of 

1.7 A g-1.94 

 

1.5 Electrolytes 

Electrolytes play a pivotal role in determining the overall SC performance, as they 

govern the ionic conductivity, operating voltage window, energy density, power density, 

and cycling stability.51,95 Fundamentally, electrolytes serve as the medium through which 

ions migrate between electrodes during charging and discharging processes, ensuring 
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charge neutrality, facilitating the formation of the electric double layer, and/or enabling 

Faradaic redox reactions in pseudocapacitive systems. An ideal electrolytes needs to 

feature a wide potential window, high ionic conductivity, high chemical and 

electrochemical stability, good compatibility with the employed electrodes, low 

sensitivity to working temperature variations, environmental sustainability, high 

operational safety, and cost-effectiveness. However, it is almost impossible to find such 

an electrolyte that meets all these requirements at the same time. Therefore, the selection 

of an electrolyte for SCs requires a balanced consideration of these factors (e.g., ionic 

mobility, chemical stability, compatibility with electrodes, and safety issues). 

The main types of electrolytes used in SCs include aqueous, organic, solid-state or 

quasi-solid-state, and ionic liquid electrolytes.96 Each type has its own distinct advantages 

and certain limitations. Organic electrolytes, as well as ionic liquid electrolytes, have a 

wider operating voltage window in comparison to aqueous electrolytes, thereby 

significantly enhancing energy density. For example, the operating voltage of a SC was 

increased from 0.9 V to 2.7 V by replacing aqueous electrolytes with organic 

alternatives.97 The operating voltage window of an EDLC employing di-imidazolium 

ionic liquid-based electrolytes reached up to 3.2 V, thereby significantly improving the 

energy density.98 Nonetheless, both organic electrolytes and ionic liquids are associated 

with several limitations. Organic electrolytes generally exhibit lower ionic conductivity 

and also raise safety concerns due to flammability and toxicity. In the case of ionic liquid 

electrolytes, their relatively high viscosity, which results in lower ionic conductivity, 

together with high cost and limited low-temperature performance, remain the main 

challenges for widespread practical applications. In recent years, solid-state and quasi-

solid-state electrolytes have garnered considerable interest for next-generation SCs, 

particularly in flexible and wearable energy storage systems, due to their unique balance 

of enhanced safety, mechanical stability, wide electrochemical windows, flexibility and 

stretchability, and device integration potential.99 However, their major limitations lie in 

their generally low ionic conductivity at room temperature compared to pure liquid 

electrolytes, potential drying out or dehydration over time (especially in aqueous gels), 
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and limited long-term mechanical integrity under extensive cycling or extreme 

environmental conditions. Compared to the other electrolytes, aqueous electrolytes are 

widely used in SCs owing to their advantageous properties, such as high ionic 

conductivity, low cost, simple preparation methods, environmental friendliness, and 

enhanced safety.100 Because of higher ionic mobility and lower resistances, aqueous 

electrolytes are particular attractive for the preparation of SCs with rapid charging-

discharging cycles and at high power densities.101,102 Therefore, aqueous electrolytes are 

considered to be the ideal choice for the SC construction. However, their electrochemical 

stability window is limited by the thermodynamic decomposition potential of water (~ 

1.23 V).103 Extending the operational voltage window of aqueous electrolytes is a key 

factor in the development of high-performance SCs. 

To significantly improve the capacitance and energy density of SCs, incorporation of 

redox-active species in the aqueous electrolytes that can induce reversible redox reactions 

within the electrolyte has been presented as an effective strategy.47 These redox-active 

species participate in fast and reversible electron transfer processes, thereby contributing 

pseudocapacitance in addition to the double-layer capacitance. The coexistence of these 

two mechanisms leads to a substantial enhancement in the overall energy storage 

performance. Moreover, the integration of such redox-active species into the aqueous 

electrolytes has demonstrated long-term stability, with minimal degradation observed 

even after thousands of charging-discharging cycles.48,57  

However, several prerequisites must be met to successfully implement redox-active 

electrolytes for the achievement of enhanced performance in PCs. An appropriate redox-

active electrolyte employed in the design of PCs with high power density and energy 

density needs to exhibit excellent ionic conductivity, a broad electrochemical stability 

window, and good solubility in the selected solvent.48 Importantly, the redox potential of 

the selected redox-active electrolyte must be compatible with or situated within the 

electrochemical stability windows of both the solvent and the capacitor electrode 

materials. In addition, both the electrolyte and the involved oxidation and reduction 

products during the charging-discharging processes should have good chemical and 
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electrochemical stability. This implies that the electrolyte must remain chemically and 

electrochemically inert toward other various SC components, such as electrode materials, 

solvents, and supporting electrolytes, to avoid undesirable side reactions during operation. 

The faradaic reactions of the introduced redox-active species are expected to be highly 

reversible. Minimizing voltage loss during charging and discharging cycles is achievable 

when the chosen redox-active electrolytes demonstrate fast ion diffusion kinetics and 

highly efficient electron-transfer kinetics. Furthermore, the selected redox electrolyte 

should ideally exhibit high availability, environmental compatibility, cost-effectiveness, 

enhanced safety, and natural abundance. 

 

1.6 Motivation of the thesis 

Triggered by the progress and achievements in the fields of SCs (as discussed) and 

especially with the rapid advancement of wearable and portable electronic devices (e.g., 

smartwatches, health monitoring sensors, and foldable displays), the development of 

flexible electrode materials with high energy and power densities, excellent cycling 

stability, and robust mechanical properties has emerged as a key research objective in the 

field of energy storage. The primary objective of this thesis thus focuses on the 

development of high-performance flexible SCs by utilizing appropriate capacitive 

electrode materials including CC, BDD, and manganese oxides, aiming to address the 

fundamental limitations of flexible SCs (e.g., their low energy density and performance 

degradation under mechanical deformation). 

CC has been selected as an exemplary flexible substrate owing to its high electrical 

conductivity, excellent mechanical flexibility, exceptional chemical inertness, and good 

compatibility with various active electrode materials.54,104–106 However, CC alone 

typically exhibits relatively low intrinsic capacitance and energy density, which limits its 

effectiveness as a standalone electrode material in energy storage. To transcend this 

limitation and enhance electrochemical performance, this thesis employs a hierarchically 

engineered electrode architecture that sequentially integrates advanced capacitive 
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materials onto the surface of CC through optimized deposition techniques (Figure 1.8). 

In short, the core motivation of this thesis is to establish a stable electrode architecture 

that unifies mechanical flexibility with enhanced electrochemical performance. The 

above challenges are addressed through three interlinked experimental systems: 

(1) Diamond cloth: The first electrode system utilizes BDD films deposited on CC. It 

is named diamond cloth (DC), specifically designed to leverage the advantageous 

properties of BDD, such as a wide potential window and the exceptional long-term 

electrochemical stability. To protect the CC substrate from hydrogen plasma 

etching during the BDD growth process and meanwhile strengthen the adhesion 

between the substrate and BDD thin films, a titanium (Ti) interlayer is introduced 

prior to a diamond deposition process. The CFs of the CC substrate have been 

uniformly coated with high-quality BDD films by optimizing the deposition 

parameters during MWCVD processes. The electrochemical performance of DC 

electrodes is evaluated in two types of aqueous electrolytes: 1.0 M Na2SO4 solution, 

and 1.0 M Na2SO4 solution + 0.05 M K4Fe(CN)6/K3Fe(CN)6. 

(2) NiMnOx-coated CC: The second electrode system integrates redox-active Ni-doped 

manganese oxides (NiMnOx) film onto CC, aiming to exploit high 

pseudocapacitances, cost-effectiveness, and environmental friendliness of 

manganese oxide derivatives. The manganese oxide films have been synthesized 

using both hydrothermal synthesis and electrodeposition, focusing on film 

uniformity, synthesis controllability, and electrochemical activity. Their 

performance has been investigated in 1.0 M Na2SO4 aqueous solution.  

(3) NiMnOx-coated DC: The third electrode design combines BDD films and NiMnOx 

films into a composite structure on CC, intending to integrate the advantages of 

both electrode materials. The DC electrode constitutes a stable and conductive 

framework, while NiMnOx contributes to pseudocapacitive active sites. Such a 

composite electrode has exhibited enhanced electrochemical performance, 

including excellent cycling stability, large specific capacitance, high energy density 

and power density, and good mechanical flexibility. 
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Figure 1.8. Schematic illustration of the fabrication pathways for flexible capacitor 

electrodes: from CC to DC and NiMnOx@CC, and the integration of NiMnOx with 

diamond cloth to yield NiMnOx@DC. 

 

To realize high-performance flexible supercapacitors, the thickness of active films (e.g., 

BDD and metal oxides) must be carefully regulated to balance ion/electron transport with 

mechanical flexibility. Two types of configurations are employed to evaluate 

electrochemical performance. These typically include a three-electrode system, which 

allows for the detailed analysis of individual electrode materials, and a two-electrode 

system, which simulates real device operating conditions by assessing the full cell 

performance. The selection of an appropriate configuration depends on the specific 

electrochemical characteristics being investigated, such as capacitance, cycling stability, 

or energy and power density. Furthermore, for evaluation of mechanical flexibility under 

realistic operating conditions, a gel electrolyte was also designed to enable bending tests 

of the assembled SCs. 

Overall, high-performance flexible SCs are expected to be developed for further 

applications through a tiered approach: from a highly stable BDD film, to a highly 

pseudocapacitive manganese oxide layer, and finally to their combination. Through a 

comparative analysis across DC, NiMnOx@CC, and NiMnOx@DC, meaningful insights 



1  Introduction  26 

into material design and optimization strategies for flexible SCs can be gained, thereby 

contributing to the advancement of energy storage technology in the field of wearable and 

portable electronics. 

 

1.7 Overview of the thesis 

This thesis is organized into six chapters that present a systematic electrode engineering 

approach for high-performance flexible SCs.  

The first chapter provides an introduction to the background knowledge of SCs, 

including the development and their energy storage mechanisms of EDLCs and PCs, their 

performance metrics, and the electrode materials and electrolytes relevant to this thesis. 

The chapter concludes by articulating the research motivation and objectives. 

Chapter 2 details the experimental methodology, including material synthesis using 

various methods such as physical vapor deposition (PVD), MWCVD, hydrothermal 

synthesis, electrodeposition, electrode fabrication, and the characterization techniques 

employed for morphological, structural, and compositional analysis of investigated 

materials. Electrochemical techniques (e.g., cyclic voltammetry (CV), galvanostatic 

charging-discharging (GCD), electrochemical impedance spectroscopy (EIS)) and 

mechanical flexibility tests are also described. The overall framework spans: (i) synthesis 

routes, (ii) preparation of flexible DC and NiMnOx-coated electrodes, (iii) comprehensive 

materials characterization, and (iv) electrochemical measurements. 

Chapters 3―5 present results and discussion of a systematic progression in electrode 

development for high-performance flexible SCs, from flexible DC to the NiMnOx@DC 

electrode.  

Chapter 3 establishes the foundation by developing flexible DC electrodes through 

comprehensive optimization of BDD film deposition parameters, including Ti interlayer 

effects, seeding processes, and temperature influences, followed by thorough 

characterization and comprehensive electrochemical evaluation. The DC electrode 
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exhibits exceptional cycling stability (e.g., almost 100 % coulombic efficiency and minor 

capacitance degradation after 10,000 cycles), excellent mechanical flexibility (e.g., 97 % 

capacitance retention after 500 bending cycles), and a maximum energy density of 45.96 

μWh cm-2 at a power density of 4.25 mW cm-2 for pseudocapacitive configuration with 

redox electrolytes. 

Chapter 4 summarizes the preparation, characterization, and electrochemical 

evaluation of the NiMnOx@CC electrode material, highlighting the role of Ni–Mn oxides 

in enhancing energy storage performance and identifying limitations associated with sp2 

carbon substrates. In detail, it demonstrates the advantages of electrodeposition over 

hydrothermal synthesis. By incorporating a trace amount of nickel component into MnOx 

film, the optimized NiMnOx@CC electrode has exhibited high specific capacitances of 

47.1 mF cm-2 at a scan rate of 10 mV s-1, and 42.8 mF cm-2 at a current density of 1 mA 

cm-2 in 1.0 M Na2SO4 electrolyte. In addition, this electrode exhibits excellent coulombic 

efficiency (e.g., over 98.5 % over 10,000 cycles) but suffers from limited cycling stability 

(in capacitance retention). 

Chapter 5 introduces the integrated NiMnOx@DC electrode, which combines the 

mechanically and electrochemically robust DC electrode support with pseudocapacitive 

Ni–Mn oxides. The optimized NiMnOx@DC electrode demonstrates pronounced redox 

features and high specific capacitances of 180.5 mF cm-2 at a scan rate of 10 mV s-1 and 

228.1 mF cm-2 at a current density of 2 mA cm-2 with exceptional coulombic efficiency 

approaching 100 % over 10,000 charging-discharging cycles. Regarding capacitance 

retention, NiMnOx@DC retained 73 % of its initial capacitance after 10,000 cycles, which 

is markedly higher than the 16 % retention measured for NiMnOx@CC under the same 

cycling conditions. The symmetric NiMnOx@DC PC deliveres a maximum energy 

density of 72.8 µWh cm-2 at the power density of 5.90 mW cm-2 and retained 18.3 µWh 

cm-2 at the power density of 17.0 mW cm-2, indicating a superior balance between energy 

density and high power delivery. Additionally, the quasi-solid-state flexible 

NiMnOx@DC PC has exhibited excellent mechanical flexibility (e.g., about 80 % 

capacitance retention after 500 bending cycles). The electrochemical performance of the 
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device is well preserved under mechanical stress and dynamic deformation. 

Chapter 6 summarizes the main findings from the progressive development of the DC, 

NiMnOx@CC, and NiMnOx@DC electrodes, providing the key insights into the role of 

substrate materials in determining the performance and stability of flexible SCs. 

Furthermore, the chapter concludes with perspectives on potential future research 

directions to further advance the field of flexible SCs. 
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2 Experimental 

2.1 Material preparation techniques 

2.1.1 Radio frequency physical vapor deposition 

Radio frequency physical vapor deposition (RF-PVD) is an advanced thin film 

synthesis technique that has been widely adopted for the fabrication of high-quality, 

uniform, and adherent thin films. In contrast to conventional sputtering techniques using 

direct current power, RF-PVD utilizes radio frequency alternating current power to 

enhance both the efficiency and precision of the thin film deposition onto a substrate.  

In this thesis, a home-made RF-PVD reactor was applied to deposit of thin Ti films on 

the CC substrate. During deposition, the CC substrates were placed into a vacuum 

chamber maintained at a controlled low-pressure environment (~ 10-5 Torr). Pure argon 

(Ar) gas (purity: 99.999 %) was introduced into the chamber as the sputtering gas. The 

RF power, operating at the standard frequency of 13.56 MHz, was applied to generate an 

energetic Ar plasma that bombarded the surface of a Ti target (with a purity of 99.999 %, 

ZhongNuo Advanced Material Technology Co., Ltd, Beijing, 99.995 % purity, Φ101.6×6 

mm), causing Ti atoms to be ejected and transported towards the substrate. These Ti atoms 

subsequently condensed onto the CC substrate, forming a uniform conformal film. During 

the deposition process, the temperature of the CC substrates was independently controlled 

by an additional direct current resistive heating module. This module allowed for precise 

thermal regulation, ensuring uniform heat distribution across the substrate surface without 

interfering with the deposition parameters. Deposition parameters, including RF power, 

Ar gas flow rate, working pressure, substrate-target distance, and deposition duration, 

were carefully optimized to ensure a continuous and adherent Ti film. 

2.1.2 Microwave plasma enhanced chemical vapor deposition 

Chemical vapor deposition (CVD) processes can be distinguished by the source of 

excitation. Among different CVD techniques, the microwave plasma enhanced chemical 
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vapor deposition (MWCVD) technique stands out as one of the most promising and 

widely utilized methods that have been widely used to fabricate nanocrystalline diamond 

thin films. The MWCVD technique utilizes electromagnetic wave energy to activate 

precursor gases, which typically consist of hydrogen (H2) carry gas and the precursor of 

methane (CH4). The excitation frequency for MWCVD is typically 2.45 GHz. Foremost 

among its advantages is the capability to generate stable, highly reactive, and uniform 

plasma environments, enabling precise control over diamond crystallinity, morphology, 

and doping uniformity. Additionally, diamond films synthesized via MWCVD typically 

exhibit superior chemical purity, excellent adhesion, low residual stress, and high film 

density. For instance, MWCVD-synthesized diamond films are not subject to 

contamination resulting from metal filament evaporation, a problem frequently 

encountered in hot filament chemical vapor deposition (HFCVD).107 Figure 2.1 shows a 

schematic illustration of a typical MWCVD reactor. 

 

Figure 2.1. Schematic diagram of an ‘ASTeX’-type MWCVD reactor.108 Copyright © 
1999 Elsevier Science B.V. 

 

In this thesis, MWCVD technique was employed to deposit BDD thin films onto CC 

substrates previously coated with a Ti interlayer deposited through RF-PVD. The 

precursor gases for deposition of the BDD thin films includes CH4 (Messer Industriegas, 
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Germany) as a carbon source and trimethylborane (TMB) gas (diluted in H2, 1 % in H2) 

(Messer Industriegas, Germany) as a boron source. This gas mixture was introduced into 

the chamber and activated into a luminous plasma ball. Consequently, the substrate was 

heated by the plasma itself. The temperature of the substrate was influenced by a 

combination of multiple parameters, such as the microwave power and working pressure. 

2.1.3 Hydrothermal synthesis 

Hydrothermal synthesis is a widely utilized solution-based chemical process employed 

to prepare nanostructured materials under controlled temperature and pressure 

conditions.109,110 This technique involves chemical reactions occurring in a sealed Teflon-

lined autoclave filled with an aqueous solution containing appropriate precursors. 

Typically, the process is conducted at elevated temperatures ranging from approximately 

100 °C to 250 °C, under pressures higher than atmospheric pressure (1 atm), creating 

thermodynamically favorable environment for crystal nucleation and growth. The 

hydrothermal method is particularly suitable for the growth of large good-quality crystals 

while controlling over their composition. In conclusion, hydrothermal synthesis has 

gained popularity in materials science due to its ability to yield well-crystallized, high-

purity, and uniform nanostructured materials with controllable morphologies (e.g., 

wires/needles, sheets, and hierarchical porous structures). Hydrothermal synthesis of 

manganese oxides offers several advantages, including simple reaction setup, cost-

effectiveness, and environmental friendliness. Moreover, hydrothermal methods allow 

precise control over reaction parameters such as precursor concentration, solution pH, 

reaction temperature, duration, and the introduction of dopants. 

In this thesis, hydrothermal synthesis was specifically employed to deposit manganese 

oxides onto flexible CC substrates. A typical hydrothermal synthesis procedure employed 

in this work involved immersing the CC substrates in a precursor solution containing 

manganese compounds (e.g., manganese sulfate and potassium permanganate), followed 

by sealing the mixture within an autoclave. The parameters were precisely controlled, 

resulting in the formation of uniformly distributed MnOx nanostructures on CC. 
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2.1.4 Electrodeposition 

Electrodeposition, or electrochemical deposition, refers to a versatile electrochemical 

process for the preparation of nanostructured thin films or coatings on the surface of 

conductive materials. Under an applied potential or current, the electrochemical oxidation 

or reduction of dissolved precursor species occurs. Electrodeposition therefore provides 

significant advantages, including precise control over film thickness, composition, 

morphology and uniformity. They can be simply achieved by tuning deposition 

parameters such as applied voltage, electrolyte composition, and deposition time. 

Furthermore, electrodeposition is inherently cost-effective, environmentally friendly, and 

easily adaptable to various substrate geometries. All these advantages make 

electrodeposition particularly suitable for flexible substrates and substrates with complex 

structures. 

Consequently, electrodeposition was employed specifically to fabricate manganese 

oxide films and their Ni-doped derivatives onto the substrates in this thesis. Under 

appropriate electrochemical conditions, dissolved manganese ions undergo oxidation 

reactions at the electrode-electrolyte interface, resulting in the formation of adherent 

oxide coatings on the electrode surface. The deposition potential was precisely controlled 

to optimize the properties of the desired films, thereby enhancing their specific 

capacitance and cycling stability. 

 

2.2 Electrode materials synthesis 

2.2.1 Flexible diamond cloth 

The CC (W0S1011, CeTech Co.) was cut into a circular shape with a diameter of 12 

mm. Subsequently, it was subjected to ultrasonic cleaning in ethanol for 30 minutes, 

followed by sequential rinsing with deionized water to remove surface impurities. After 

drying, the sample was subjected to the PVD chamber for Ti sputtering. Using a Ti metal 

target with a purity of 99.995 % (Φ101.6×6 mm, ZhongNuo Advanced Material (Beijing) 
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Technology Co., Ltd), a thin Ti film was sputtered in Ar atmosphere for 1 min. Prior to 

this sputtering process, the target was subjected to a 10-minute pre-sputtering with a 

closed shutter to ensure its cleanliness. Detailed sputtering parameters, including 

background pressure, working pressure, RF power, Ar flow rate, heater power, sputtering 

time and substrate temperature are listed in Table 2.1. 

Table 2.1. Sputtering parameters for RF-PVD fabrication of Ti film 

Sputtering parameter Value 

Background pressure [Torr] 1.2~2.3×10-5 

Working pressure [Torr] 8.0×10-3 

RF power [W] 200 

Ar flow rate [sccm] 20 

Heater power [V] 50 

Sputtering time [min] 1/2/3/10 

Substrate temperature [℃] 400 

 

Subsequently, BDD films were grown in a MWCVD reactor (ASTeX 5000W A5000i 

model). The spontaneous nucleation of diamond on a foreign substrate during a CVD 

process has a low probability.111 Prior to this deposition, the sputtered CC was soaked 

into the ethanol for 45 min and seeded with 1 g L-1 nanodiamond water suspension for 90 

min in an ultrasonication bath. For control experiments, three distinct substrate 

temperatures (760 ℃, 830 ℃, 900 ℃) were applied for the growth of BDD thin films. 

The synthesized DC materials were named DC760, DC830, DC900, respectively. The 

parameters of these MWCVD processes, including background pressure, working 

pressure, H2/CH4/TMB flow rate, microwave power, deposition time, and substrate 

temperature, are presented in Table 2.2. In the final step, the as-synthesized DC was 

subjected to heating at 450 °C in air for 2 h with an aim to reduce the sp² carbon content 

on the DC surface and meanwhile to facilitate the introduction of oxygen-containing 
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functional groups, thereby enhancing hydrophilicity.112 

Table 2.2. Growth parameters of three diamond samples: DC760, DC830, DC900 

Deposition parameter DC760 DC830 DC900 

Background pressure [Torr] 1.0~4.0×10-2 1.0~4.0×10-2 1.0~4.0×10-2 

Platform height [mm] 54.7 58 58 

H2 flow rate [sccm] 400 400 400 

CH4 flow rate [sccm] 4.0 4.0 4.0 

TMB flow rate [sccm] 5.0 5.0 5.0 

Working pressure [Torr] 30 30 35 

Microwave power [W] 1000 1000 1100 

Deposition time [h] 6 6 6 

Substrate temperature [℃] 760 
 

830 900 

 

2.2.2 NiMnOx-coated carbon cloth 

Prior to synthesis, the CC substrates were cut and cleaned using the aforementioned 

preparation method. Following drying, the CC substrate was coated with MnOx or 

NiMnOx through the subsequent procedures. 

Hydrothermal method: Potassium permanganate (KMnO4, ≥ 99.0 %, Fluka Chemie 

GmbH) and manganese (II) sulfate monohydrate (MnSO4·H2O, ≥ 97 %, Alfa-Aesar 

GmbH & Co KG) were used as precursors. In the first step, 45 mL of the aqueous 

precursor solutions (Table 2.3) along with the CC substrates were transferred into a 

Teflon-lined stainless steel autoclave, which was then placed in a temperature-controlled 

hydrothermal oven (VWR International, DRY-Line 112 Prime, USA) to conduct related 

reactions. Upon completion of each reaction, the autoclaves were naturally cooled to 

room temperature. The synthesized samples were thoroughly rinsed with deionized water 
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to remove residual ions or loosely bound particles and then dried under ambient 

conditions. 

Five sets of experimental conditions used for hydrothermal synthesis are summarized 

(Table 2.3). 

(1) The first synthesis process involved immersing CC in a solution containing 20 

mM KMnO4. The reaction was conducted hydrothermally at 150 °C for 5 hours. 

(2) Based on the results of the first synthesis, the second synthesis was carried out in 

10 mM KMnO4 aqueous solution. 

(3) For the third synthesis, a milder condition was applied. The applied KMnO4 

concentration was 5 mM, and the reaction temperature was declined to 80 °C. The 

hydrothermal reaction time was 1 h. 

(4) The fourth synthesis was similar to the second one, utilizing the same precursor 

solution (5 mM KMnO4), except the hydrothermal reaction duration at 80 °C was 

extended to 2h. 

(5) In the fifth experiment, a mixed precursor solution consisting of 42 mM KMnO4 

and 16.7 mM MnSO4 was utilized. The reaction was conducted at 150 °C for 5 h. 

The as-prepared samples were designated as SH-1, SH-2, SH-3, SH-4, and SH-5, 

respectively (where S refers to sample, and H to hydrothermal). 

The formation of MnOx via a hydrothermal synthesis process can typically involve the 

following redox reaction: 

4𝑀𝑀𝑀𝑀𝑀𝑀4− + 3𝐶𝐶 + 𝐻𝐻2𝑂𝑂 → 4𝑀𝑀𝑀𝑀𝑀𝑀2 + 𝐶𝐶𝐶𝐶32− + 2𝐻𝐻𝐻𝐻𝐻𝐻3− 

For the condition with MnSO4, a redox reaction between permanganate and manganese 

ions can be primarily involved as well:  

2𝑀𝑀𝑀𝑀𝑀𝑀4− + 3𝑀𝑀𝑀𝑀2+ + 2𝐻𝐻2𝑂𝑂 → 5𝑀𝑀𝑀𝑀𝑀𝑀2 + 4𝐻𝐻+ 

Note that the reactions involved in the formation of manganese oxides are indeed highly 

complex. Consequently, the synthesized manganese oxide products may contain various 
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oxidation states of manganese. For instance, both Mn2O3 and MnO2 could be formed 

during hydrothermal synthesis. For simplicity, the products are collectively referred to as 

MnOx in this thesis. 

Table 2.3. Summary of experimental parameters for different synthesis 

Method Sample 

number 

Precursors Conditions 

Hydrothermal 

synthesis 

SH-1 20 mM KMnO4 150 ℃ / 5 h 

SH-2 10 mM KMnO4 150 ℃ / 5 h 

SH-3 5 mM KMnO4 80 ℃ / 1 h 

SH-4 5 mM KMnO4 80 ℃ / 2 h 

SH-5 
42 mM KMnO4 + 16.7 

mM MnSO4 
150 ℃ / 5 h 

Electrodeposition 

SE-Mn 50 mM MnSO4 

0.9 V (vs. Ag/AgCl) 

1500 s 

SE-Ni 3 mM Ni(CH3COO)2 

SE-NiMn 
50 mM MnSO4 + 3 mM 

Ni(CH3COO)2 

 

Electrodeposition: Electrochemical deposition of manganese oxides films onto CC 

substrates was conducted using an amperometric i-t (i.e., current-time) technique. 

Electrodeposition was performed using a CHI660E Potentiostat/Galvanostat (Shanghai 

Chenhua Inc., China). A standard three-electrode configuration was employed, with the 

CC substrate serving as the working electrode, a platinum (Pt) sheet acting as the counter 

electrode, and an Ag/AgCl (3 M KCl) (CHI111Shanghai Chenhua Inc., China) electrode 

used as the reference electrode. For such electrodeposition, three different aqueous 

electrolytes were prepared (Table 2.3): (i) 50 mM MnSO4, (ii) 3 mM nickel (II) acetate 
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tetrahydrate (Ni(CH3COO)2·4H2O, ≥ 99 %, ChemPur Feinchemikalien und 

Forschungsbedarf GmbH), and (iii) a mixed electrolyte containing 50 mM MnSO4 and 3 

mM Ni(CH3COO)2. All the volumes of the used electrolytes were about 40 mL. The 

deposition was carried out at a constant applied potential of 0.9 V vs. Ag/AgCl for a total 

duration of 1500 s at room temperature. After the deposition, the synthesized electrodes 

were thoroughly rinsed with deionized water in order to remove any loosely adhered 

particles and residual electrolyte and finally dried under ambient conditions.  

During the electrodeposition process, the following reactions occur: 

𝑀𝑀𝑀𝑀2+ + (1 + 𝑛𝑛)𝐻𝐻2𝑂𝑂 → 𝑀𝑀𝑀𝑀𝑀𝑀(1+𝑛𝑛) + (2 + 2𝑛𝑛)𝐻𝐻+ + 2𝑛𝑛𝑒𝑒− 

The value of n can be either 1 or 1/2. Therefore, similar to the hydrothermally synthesized 

products, the manganese oxides might contain both Mn(III) and Mn(IV).   

𝑁𝑁𝑁𝑁2+ + 2𝐻𝐻2𝑂𝑂 → 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 + 3𝐻𝐻+ + 𝑒𝑒− 

The as-prepared samples were designated as SE-Mn, SE-Ni, and SE-NiMn, respectively 

(where S refers to sample, and E to electrodeposition). 

2.2.3 NiMnOx-coated diamond cloth 

In the mixture of 50 mM MnSO4 and 3 mM Ni(CH3COO)2 with a volume ratio of 1:1, 

electrochemical deposition of NiMnOx films onto the BDD films-coated CC (i.e., DC) 

was conducted, according to the procedures described in Section 2.2.1. The 

electrodeposition procedure followed a similar protocol to that employed for the CC 

substrates (Section 2.2.2). A CHI Chenhua electrochemical workstation was employed 

using a three-electrode configuration with the DC as the working electrode. The DC 

working electrode, reference electrode of Ag/AgCl, and Pt counter electrode were 

immersed in 40 mL of the electrolyte mixture. To investigate the effect of applied 

potential on deposition behavior and resulting film properties, three deposition voltages 

were applied: 0.9 V, 1.0 V, and 1.1 V (vs. Ag/AgCl). The deposition time was kept constant 

at 1500 s at room temperature. After the deposition, the NiMnOx-coated DC electrodes 

were thoroughly rinsed and dried following the procedure described in the previous 
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sections. The resulting samples were denoted NiMnOx@DC-0.9, NiMnOx@DC-1.0, and 

NiMnOx@DC-1.1. 

 

2.3 Characterization 

2.3.1 Morphology and structural characterization 

The surface and cross-sectional morphologies of the electrode materials in this thesis 

were investigated using field-enhanced scanning electron microscopy (FESEM, Zeiss 

Ultra55, Germany). In-lens secondary electron images were recorded under a high 

vacuum condition. The electron source was generated using a field emission gun and 

subsequently accelerated, with the acceleration voltage adjusted within the range of 3 to 

10 kV. 

The microstructural analysis of DC electrode was carried out using a high-resolution 

transmission electron microscopy (HRTEM, ThermoFisher, Talos F200X, USA). The 

instrument was operated at an accelerating voltage of 200 kV, which is a standard setting 

for achieving atomic-level resolution and obtaining detailed information about crystal 

lattice structures. 

The specific surface areas of these electrodes were determined using the nitrogen 

adsorption technique, which is a widely employed method for characterizing porous 

materials. Brunauer-Emmett-Teller (BET) method, which is based on the physical 

adsorption of gas molecules onto a solid surface, has been applied for surface area 

analysis. 

2.3.2 Phase and component analysis 

An energy-dispersive X-ray spectrometer (EDX, Thermo Fisher Scientific, USA) 

integrated with a FESEM was employed to analyze the elemental composition of the 

synthesized films. A high-energy electron beam is necessary to induce the emission of 

characteristic X-rays from the sample material. Different operational modes of EDX 

analysis were utilized, including point-shoot mode, line-scan mode, and element mapping 
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mode. 

The X-ray photoelectron spectroscopy (XPS) measurements (Surface Science 

Instruments, S-probe photoelectron spectrometer SSX-100, USA) were carried out to 

analyze the chemical states of the synthesized films, with Al Kα radiation at a power 

setting of 200 W. By irradiating the surface with a beam of X-rays and simultaneously 

measuring the kinetic energy of the electrons emitted from within 1-10 nm of the surface 

of the synthesized materials being analyzed, an XPS spectrum was obtained. The XPS 

spectra analysis was carried out using CasaXPS processing software (Version 2.3.19PR 

1.0). The XPS spectra were calibrated with the C–C peak at 284.8 eV serving as the 

binding energy (BE) reference. 

Raman spectra of the synthesized samples were collected using a micro-Raman 

spectrometer (Thermo Fisher Scientific, Nicolet Almega XR, USA) operating at a fixed 

laser excitation wavelength of 532 nm (frequency-doubled neodymium-doped yttrium 

orthvanate diode-pumped solid-state laser, power of 25 mW). The molecular structure, 

composition and crystallinity of the material were analyzed by Raman spectroscopy. 

The crystalline structure and phase composition of the materials were systematically 

investigated through X-ray diffraction (XRD) analysis using an advanced diffractometer 

(PANalytical, Netherlands). The XRD measurements were performed employing 

monochromatic Cu Kα radiation (λ = 1.54 Å) as the incident X-ray source. The X-ray 

tube was operated under conditions of 40 kV voltage and 40 mA current. The resulting 

diffraction patterns were subsequently analyzed to determine the phase composition, 

crystallinity, and structural characteristics.  

 

2.4 Electrochemical measurements 

Electrochemical performance of the synthesized electrodes was evaluated through 

cyclic voltammetry (CV), galvanostatic charging-discharging (GCD) technique, and 

electrochemical impedance spectroscopy (EIS) that are available on electrochemical 
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workstations (CHI660e, Shanghai Chenhua Inc., China, and PMC-1000, Ametek 

Scientific Instruments, USA). Both three-electrode and two-electrode systems were 

employed. In a three-electrode configuration, the synthesized electrode served as the 

working electrode, an Ag/AgCl (3.0 M KCl) electrode functioned as the reference 

electrode, and a Pt sheet was used as the counter electrode. In a two-electrode 

configuration, two electrode materials acted as the capacitor electrodes. To investigate the 

electrochemical performance of the synthesized electrode materials, different electrolytes 

were employed, including a 1.0 M Na2SO4 (≥ 99 %, Carl Roth GmbH + Co. KG) aqueous 

solution, a 1.0 M Na2SO4 solution supplemented with 0.05 M K3Fe(CN)6/K4Fe(CN)6 (≥ 

99.0 %/≥ 98 %, Alfa Aesar GmbH & Co KG) redox species.  

2.4.1 Cyclic voltammetry 

 

Figure 2.2. (a) Triangular wave potential as a function of time applied for CV 

measurements. (b) An idealized cyclic voltammogram illustrating the electrochemical 

behavior of an EDLC. (c) A representative cyclic voltammogram exhibiting distinct redox 

peaks with anodic and cathodic currents. 
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CV is a well-established electrochemical characterization technique, extensively 

employed to investigate the redox behavior and electrochemical properties of materials. 

The technique involves applying a linearly varying potential (or voltage for two-electrode 

configuration) to a working electrode immersed in an electrolyte solution, while 

simultaneously monitoring the resulting current response. The potential is cycled between 

predefined lower (El, V) and upper (Eu, V) limits at a constant scan rate (v, mV s-1), as 

shown in Figure 2.2a. The characteristics current-potential plots recorded are referred to 

as cyclic voltammograms. From these curves, essential electrochemical parameters such 

as current densities, oxidation and reduction potentials, redox reaction reversibility, and 

capacitance can be derived. 

Corresponding to the two distinct energy storage mechanisms of SCs, two typical 

cyclic voltammograms can be observed. An EDLC stores charges via electrostatic 

accumulation of ions at the electrode-electrolyte interface, without faradaic reactions. 

Consequently, its CVs are characterized by a nearly rectangular-shaped profile (Figure 

2.2b), demonstrating ideal capacitive behavior. The symmetry and rectangularity indicate 

efficient and reverse ion adsorption/desorption and rapid charge transfer, which are 

characteristic features of an EDLC. In contrast, as illustrated in Figure 2.2c, the 

representative cyclic voltammogram of a PC exhibits clear oxidation and reduction peaks. 

These peaks correspond to specific redox reactions occurring at the electrode-electrolyte 

interface, indicating that the charge storage mechanism involves electron transfer 

accompanied by (quasi) reversible redox reactions. Anodic peak current (ipa) and cathodic 

peak current (ipc) correspond to the oxidation reaction and reduction reaction, respectively. 

The comparison of their absolute values, together with the separation between anodic 

peak potential (Epa) and cathodic peak potential (Epc), are often used to determine the 

electrochemical reversibility of the redox reaction. For an ideal CV of a PC, the peak 

current ratio should be near unity, and the value of peak potential separation should be 

approximately 59/n mV, where n refers to the stoichiometric number of transferred 

electrons.113,114  

The areal specific capacitance (Cs,CV, mF cm-2) can be calculated through the following 
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equation:  

𝐶𝐶𝑠𝑠,𝐶𝐶𝐶𝐶 =
∫ 𝐼𝐼(𝑉𝑉)𝑑𝑑𝑑𝑑

2 × 𝑣𝑣 × ∆𝑉𝑉 × 𝐴𝐴
 (2.1) 

Where I refers to the response current, V is the applied potential, v is the scan rate, ∆V is 

the potential change, and A is the geometric area of the effective capacitor electrode. 

2.4.2 Galvanostatic charging-discharging technique 

The GCD technique is a characterization method typically used to evaluate the 

performance of SCs. This method applies a constant current to an electrode or a device 

and simultaneously monitors the potential (or voltage in a two-electrode configuration) 

response as a function of time during both the charging and discharging processes. In a 

typical GCD measurement, the working electrode or device is initially charged by 

applying a constant current until reaching a pre-set upper potential limit (Eu), followed 

immediately by discharging at the same current down to a predetermined lower potential 

limit (El). The resultant potential-time profiles (i.e., GCD curves) provide critical insights 

into the electrochemical performance of the electrode material, such as capacitance, 

coulombic efficiency, and reversibility. 

Depending on the energy storage mechanism, the GCD curves can exhibit distinct 

shapes. For an EDLC, the GCD curve (as shown in Figure 2.3a) is ideally triangular, 

indicating linear charging-discharging behavior resulting from the pure electrostatic 

adsorption and desorption of ions. In contrast, pseudocapacitive electrodes often show 

plateaus in their GCD curves (as shown in Figure 2.3b), reflecting redox reactions with 

phase transformations or intercalation processes. These plateaus correspond to constant 

potential regions where faradaic processes dominate. The symmetry of these two curves 

reflects the reversibility of the charging and discharging processes. 
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Figure 2.3. Two typical GCD curves of SCs: (a) the representative GCD curve of an ideal 

EDLC, and (b) the typical GCD curve for a PC. 

 

The area-normalized capacitance (Cs,GCD, mF cm-2) can be quantitatively calculated 

from the GCD curves using the following equation:  

𝐶𝐶𝑠𝑠,𝐺𝐺𝐺𝐺𝐺𝐺 =
𝐼𝐼 × ∆𝑡𝑡

2 × ∆𝑉𝑉 × 𝐴𝐴
 (2.2) 

where I refers to the value of the applied constant current, ∆t is the charging and 

discharging time, ∆V is the potential change, and A is the geometric area of the effective 

capacitor electrode. 

In addition, the cycling stability of the capacitor electrodes or devices in this thesis was 

examined through the GCD technique. During the cycling test, the electrode or device 

was subjected to repeated charging and discharging cycles under constant current 

conditions, typically over thousands of cycles. Afterwards, the capacitance retention was 

calculated. These results provide valuable insights into the reliability and potential for 

practical implementation of the electrode materials.  
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2.4.3 Electrochemical impedance spectroscopy 

 

Figure 2.4. (a) A periodic sinusoidal potential perturbation with constant amplitude 

across a range of frequencies from high to low in EIS. (b) Schematic of a typical Nyquist 

plot. (c) The Randles equivalent electrical circuit. 

 

EIS is a powerful analytical technique widely employed to characterize the interface 

features between electrode and electrolyte, providing valuable insights into the internal 

resistances of energy storage devices and electrode materials. By applying small-

amplitude sinusoidal potential perturbation (Figure 2.4a) across a wide frequency range 

(typically from 100 kHz to 0.01 Hz) and subsequently measuring the corresponding 

current response, EIS quantifies the complex impedance (Z) as a function of frequency. 

The results in this thesis were presented as Nyquist plots (Figure 2.4b), which display 

the real part (Z’) versus the imaginary part (Z”) of the complex impedance.115 The 

semicircular region at high frequencies reflects the charge transfer process, controlled by 

the charge transfer resistance (Rct) and double-layer capacitance (Cdl). The intercept at 

high frequencies on the real axis represents the electrolyte resistance (Rs). At low 

frequencies, the straight line inclined at approximately 45° indicates the Warburg 
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impedance (Zw), which is related to ion diffusion and mass transport limitations.115–118 

The plot is commonly divided into regions dominated by kinetic control (high frequencies) 

and mass transfer control (low frequencies). The equivalent circuit (Figure 2.4c) 

represents a typical model used to fit EIS data. In the thesis, the data were processed and 

fitted through ZView software (Version 2.1c). 

2.4.4 Mechanical flexibility 

A gel electrolyte was prepared and subsequently subjected to bending tests for the 

evaluation of the mechanical flexibility of SCs. In a beaker, 2 g of acrylamide (≥ 98.5 %, 

Thermo scientific) was added to 20 mL of deionized water and stirred until complete 

dissolution was achieved. The resultant solution was then mixed with 20 mL of 0.5 M 

Na2SO4 aqueous solution. Consequently, 0.5 g of ammonium persulfate (APS, ≥ 98.0 %, 

Merck) as an initiator was added to the mixture and mixed until it dissolved completely 

to obtain a transparent and homogeneous solution. The beaker was sealed and transferred 

into a drying oven set at 50 °C. The mixture was heated at 50 °C for 12 h to form a gel 

electrolyte. In the assembly step, a thin gel electrolyte was cut and placed between two 

capacitor electrodes, which were connected to thin copper (Cu) sheets. Subsequently, the 

assembly was covered with two plastic sheets, thereby sealing the SC. Figure 2.5 

illustrates the assembly configuration. The assembled SC was investigated by 

electrochemical measurements under different bending conditions. 

 

Figure 2.5. Schematic configuration of a SC using a gel electrolyte for bending tests. 
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3 Flexible Diamond Cloth electrode 

The growing demand for wearable and portable electronics motivates electrode 

architectures that combine rapid charge transfer, high electrochemical stability, and 

reliable performance under mechanical deformation. The development of flexible SC 

electrodes requires materials that can simultaneously deliver high electrochemical 

performance and withstand mechanical deformation without significant degradation. CC 

has been widely used as an ideal current collector or electrode substrate in flexible SCs 

owing to its lightweight nature, good electrical conductivity, high flexibility, and 3D 

architecture.53,54 Nevertheless, its intrinsic capacitance is too low to enable direct use as 

an active electrode material. To address this limitation, the integration of capacitive 

materials onto CC has proven to be an effective strategy for enhancing the specific 

capacitance and energy density of CC-based flexible SCs.53  

Conductive diamond nanomaterials exhibit excellent electrochemical performance, 

making them promising candidates for capacitor electrodes.11,60 In particular, BDD has 

attracted attention owing to its significant advantages, including good conductivity, a 

wide potential window, low background current, excellent chemical stability, and reliable 

electrochemical response to redox systems.61,119 In this chapter, a flexible DC was 

synthesized by overgrowing a thin BDD film on CC substrate via MWCVD. DC 

represents a strategic integration of two complementary materials: the mechanical 

flexibility and 3D architecture of CC with the exceptional electrochemical properties of 

BDD films. Prior to deposition of BDD film, a thin Ti interlayer was sputtered onto CC 

substrate using RF-PVD to protect it from plasma-induced etching and enhance 

interfacial adhesion. This chapter systematically investigates the optimization of DC 

fabrication parameters, including the critical role of protective interlayers, seeding 

processes, and deposition conditions in achieving uniform diamond films. 

Comprehensive characterization (morphology, structure, and composition) is followed by 

electrochemical evaluation using both three-electrode and two-electrode configurations, 

encompassing rate capability, impedance, energy and power densities, and cycling 

stability. Both EDLCs and PCs using DC electrodes are evaluated. Finally, mechanical 
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flexibility is assessed under different bending conditions. The insights gained from DC 

electrode development provide the foundation for subsequent integration with 

pseudocapacitive materials in later chapters. 

 

3.1 Optimization of BDD film deposition 

The preparation process of flexible DC is schematically illustrated in Figure 3.1. 

Generally, the fabrication process consists of two primary stages. In the first step, a Ti 

interlayer is deposited onto the surface of the CC substrate using an RF-PVD technique. 

Subsequently, BDD thin films are grown over the Ti interlayer-covered CC inside a 

MWCVD reactor. 

 

Figure 3.1. Diagram illustrating the preparation processes of DC electrode materials. 

The insets display FESEM images of the samples captured at various stages of the 

preparation process. 

 

3.1.1 Influence of the titanium interlayer 

Before the overgrowth of BDD films using MWCVD, a Ti thin film was sputtered onto 

the CC surface as a protective and adhesion-enhancing interlayer using an RF-PVD 

technique. The FESEM images in Figure 3.2 demonstrate the critical influence of a Ti 

interlayer in the synthesis of DC electrodes. Without the Ti interlayer, significant damages 

to the CF surface are observed due to direct plasma exposure (Figure 3.2a). The CC fibers 
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are intensively etched by the hydrogen plasma generated during the MWCVD process. In 

contrast, the quality of the as-synthesized BDD films is significantly improved with the 

protection of a moderate Ti interlayer (Figure 3.2b). The CFs maintain their smooth 

morphology while being uniformly coated with a dense and continuous diamond film. 

However, an excessively thick Ti interlayer (e.g., over 100 nm after a 10-minute 

sputtering time) adversely affects the integrity of BDD films. Figure 3.2c reveals 

delamination and cracking of the diamond film, indicating internal stress accumulation 

and poor adhesion between the BDD films and the CC fibers. This suggests that over-

deposition of the Ti interlayer introduces additional residual stress, thereby compromising 

its effectiveness as a transition layer. Actually, all Ti interlayers deposited with sputtering 

times ranging from 1 to 3 minutes contribute to the protection of CFs and enhance the 

adhesion between BDD films and the CC substrate. To ensure the preservation of superior 

flexibility in the electrode material, CC coated with a Ti thin film deposited via 1-minute 

sputtering was employed as the substrate for the subsequent growth of the BDD films. 

 

Figure 3.2. FESEM images of (a) a BDD film directly overgrown on CC, (b) BDD films-

covered CC with a Ti interlayer via 1 min sputtering, (c) BDD films-covered CC with a 

Ti interlayer via 10 min sputtering. 
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3.1.2 Seeding process 

The seeding process plays a crucial role, as it determines the nucleation density and 

growth uniformity of the BDD film through the MWCVD technique. However, the 

presence of a Ti interlayer has a noticeable influence on seeding efficiency by altering the 

surface energy and surface chemistry. To investigate the effect of different seeding 

conditions, three treatments were applied to CC sputtered with a 1-minute Ti interlayer: 

(a) ultrasonication in a 1.0 g L-1 nanodiamond (ND) water suspension for 90 minutes; (b) 

ultrasonication in a 1.0 g L-1 ND methanol suspension for 90 minutes; (c) soaking in 

ethanol for 45 minutes followed by ultrasonication in a 1.0 g L-1 ND water suspension for 

90 minutes. 

 

Figure 3.3. FESEM images of Ti interlayer-covered CC after seeding treatment with (a) 

1.0 g L-1 ND water suspension, (b) 1.0 g L-1 ND methanol suspension, and (c) ethanol 

plus followed 1.0 g L-1 ND water suspension. 

 

The corresponding FESEM images (Figure 3.3) exhibit the distinct seeding 

distribution resulting from three treatments. Figure 3.3a reveals that almost no ND 

particles are attached to the substrate surface. This can be attributed to the high surface 
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tension and poor wettability of the Ti layer, thereby hindering the adsorption of ND 

particles in aqueous suspension. In contrast, the seeding treatment with methanol 

suspension results in a substantial amount of ND particles adhering to the surface (Figure 

3.3b). The lower surface tension and better wetting properties towards methanol facilitate 

more uniform dispersion and stronger interaction between the ND seeds and the Ti surface. 

However, significant particle agglomeration is observed, indicating that the particles 

tended to cluster in this procedure, which can result in non-uniform nucleation sites 

during subsequent film growth. For third seeding condition, the combined ethanol 

soaking and subsequent ND seeding in water suspension yields a more uniform and well-

dispersed distribution of ND particles on the surface (Figure 3.3c). The initial soaking in 

ethanol increased surface wettability, thereby promoting better attachment and dispersion 

of the ND particles in the subsequent aqueous suspension step. This dual-step approach 

effectively mitigates seed agglomeration and enhances the homogeneity of the seed 

distribution. 

3.1.3 Influence of deposition temperature 

The substrate temperature plays a critical role in the MWCVD synthesis of BDD 

films.120 By adjusting the working distance and working pressure, the substrate 

temperature was controlled at 760 °C (DC760), 830 °C (DC830), or 900 °C (DC900). 

From their FESEM images (Figure 3.4), one can see that carbon fibers cannot be 

completely covered by diamond grains at both excessively high and low substrate 

temperatures. As observed in Figure 3.4a, at the relatively lower substrate temperature 

of 760 °C, the deposited BDD film exhibited incomplete surface coverage with evident 

gaps and discontinuous grain boundaries. The insufficient deposition rate due to the 

relatively larger working distance limits to achieving high-quality BDD films. When the 

substrate temperature was increased to 830 °C (Figure 3.4b), the diamond grains became 

more uniform and densely packed, forming a continuous and well-faceted film. This 

indicates that an optimal substrate temperature enhances the surface migration of carbon 

species, facilitating more efficient growth and improving the film quality. At an even 

higher substrate temperature of 900 °C (Figure 3.4c), the film surface shows overgrowth 
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with larger, coarsened grains and increased surface roughness. The higher temperature 

enables to improve the growth rate of crystal grains, resulting in uneven grain 

development, where larger grains dominate at the expense of smaller ones. This 

competitive growth behavior leads to non-uniform surface coverage and negatively 

impact the film integrity. 

In summary, the substrate temperature of approximately 830 ℃ was determined to be 

optimal for fabrication of DC electrode materials. Unless otherwise specified in the 

following sections, DC material specifically refers to the DC prepared at approximately 

this optimal temperature. 

 

Figure 3.4. FESEM images of three samples: (a) DC760, (b) DC830, and (c) DC900. 

 

3.2 Characterization of diamond cloth 

The surface morphology of the fabricated DC was first characterized through FESEM. 

The CC fibers maintain a high degree of uniformity in diameter (Figure 3.5b) and are 

fully covered by tightly packed BDD films (Figure 3.5c). The dense and crystalline 

surface offers superior mechanical strength and chemical stability. In electrochemical 

applications, this structure can significantly enhance electron transfer rates, improve 
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corrosion resistance, and increase the effective surface area for redox reactions. From the 

cross-sectional image of the CC fibers covered with BDD films (Figure 3.5c), the 

thickness of this interlayer is around 20―30 nm. In comparison with the pristine CC 

surface, it was evident that a uniform thin layer of Ti had been coated on the surface 

(Figure 3.5a). Nevertheless, it does impede the etching process of CFs and enhance the 

adherence of the BDD films to the substrate. With a deposition time of 6 h at the substrate 

temperature of 830 ℃, the thickness of a BDD film reaches about 200―300 nm (Figure 

3.5d). For such DC material, the CC is the core working as the skeleton and the BDD 

film is the shell covering the carbon fibers. The film per se consists of uniform diamond 

grains. According to statistics (through Nano Measurer, Version 1.2.5), the grain size is 

distributed mostly within the range of 200 to 400 nm, with an average size of 316 nm 

(Figure 3.5e). The carbon fibers of commercial CC have a very smooth surface and a 

limited specific surface area (1 m2 g-1) (Figure 3.5a).56 In contrast, DC material has an 

increased specific surface area (18.6 m2 g-1), as determined from the gas adsorption-

desorption isotherms (Figure 3.5f). The structure of this DC material provides a robust 

structural foundation for its use as an electrode to exert the excellent characteristics of 

diamond and CC. 
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Figure 3.5. FESEM images of (a) CC surface before (left) and after (right) Ti sputtering. 

(b)-(d) FESEM images of DC material at different resolutions; The inset in (b) is the 

picture of a bending DC sheet; The inset in (c) shows the details of the diamond crystal 

grains; (d) the cross-sectional FESEM image. (e) The size distribution of diamond grains. 

(f) Nitrogen adsorption-desorption isotherms. 

 

HRTEM investigation and EDX elemental mapping were employed to get a deep 

insight into the microstructures of DC materials. The cross-sections of DC were firstly 

characterized. As shown in Figure 3.6a, a well-transited layered structure is observed, 

comprising a top BDD film and an underlying Ti interlayer. HRTEM image of the BDD 

region (Figure 3.6b) reveals a lattice spacing of 0.21 nm, corresponding to the (111) plane 

of crystalline diamond, confirming the high crystallinity of the deposited film.121,122 The 

fast Fourier Transform (FFT) pattern (Figure 3.6c) further provides valuable insights into 

the crystalline orientations of this diamond phase. The clear and distinct spots in the FFT 

pattern suggest that the diamond sample has high crystallinity with minimal disorder. The 

(111) plane, which is prominently visible in the FFT pattern, corresponds to one of the 

most stable and common crystallographic planes in the diamond structure. Additionally, 

other prominent spots such as the (220) plane are observed in the FFT pattern. These spots 

confirm the high-quality crystal structure and provide evidence of the presence of 

multiple crystallographic orientations. The TEM image of Ti region (Figure 3.6a) reveals 

that the Ti interlayer is predominantly transformed into titanium dioxide (TiO2) during 

the preparation process. In Figure 3.6d, two crystalline regions are observed. The one 
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with a lattice spacing of 0.25 nm is attributed to the (111) plane of titanium carbide (TiC), 

while the dominant one with a lattice spacing of 0.35 nm is assigned to the (101) plane of 

TiO2.123,124 This indicates a two-step transformation process during and after BDD 

deposition. Specifically, during the MWCVD growth, carbon atoms diffused into the Ti 

interlayer and reacted to form TiC at the interface.125 However, most of the TiC phase has 

been oxidized into stable TiO2 in an oxygen-rich atmosphere during the subsequent 

thermal oxidation treatment of the as-synthesized DC at 450 ℃. 

 

 

Figure 3.6. (a) Cross-sectional TEM image of the transition region. HRTEM images of 

(b) BDD region, and (d) Ti interlayer. (c) FFT pattern recorded from BDD film region. 

(e) EDX elemental mapping analysis of C, Ti, O from the transition region. 

 

The elemental distribution (Figure 3.6e) that was obtained through EDX elemental 

mapping provides further insight into the composition of the transition region. The C 
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signal is mainly localized in the BDD region, while Ti is strongly concentrated at the 

interlayer. A significant O signal is detected overlapping with the Ti-rich region, 

supporting the formation of TiO2. Interestingly, a partial overlap between the C and O 

signals is also observed, which suggests a compositional gradient and incomplete 

oxidation of TiC. Consequently, the transition region is characterized by the coexistence 

and transformation of TiC and TiO2. 

The crystalline structure of the DC material was further investigated using XRD. For 

comparison, the XRD patterns of the bare CC substrate were analyzed. Related spectra 

are shown in Figure 3.7a. Both patterns exhibit a prominent diffraction peak at 2 Theta 

(2θ) around 25.7 °, corresponding to a characteristic plane (002) of graphite, which 

reflects the layered structure of sp²-hybridized carbon in the CC substrate. Furthermore, 

a smaller peak is observed at approximately 42.1 °, associated with the (100), an 

additional indication of the graphite presence.57 In contrast to the CC substrate, the DC 

sample exhibits additional diffraction peaks at 43.8 ° and 75.1 °, which are attributed to 

the (111) and (220) planes of crystalline diamond, respectively.126 The intensity of the 

diamond (111) peak is particularly strong, suggesting preferential growth along the (111) 

orientation during the MWCVD process. The presence of both graphite- and diamond-

related peaks in the DC pattern reflects the composite nature of the electrode.  

It is worth noting that no distinct diffraction peaks corresponding to TiC or TiO2 are 

observed in the XRD pattern of DC. This absence can be attributed to the extremely thin 

Ti interlayer, which is only approximately 20―30 nm thick. Such a small thickness 

results in a very low volume fraction of Ti relative to the entire sample and therefore leads 

to signal intensity below the detection limit. Additionally, the interlayer is partially 

amorphous, and the crystal grains are only several nanometers in diameter (Figure 3.6a, 

Figure 3.6d), further contributing to the lack of detectable diffraction features. 

To further validate the diamond crystal structure of this DC material, Raman 

spectroscopy was performed, and some typical results are shown in Figure 3.7b. The 

Raman spectrum of the CC displays two prominent and broad peaks at approximately 

1356 cm-1 and 1594 cm-1, corresponding to the D band and G band, respectively. These 
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features are characteristic of disordered sp² carbon and graphitic structures. In contrast, 

the Raman spectrum of the DC sample reveals a sharp and intense peak centered at 1337 

cm-1, which is a signature of sp3-hybridized carbon in crystalline diamond.127 The 

relatively narrow full width at half maximum (FWHM) of the diamond peak indicates 

high crystallinity. The boron to carbon (B/C) ratio in the gas phase used for synthesis was 

12,500 ppm. In combination with the thickness of obtained BDD film, the boron 

concentration is estimated to be approximately 2×1021 cm-3.128,129 Such a high boron-

doping level is expected to induce metal-like conductivity in the diamond film, which is 

favorable for SC applications requiring fast electron transport and stable electrochemical 

performance. 

To further examine the surface chemical composition and bonding configurations of 

DC electrode, a high-resolution XPS analysis was conducted. The C 1s spectrum (Figure 

3.7c) reveals multiple chemically distinct carbon states. The dominant peak centered at 

284.8 eV is assigned to C–C bonds, which are characteristic of sp3-hybridized carbon and 

indicative of the diamond lattice.130 Additionally, a secondary peak at approximately 

286.3 eV is attributed to C–O bonds, suggesting the presence of oxygen-containing 

functional groups such as hydroxyl or ether groups. A weaker but discernible peak 

observed at approximately 287.6 eV corresponds to C=O bonds, typically arising from 

carbonyl or carboxyl functionalities. A small peak around 289.2 eV can be linked to O–

C=O bonds, reflecting the presence of ester or carboxylate moieties. Complementary 

information is provided by the O 1s spectrum (Figure 3.7d), which exhibits three main 

peaks located at approximately 531.5 eV, 532.1 eV, and 533.5 eV, corresponding to C=O, 

C–O, and O–C=O species, respectively.131 These oxygen-containing groups are assumed 

to result from thermal oxidation treatment and are concentrated on the BDD film surface. 

The presence of these oxygen functional groups not only improves the hydrophilicity and 

electrolyte accessibility of the electrode but also provides additional active sites for 

electrochemical reactions, thereby potentially enhancing the capacitive performance of 

the flexible DC electrode.61 
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Figure 3.7. (a) XRD patterns, (b) Raman spectra of DC and CC. High-resolution XPS 

spectra of (c) C 1s and (d) O 1s for the DC sample. 

 

3.3 Electrochemical performance of diamond cloth 

3.3.1 Three-electrode system 

The electrochemical properties of the DC electrode were systematically investigated 

by directly employing the DC material as the working electrode in a three-electrode 

system. Its electrochemical performance was first investigated in comparison to several 

related materials as control experiments, including planar BDD on silicon (BDD@Si), 

titanium-coated carbon cloth (Ti@CC) (i.e., sample only after RF-PVD deposition), and 

bare CC electrode (Figure 3.8). In 1.0 M Na2SO4 aqueous solution, the CVs were 

recorded within a potential range from -0.1 V to 0.9 V at a scan rate of 50 mV s-1 (Figure 

3.8a). The DC electrode exhibits a substantially higher current density across the entire 
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potential range compared to the other samples, indicating superior capacitive 

performance and a significantly enhanced specific capacitance. Moreover, the CV of the 

DC electrode displays a more pronounced rectangular profile, characteristic of ideal 

EDLC behavior. This profile implies efficient adsorption/desorption of ions on the DC 

electrode and its low charge transfer resistance. The enhanced capacitive performance of 

the DC electrode can be attributed to several synergistic factors. First, the BDD film on 

the DC consists predominantly of sp³ carbon, which not only provides superior surface 

chemistry, but also higher density of effective active sites for electrochemical reactions. 

This enhanced surface reactivity contributes to higher capacitance. In addition, BDD 

films with high boron doping levels (exceeding 1020 cm-3) exhibit metal-like 

conductivity.60 This significant enhancement in electrical conductivity facilitates the rapid 

transfer and storage of charges, thereby increasing the capacitance. From a morphological 

perspective, as previously mentioned, the commercial CC substrate possesses a smooth 

surface and limited specific surface area (1 m2 g-1) (Figure 3.5a), which restricts its 

capacitance.56 In contrast, the DC electrode has an enlarged specific surface area 

(18.6 m2 g-1). The porous woven structure of DC significantly increases the effective 

electrochemical active area of the entire electrode, allowing the electrolyte to fully 

penetrate the interior surface of BDD film. The gaps between the fibers provide channels 

for rapid ion transport, which helps to reduce ion diffusion resistance and further enhance 

performance. Additionally, thermal oxidation treatment led to the incorporation of 

oxygen-containing functional groups on the DC surface (Figure 3.7d). Consequently, the 

surface was transformed from hydrophobic to hydrophilic. This modification 

significantly enhances wettability, thereby increasing the effective contact area between 

the electrode and electrolyte and improving ion transport, which further boosts the 

capacitive performance of DC. 
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Figure 3.8. Comparison of electrochemical performance of different electrodes using a 

three-electrode system: (a) CVs at a scan rate of 50 mV s-1 in 1.0 M Na2SO4 solution, (b) 

CVs at a scan rate of 20 mV s-1 and (c) Nyquist plots achieved in 0.05 M Fe(CN)6
3-/4- + 

1.0 M Na2SO4, the inset shows an enlarged view of the beginning. 

 

The measurements were also conducted in the redox-active electrolyte solution of 0.05 

M Fe(CN)6
3-/4- + 1.0 M Na2SO4. In this case, the DC electrode again demonstrates 

superior performance. As shown in Figure 3.8b, the DC electrode exhibits significantly 

larger peak currents and well-defined redox peaks in comparison to the planar BDD@Si 

and the bare CC electrode, suggesting superior electron transfer kinetics an enhanced 

redox activity. The superior performance of the DC electrode can be attributed to its high 

conductivity and well-optimized design, which facilitates faster charge transfer processes 

and provides accessible active sites for redox reactions. EIS further corroborates the 

superior electrochemical performance of the DC electrode. As shown in the Nyquist plot 

(Figure 3.8c), the DC electrode exhibits the smallest semicircle in the high-frequency 
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region among all characterized electrodes, indicating the lowest charge transfer resistance 

(Rct) and hence reflecting its superior interfacial electron transfer capability.132 The inset 

provides a magnified view of the high-frequency region, clearly illustrating the 

comparison of semicircle between DC and CC electrodes. In the low-frequency Warburg 

region, characterized by the linear diffusion-controlled portion, the DC electrode 

demonstrates ion diffusion efficiency nearly comparable to that of the CC electrode, 

characteristic of nearly ideal capacitive behavior with fast ion transport and minimal 

diffusion limitation. In summary, DC material exhibits remarkable capacitive properties 

and holds great potential for the construction of both EDLCs and PCs. 

 

 

Figure 3.9. Electrochemical performance of DC electrode in a three-electrode system in 

a 1.0 M Na2SO4 electrolyte: (a), (b) CVs at different scan rates; (c) GCD curves at 

different current densities; (d) Capacitance retention during 10,000 charging-

discharging cycles in comparison with that of the bare CC electrode. 

 

The capacitive characteristics of the DC electrode were further explored to assess its 
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potential for application in both EDLCs and PCs. The electrochemical characterization 

was performed in a three-electrode system. The electrochemical behavior of DC as EDLC 

electrode was evaluated in 1.0 M Na2SO4 aqueous solution within the potential range of 

-0.1―0.9 V at different scan rates and charging-discharging current densities. As shown 

in Figure 3.9a, CVs exhibit nearly rectangular shapes, indicating typical EDLC behavior 

with efficient charge storage, and fast and reversible charging-discharging processes. The 

estimated specific capacitances are 3.05, 2.87, 2.69, and 2.07 mF cm-2 at the scan rates of 

10, 20, 50, and 100 mV s-1, respectively. The CV profiles still remain almost rectangular-

like shape even when the scan rate increases to as high as 2000 mV s-1 (Figure 3.9b), 

reflecting excellent rate capability. The deviation from the ideal rectangular shape at 

higher scan rates reflects the reduced efficiency in charging-discharging processes due to 

limited ion diffusion and a generated overpotential.133 Meanwhile, the GCD curves were 

collected at different current densities, ranging from 0.1 to 2 mA cm-2 (Figure 3.9c). The 

nearly symmetric triangular shapes of the GCD curves and the absence of significant IR-

drop highlight the high electronic conductivity, excellent coulombic efficiency, and high 

reversibility of the DC electrode in an EDLC. The calculated specific capacitances are 

2.74, 2.54, 2.45, 2.35, 2.26, 2.23 and 2.10 mF cm-2 at the current densities of 0.1, 0.2, 0.3, 

0.5, 0.8, 1 and 2 mA cm-2, respectively, further confirming the excellent rate capability of 

the electrode. Furthermore, long-term cycling performance was evaluated at a current 

density of 0.8 mA cm-2 over 10,000 charging-discharging cycles (Figure 3.9d). The DC 

electrode exhibits excellent cycling stability with a capacitance retention of 99.11 % of 

its initial capacitance, indicating outstanding durability and minimal performance 

degradation over prolonged operation. In comparison, the bare CC electrode shows a 

lower capacitance retention of 93.23 %, suggesting comparatively higher degradation 

during long-time charging-discharging processes. 
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Figure 3.10. Electrochemical performance of DC electrode in a three-electrode 

configuration in a 1.0 M Na2SO4 solution containing 0.05 M Fe(CN)6
3-/4- redox species: 

(a) CVs at different scan rates; (b) GCD curves at different current densities; (c) 

Capacitance retention during 10,000 charging-discharging cycles in comparison with 

that of the bare CC electrode, the insets show the comparison of GCD curves before and 

after cycling. 

 

To further explore the electrochemical properties of the DC electrode beyond EDLCs, 

its performance was evaluated in an aqueous redox-active electrolyte composed of 0.05 M 

Fe(CN)6
3-/4- and 1.0 M Na2SO4 within a potential range of -0.2 to 0.8 V. The CVs recorded 

at various scan rates are presented in Figure 3.10a. The well-defined and symmetric 

oxidation and reduction peaks are observed at all scan rates, confirming the efficient 

electron transfer kinetics of the DC electrode. The proportional increase of peak current 

with the scan rate indicates a surface-controlled redox process, which is characteristic of 

the fast and reversible redox reaction of Fe(CN)6
3-/4-. The slight peak shifts and 
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broadening at higher scan rates (50 and 100 mV s-1) suggest minor limitations in ion 

diffusion and charge transfer kinetics, indicating good electrochemical stability. Besides, 

the shape and the absolute value of the oxidation peaks are almost identical to that of 

reduction peaks, demonstrating the outstanding reversibility of pseudocapacitive 

behavior.134 The specific capacitances were calculated from CVs, which are 246.0, 208.5, 

167.2, and 138.7 mF cm-2 at the scan rates of 10, 20, 50, and 100 mV s-1, respectively. 

The GCD curves recorded at current densities ranging from 5 to 80 mA cm-2 are shown 

in Figure 3.10b. These curves exhibit clear nonlinear profiles with distinct potential 

plateaus, suggesting the typical pseudocapacitive behavior associated with faradaic 

reactions. The estimated capacitances are 212.0, 170.8, 151.6, 140.9, 108.0, and 92.1 mF 

cm-2 at the current densities of 5, 10, 15, 30, 50 and 80 mA cm-2, respectively. The gradual 

decrease in capacitance with increasing current density arises from kinetic limitations in 

ion diffusion and charge transfer at high rates. Notably, the specific capacitance of the DC 

electrode in PC is nearly two orders of magnitude higher than in EDLC at equivalent scan 

rates or current densities, highlighting the enhanced charge storage facilitated by redox-

active species. Cycling durability was also assessed in the redox-active electrolyte 

through long-time charging-discharging over 10,000 cycles (Figure 3.10c). The DC 

electrode retains 97 % of its initial capacitance after 10,000 cycles, whereas the CC 

electrode exhibits more pronounced degradation, with only 89 % retention. The excellent 

capacitance retention of the DC electrode in both EDLC and PC can be attributed to the 

BDD film shell, which provides exceptional chemical inertness, structural rigidity, and 

resistance against surface degradation.135 This contrasts with the CC electrode, where the 

exposed sp2 carbon surface is more prone to electrochemical oxidation, structural 

degradation, and loss of active sites under repeated cycling conditions. 

3.3.2 Two-electrode system 

To evaluate the practical applicability of the DC electrode, two-electrode symmetric 

SCs were fabricated and assessed. Their electrochemical behavior, including parameters 

such as energy density and power density, was assessed in both non-faradaic media and 

redox-active electrolyte. 
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Figure 3.11. Electrochemical performance of symmetric EDLC using DC electrodes in a 

two-electrode system in 1.0 M Na2SO4 solution: CVs of a symmetric EDLC (a) with 

different scanning voltage ranges at a scan rate of 50 mV s-1, and (b) within a voltage 

range of 1.2 V at different scan rates, (c) at high scan rates; (d) GCD curves of a 

symmetric EDLC at different current densities; (e) Capacitance retention and coulombic 

efficiency during 10,000 charging-discharging cycles. 

 

The two-electrode symmetric EDLC was initially fabricated and evaluated in a 1.0 M 

Na2SO4 aqueous solution. The CV profiles of the EDLC exhibit a quasi-rectangular shape 

within the working voltage extending up to 1.2 V (Figure 3.11a), indicating ideal double-
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layer behavior and good electrochemical stability at relatively high cell voltage. CVs 

recorded at scan rates ranging from 10 to 100 mV s-1 under a cell voltage of 1.2 V are 

presented in Figure 3.11b. At lower scan rates, the CVs retain a nearly ideal rectangular 

shape, characteristic of efficient electric double-layer charge storage and minimal 

resistive distortion. The calculated specific capacitances of each DC electrode are 0.76, 

0.63, 0.57, and 0.49 mF cm-2 at the scan rates of 10, 20, 50 and 100 mV s-1, respectively. 

The tendency of these values is consistent with those obtained from the three-electrode 

system, suggesting reproducible performance across different configurations. 

Remarkably, the symmetric EDLC exhibits exceptional rate capability, as shown in 

Figure 3.11c. Even at ultra-high scan rates of up to 3000 mV s-1, the CVs maintain a 

symmetric, rectangular shape, further confirming the excellent double-layer capacitive 

behavior, fast ion transport, and minimal diffusion resistance. The GCD curves of this 

symmetric EDLC recorded at various current densities are presented in Figure 3.11d. The 

GCD profiles are nearly linear and symmetric, again suggesting excellent capacitive 

behavior with minimal resistance-induced distortion. The curves retain their symmetric 

nature throughout all current densities, demonstrating high coulombic efficiencies and 

stable charging-discharging characteristics. Notably, the negligible voltage drop at the 

beginning of the discharging phase implies low internal resistance and efficient charge 

transfer processes within the electrode. The specific capacitances of each DC electrode 

were calculated. They are 0.86, 0.70, 0.68, 0.51, 0.46, 0.44, and 0.42 mF cm-2 at the 

current densities of 0.05, 0.08, 0.1, 0.3, 0.5, 0.8, and 1 mA cm-2, respectively. The long-

term electrochemical durability of the EDLC was further evaluated via continuous 

charging–discharging cycling over 10,000 cycles at a constant current density. As 

illustrated in Figure 3.11e, the symmetric EDLC retains a capacitance retention of 94 % 

after 10,000 charging-discharging cycles, demonstrating excellent cycling stability. 

Furthermore, the coulombic efficiency remains consistently above 98 %, indicating 

minimal internal energy losses and highly reversible charging-discharging processes 

throughout the operation. 

The electrochemical behavior of the symmetric PC assembled using DC electrodes was 
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further evaluated in a two-electrode configuration. The device was investigated in 1.0 M 

Na2SO4 aqueous solution containing 0.05 M Fe(CN)6
3-/4. The voltage ranged from -0.8 V 

to 0.8 V. As shown in Figure 3.12a, the CVs recorded at scan rates from 10 to 100 mV s-

1 exhibit a pair of symmetric redox peaks across all scan rates, confirming that the 

dominant charge storage mechanism arises from fast and reversible redox reactions of the 

Fe(CN)6
3-/4- couple undergoing on the electrode surface. The oxidation and reduction 

peaks exhibit nearly equal current magnitudes, indicating excellent electrochemical 

reversibility and high redox efficiency. The calculated specific capacitances of this PC 

are 81.94, 69.46, 55.57, and 46.82 mF cm-2 at the scan rates of 10, 20, 50 and 100 mV s-

1, respectively. GCD measurements were performed at various current densities ranging 

from 5 to 80 mA cm-2 (Figure 3.12b). The curves exhibit symmetrical charging-

discharging profiles, indicating high coulombic efficiency, excellent charge transfer 

reversibility, and low internal resistance. The estimated specific capacitances are 64.63, 

52.44, 46.79, 38.31, 32.84, and 24.81 mF cm-2 at the current densities of of 5, 10, 15, 30, 

50 and 80 mA cm-2, respectively. The gradual decline in capacitance with increasing 

current density is attributed to kinetic limitations in ion diffusion at high rates. Similar to 

the capacitances calculated in a three-electrode system, the capacitances of a symmetrical 

PC are much higher than those of a symmetrical EDLC. This enhancement arises from 

the synergistic contribution of two mechanisms: (i) electric double-layer capacitance, due 

to electrostatic charge/ion accumulation at electrode-electrolyte interface, and (ii) 

pseudocapacitance, originating from fast surface redox reactions of the Fe(CN)6
3-/4- redox 

pair. The long-term cycling stability of the symmetric PC was also evaluated over 10,000 

continuous charging-discharging cycles. As shown in Figure 3.12c, the capacitance 

retention of this symmetrical PC remains 100 % after 10 000 charging-discharging cycles, 

demonstrating exceptional electrochemical durability. Meanwhile, the coulombic 

efficiency remains consistently close to 100 % throughout cycling, further confirming the 

high reversibility and low energy loss of the system. In summary, both symmetrical EDLC 

and PC constructed with DC material as electrodes exhibit extremely high cycling 

stability, which is one of the most significant features of SCs. 
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Figure 3.12. Electrochemical performance of symmetric PC using DC electrodes in a 

two-electrode system in 1.0 M Na2SO4 solution containing 0.05 M Fe(CN)6
3-/4-: (a) CVs 

of a symmetric PC at different scan rates; (b) GCD curves of a symmetric PC at different 

current densities; (c) Capacitance retention and coulombic efficiency during 10,000 

charging-discharging cycles. 

 

3.3.3 Energy and power density 

The energy density and power density are two critical parameters for evaluating the 

overall performance of SC devices. In this section, the area-specific energy and power 

densities of the symmetric SCs were calculated from GCD curves obtained at various 

current densities. The area-normalized values were used to avoid ambiguity often 

encountered in gravimetric comparisons due to differences in electrode mass loading.61 

These values are summarized and benchmarked against other diamond-based and carbon-

related SC devices in Figure 3.13.  
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The energy and power densities of the symmetric EDLC were shown in the Ragone 

plots in Figure 3.13a. It can be easily found that it exhibits superior performance 

compared to EDLCs based on other related electrode materials.136–139 For instance, the 

DC-based EDLC exhibits a maximum of energy density of 0.18 μWh cm-2 at a power 

density of 23.29 μW cm-2. Even at a high power density of 351.85 μW cm-2, the energy 

density still remains 0.09 μWh cm-2. However, in terms of the absolute values of energy 

densities and power densities, the symmetric EDLC based on DC electrodes delivers 

relatively modest performance, as is typical of EDLCs due to the purely electrostatic 

charge storage mechanism. This result is consistent with previously reported EDLCs 

using diamond-based materials and reflects the intrinsic limitations of double-layer 

capacitance in storing energy. In contrast, the symmetric PC based on the same DC 

electrodes but operating in a redox-active electrolyte demonstrates significantly enhanced 

performance. It achieves a maximum energy density of 45.96 μWh cm-2 at a power 

density of 4.25 mW cm-2. Even at a power density of 67.93 mW cm-2, it still delivers an 

energy density of 17.64 μWh cm-2. This performance highlights the contribution of the 

redox-active electrolyte to the energy density of the symmetric SC, while maintaining its 

power delivery capabilities. Comparative analysis with previously reported PCs based on 

carbon-based materials further underscores the competitive advantage of the DC-based 

symmetric PC. As illustrated in Figure 3.13b, its energy and power densities are not only 

comparable to but in many cases exceed those of the previously reported carbon-based 

flexible SC systems.57,73,140–144 For example, our symmetrical PCs exhibits even slightly 

better electrochemical performance in terms of the maximal energy density and power 

density when compared with the symmetrical PCs using 3D diamond/graphite composite 

film covered CC as electrodes (43.08 μWh cm-2 and 7.00 mW cm-2).57 Furthermore, its 

energy densities and power densities are superior to those of the others. For instance, the 

best-performing fCC-PANI array-rGO-based flexible EDLC merely demonstrates a 

maximum energy density of 17.51 μWh cm-2 and a maximum power density of 20.00 mW 

cm-2.140 The symmetrical PC assembled with vertically aligned carbon nanofiber/diamond 

delivers an energy density 18.17 μWh cm-2 and a power density of 10.00 mW cm-2.73 
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In summary, while the energy density of the DC-based EDLC is limited by its 

electrostatic adsorption/desorption mechanism, the DC-based PC exhibits exceptional 

energy and power densities, demonstrating superior pseudocapacitive behavior, high-rate 

capability, and outstanding electrochemical efficiency. In combination with the acquired 

high capacitances and excellent cycling stability, DC-based PC holds immense potential 

in the practical application of energy storage. 

 

Figure 3.13. Ragone plots of (a) the symmetric EDLC and (b) the symmetric PC using 

DC electrodes in comparison to other diamond and carbon related SCs. 

 

3.3.4 Mechanical flexibility and stability 

To evaluate the potential of our DC electrodes for wearable and portable electronic 

devices, the mechanical flexibility under deformation was further investigated. For this 

purpose, a flexible symmetric EDLC was assembled using a gel electrolyte containing 

0.5 M Na2SO4, as illustrated in Figure 2.5. The electrochemical performance was tested 

under various mechanical bending conditions, from the flat state to bending angles of 60 °, 

90 °, and 180 °, as shown in Figure 3.14a. The CVs were recorded at a scan rate of 

50 mV s-1 under these bending states. Compared with CVs obtained in aqueous electrolyte, 

the voltammograms in gel electrolyte show slight differences, which are due to reduced 

ionic conductivity and mobility in the gel medium. The CVs recorded at various bending 

angles exhibit a minor deviation compared to the curve recorded in the flat state. However, 

the overlapping nature of the CVs under flat and bent conditions indicates that the device 
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maintains a relatively consistent performance, demonstrating superior mechanical 

flexibility of the DC EDLC device. To further assess the durability under repeated 

mechanical deformation, a bending fatigue test was performed by subjecting the device 

to 500 cycles of flat-to-180° back-and-forth bending. The capacitance retention was 

monitored via the GCD measurements at each interval (Figure 3.14b). While small 

fluctuations in capacitance are observed throughout the test, the lowest retention remains 

as high as 97 % of the initial value. This is indicative of excellent properties such as high 

mechanical flexibility and excellent durability of DC electrodes under dynamic 

deformation. This high retention ratio underscores the structural integrity and intimate 

contact between the BDD film and the CF scaffold, even under severe mechanical stress. 

In summary, the DC electrode exhibits superior mechanical flexibility, structural integrity, 

and stable electrochemical performance under bending deformation, confirming its 

promising potential for wearable and portable energy storage applications. 

 

Figure 3.14. Bending test: (a) CVs of the symmetric EDLC at different bending angles at 

a scan rate of 50 mV s-1. (b) the cycling stability of the EDLC for 500 bending times. The 

insets in (a) are the photographs of the EDLC at flat and bending states. 

 

3.4 Conclusions 

Flexible DC material has been successfully synthesized by overgrowing BDD thin 

films over the commercially available CC substrate using a MWCVD technique. To 

protect the CC substrate from plasma etching and improve the adhesion between BDD 
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film and the substrate, a 20-30 nm Ti thin film has been sputtered onto the CC substrate 

prior to BDD deposition, serving as both a protective and adhesion-promoting interlayer. 

The electrochemical performance of the synthesized DC electrodes has been 

comprehensively evaluated using both three-electrode and two-electrode configurations. 

Across all testing conditions, the DC electrodes demonstrate remarkable electrochemical 

performance, including high specific capacitance, low charge transfer resistance, 

exceptional coulombic efficiency, excellent cycling stability, and impressive energy 

densities and power densities. It is particularly emphasized that the DC maintain nearly 

100 % coulombic efficiency throughout prolonged testing, and there is only slight 

degradation in capacitance retention over 10,000 charging-discharging cycles, 

underscoring its long-term reliability. In particular, the symmetric PC assembled with DC 

electrodes exhibits significant attributes such as high capacitances, enduring stability, 

remarkable power densities, and elevated energy densities. The performance is superior 

to the other carbon-based flexible SCs. In addition to superior electrochemical 

performance, the DC electrodes also demonstrate excellent mechanical flexibility and 

robustness, as confirmed by bending tests under various angles and repeated deformation. 

The nearly unchanged electrochemical behavior under mechanical stress indicates that 

the DC electrode maintains its integrity and conductivity during operation. Therefore, the 

combination of high electrochemical performance and excellent mechanical flexibility 

establishes the diamond cloth as a highly promising electrode material of energy storage 

units for wearable and portable electronics. 
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4 NiMnOₓ-Coated Carbon Cloth 

To improve the specific capacitance and energy density of SCs, incorporation of 

pseudocapacitive materials that store charge through fast and reversible Faradaic 

reactions has emerged as an effective strategy.76 Among various pseudocapacitive 

candidates, manganese oxides (MnOx) stand out due to their high theoretical capacitance, 

environmental compatibility, natural abundance, and cost-effectiveness.85 However, 

MnOx is often limited by its poor electrical conductivity and insufficient structural 

stability during long-term cycling. A promising approach to mitigate these issues is the 

incorporation of to form Ni–Mn-based composite materials (i.e., NiMnOx), which is 

expected to enhance electrical conductivity, improve electrochemical activity, and 

stabilize the microstructure.90,91 

This chapter details the exploration of NiMnOx deposited directly onto the CC 

substrate. Two synthesizing approaches (i.e., hydrothermal synthesis and 

electrodeposition method) have been applied to deposit metal oxide films onto the CC 

substrate. The resulting electrodes are comprehensively characterized and compared in 

terms of morphology, structure, and electrochemical properties. In addition, the critical 

role of nickel incorporation has been investigated. Finally, a comprehensive evaluation of 

the structural, morphological, and electrochemical performance of the resulting 

NiMnOx@CC electrode has been conducted. 

 

4.1 Comparison of hydrothermal synthesis and electrodeposition 

Two preparation routes for the synthesis of manganese oxides film were investigated 

and compared: hydrothermal synthesis and cathodic electrodeposition. The experimental 

parameters for each method are summarized in Table 2.3. Hydrothermal synthesis was 

performed under different precursor concentrations and reaction durations (i.e., samples 

from SH-1 to SH-5), whereas electrodeposition was conducted under a constant potential 

in a MnSO4 electrolyte (i.e., sample SE-Mn). The morphology and electrochemical 

features of the fabricated samples are herein compared and discussed. 
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Figure 4.1. FESEM images of (a)-(e) SH samples prepared through hydrothermal 

synthesis, and (f) SE-Mn sample prepared through electrodeposition. The insets are the 

corresponding low-magnification images. 

 

The FESEM images of five hydrothermal samples and one electrodeposited sample are 

shown in Figure 4.1. In case of sample SH-1 (Figure 4.1a), a substantial amount of 

manganese oxides is visible, synthesized under a higher KMnO4 concentration (20 mM), 

a higher reaction temperature (150 ℃), and long operation time (5 h). However, the 

resulting film is discontinuous with poor surface coverage. Despite the application of the 

precursor with reduced concentration (10 mM), the sample (SH-2, Figure 4.1b) does not 

show any notable improvement in its morphology. The coverage becomes even worse. In 

these synthesis processes, the permanganate ions are supposed to be reduced by carbon 

to form Mn ions in lower oxidation states, leading to a pronounced etching of CFs as 
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illustrated in Figure 4.1b. Such etching is expected to negatively affect the long-term 

stability of these samples when they are used as capacitor electrodes. To mitigate the 

severe etching and enhance the poor coverage observed in SH-1 and SH-2, more mild 

synthesis parameters were then implemented, including a lower KMnO4 concentration (5 

mM), a reduced temperature (80 ℃), and a shorter reaction time (1―2 h). As expected, 

these milder conditions effectively suppress excessive CFs degradation and facilitate 

more uniform deposition of manganese oxides, as shown by SH-3 (Figure 4.1c) and SH-

4 (Figure 4.1d). In comparison between SH-3 and SH-4, an extended reaction time 

significantly changes the morphology of MnOx, transforming from granular and needle-

like to flake-like network. For SH-5 (Figure 4.1e), MnSO4 was introduced to replace 

carbon as reductant. In this case, the reduction of MnO4
+ is expected to proceed 

predominantly in the solution phase rather than at the carbon surface. Consequently, a 

large amount of MnOx is precipitated and deposited onto the CC, yielding a thick but 

highly non-uniform film. The related FESEM image shows a web-like network of 

ultrathin nanowires/whiskers spanning across the fiber scaffold, interspersed with 

micron-scale, flower-like aggregates. This irregular and loose agglomerated film 

probably leads to uneven current distribution, increased contact resistance, and weakened 

the mechanical robustness in electrochemical applications. In contrast, the 

electrodeposited MnOx film, as shown for SE-Mn in Figure 4.1f, consists of a dense and 

compact nanosheets structure, which uniformly covers the entire CFs with a 

homogeneous thickness. Compared with hydrothermal synthesis, electrodeposition 

method seems to offer several decisive advantages, including good controllability of 

conformality and thickness, effective substrate protection, high reproducibility, and 

strong adhesion between film and substrate. 

The CVs of MnOx@CC electrodes obtained by the two routes was investigated in 1.0 

M Na2SO4 aqueous solution at a scan rate of 50 mV s-1 (Figure 4.2). Samples SH-1 and 

SH-2 were excluded for these measurements. It is due to the presence of evidently etched 

substrates and poorly developed morphologies, which compromise the reliability of their 

electrochemical performance. All hydrothermal samples deliver low current responses 
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and narrow available potential ranges, indicating limited electrochemical activity. In 

sharp contrast, the SE-Mn sample exhibits the highest current response, a larger specific 

capacitance (25.51 mF cm-2), a wider potential window (-0.1―1.4 V), and distinct redox 

peaks, suggesting superior electrochemical performance. The better behavior of SE-Mn 

can be ascribed to its microstructure and strong adhesion between the electrodeposited 

film and the substrate. Again, these comparisons demonstrate the advantages of 

electrodeposition synthesis in the synthesis of manganese oxide films on CC. 

 

 

Figure 4.2. Comparison of CVs of hydrothermmal sample SH-3, SH-4 and SH-5 with 

electrodeposited sample SE-Mn at the scan rate of 50 mV s-1 in 1.0 M Na2SO4 solution. 

 

4.2 Incorporation of nickel 

A trace amount of nickel was co-electrodeposited with MnOx to yield a mixed Ni–Mn 

oxides (NiMnOx). Figure 4.3 compares the i-t curves recorded for electrodeposition using 

three different electrolytes: (1) 50 mM MnSO4
 (for SE-Mn), (2) 3 mM Ni(CH3COO)2 (for 

SE-Ni), and (3) 50 mM MnSO4 + 3 mM Ni(CH3COO)2 (for SE-NiMn). All curves exhibit 

a high initial current value, followed by a rapid decay to a quasi-steady state, which 

indicates a double-layer formation and a fast charge transfer process at the initial stage, 

subsequently constrained by ion diffusion limitations. The steady current values for 

fabrication of SE-Ni, SE-Mn, and SE-NiMn are approximately 0.005 mA, 0.1 mA, and 
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0.3 mA, respectively. The current observed for SE-NiMn is three-times higher than that 

of SE-Mn, which can be attributed to the addition of a trace amount of Ni(CH3COO)2. 

Over 1500 s, the theoretical corresponding charges are approximately 7.5 mC, 150 mC, 

and 450 mC, respectively. This enhancement demonstrates the synergistic effect of the 

mixed electrolyte in promoting both nucleation density and the growth rate during 

electrodeposition. 

 

Figure 4.3. I-t curves of the electrodeposition of three samples at a constant potential of 

0.9 V (vs. Ag/AgCl) for 1500 s. 

 

The differences in the electrodeposition process induced by electrolyte composition 

lead to morphological changes of these samples (Figure 4.4). In comparison to SE-Mn 

(Figure 4.4a), the SE-NiMn (Figure 4.4b) exhibits a denser, thicker, and relatively 

rougher deposited film, which is an expected consequence of the increased nucleation 

density and the accelerated deposition rate. For both samples (Figure 4.4c and 4.4d), the 

interconnected nanosheets are uniformly grown on the surface of CFs. Nevertheless, 

slight morphological differences can be observed between them. The nanosheets tend to 

coalesce laterally to form continuous bridges, improving film continuity. The surface 

morphology of interconnected nanosheets facilitates electrolyte penetration and thereby 

enhances the effective contact between the electrolyte and the electrode. 
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Figure 4.4. FESEM images of (a) SE-Mn and (b) SE-NiMn with a low-magnification, and 

(c), (d) with a high-magnification. 

 

The electrochemical performance of three samples as working electrodes was 

investigated in 1.0 M Na2SO4 aqueous solution using a three-electrode configuration. The 

comparison is demonstrated in Figure 4.5. A potential window ranging from -0.1 V to 1.4 

V is accessible for all three electrodes. It can be attributed to the high oxygen evolution 

overpotential of the conductive CC substrate.145 Figure 4.5a presents the CVs of the 

electrodes recorded at a scan rate of 50 mV s-1. Among them, the SE-Ni exhibits the 

smallest current response, probably due to a low loading amount of capacitive materials. 

Both SE-Mn and SE-NiMn demonstrate pronounced redox features, stemming from the 

characteristic of surface Mn-based pseudocapacitance. In comparison, the CV of SE-

NiMn exhibits much bigger redox peak currents, indicating better redox activity and 

faster interfacial kinetics. The peak positions of SE-NiMn are influenced by the nickel 

component in the film, positioning between those of SE-Ni and SE-Mn. Specifically, the 

cathodic potentials of SE-Mn, SE-NiMn, and SE-Ni are 0.97 V, 1.02 V, and 1.03 V, 

respectively. Their related anodic potentials are 0.84 V, 0.79 V, and 0.76 V, respectively. 

In addition, SE-NiMn exhibits a delayed increase in current response near the potential 
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limits, suggesting a lower tendency toward water splitting (i.e., oxygen evolution reaction 

and hydrogen evolution reaction) and, consequently, a wider effective potential window. 

 

Figure 4.5. Comparison of electrochemical performance of SE-Mn, SE-Ni, and SE-NiMn 

in 1.0 M Na2SO4 aqueous solution: (a) CVs recorded in -0.1―1.4 V at a scan rate of 50 

mV s-1, (b) GCD curves measured at a current density of 3 mA cm-2, (c) The variation of 

specific capacitances with scan rates, and (d) Nyquist plots. 

 

As shown in Figure 4.5b, the GCD curves measured at the current density of 3 mA 

cm-2 show that SE-NiMn has the longest charging-discharging time, indicating the highest 

specific capacitance. The specific capacitances of three electrodes calculated through CVs 

at different scan rates (e.g., from 10 mV s-1 to 100 mV s-1) are presented in Figure 4.5c. 

SE-NiMn maintains the highest specific capacitance across all shown scan rates, 

demonstrating the superior charge transfer efficiency. The Nyquist plots (Figure 4.5d) 

show that the SE-Ni sample has the smallest semicircle in high-frequency region (i.e., the 

lowest Rct). This response is expected for an ultrathin Ni oxide layer, which is supported 
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quantitatively by the deposition charge obtained from the i-t curves (Figure 4.3). 

Consequently, the EIS response of SE-Ni approaches that of bare CC substrate. Moreover, 

co-deposition of nickel with MnOx (e.g., SE-NiMn) reduces the semicircle relative to SE-

Mn in high-frequency region, indicating a lower Rct. This is consistent with nickel 

incorporation enhancing the electronic conductivity of the mixed oxide and facilitating 

interfacial redox kinetics. In the low-frequency region, the Nyquist plots of SE-NiMn and 

SE-Mn show similar slopes, implying comparable Warburg-type diffusion impedance 

(i.e., similar ion transport limitations). 

In summary, incorporating a nickel component during electrodeposition increases 

nucleation density and promotes the formation of a mixed NiMnOx film. The 

incorporation of Ni is providing mixed-valence redox couples (Ni3+/Ni2+) that enhance 

electronic conductivity and facilitate charge transport. Meanwhile, the synergistic mixed 

oxide framework helps stabilize the structure by mitigating Mn3+-induced Jahn-Teller 

distortion and related degradation mechanisms, thereby improving cycling stability.91 

Along with improvement in Na+ storage,90 the NiMnOx-coated CC (i.e., NiMnOx@CC, 

SE-NiMn) exhibits a higher capacitance, a lower resistance, better rate capability, and 

enhanced pseudocapacitive behavior in comparison to MnOx-coated CC (i.e., MnOx@CC 

SE-Mn). 

 

4.3 Characterization of NiMnOx-coated carbon cloth 

In addition to morphological characterization, EDX elemental mapping of NiMnOx 

films was carried out. As shown in Figure 4.6, there is the signal of O, Mn, and Ni 

elements. Homogeneous distribution of O, Mn, and Ni is also noticed. The O and Mn 

elemental maps exhibit nearly identical distributions. Their uniformly dispersed signals 

over the observed surface confirm the formation of a continuous and interconnected 

MnOx structure. The Ni signal is weaker yet evenly distributed, consistent with an 

intentional low-level incorporation of Ni during deposition. There are no Ni-rich 

agglomerates or phase-segregated domains observed, indicating that Ni is well integrated 
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within the MnOx matrix rather than forming separate particles. The elemental mapping 

confirms the formation of a homogeneous NiMnOx film, which aligns with the enhanced 

electrochemical performance observed in SE-NiMn. 

 

Figure 4.6. FESEM image (upper left) and corresponding EDX elemental mapping of 

oxygen (red), manganese (fuchsia), and nickel (green). 

 

The structural fingerprints of the NiMnOx@CC electrode material were further 

characterized by means of Raman spectroscopy in the region of 150―1900 cm-1 (Figure 

4.7a). The Raman spectrum of NiMnOx@CC exhibits three strong peaks at 651 cm-1, 

1358 cm-1, and 1582 cm-1, along with a weak and broad band in the range of 280―400 

cm-1. The strong band centered at 651 cm-1 is assigned to the v2(Mn–O) symmetric 

stretching vibrations (A1g mode) of MnO6 octahedra, which is characteristic of birnessite-

type MnOx. Whereas the two weaker bands at 302 cm-1 and 356 cm-1, as well as those 

appeared within the 280―400 cm-1 range, are associated with Mn–O bending 

vibrations.146,147 The D band at 1358 cm-1 and the G band at 1582 cm-1 originate from the 

CC substrate, reflecting disordered carbon and ordered graphitic sp2 carbon, respectively. 
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Figure 4.7. (a) Raman spectrum and (b) XRD patterns with an enlarged view of the 

NiMnOx@CC. 

 

XRD was employed to investigate the crystalline structure of the NiMnOx film. The 

diffraction patterns (Figure 4.7b) are dominated by the CC substrate, showing the broad 

(002) reflection of graphitic carbon at 25.7 ° and a weak feature at 42.1 ° assignable to 

(100) plane. In addition to these substrate peaks, the NiMnOx film exhibits no sharp Bragg 

reflections. Only very low-intensity and broadened features are discernible at 22.5 ° and 

36.7 °. These results indicate that the deposited NiMnOx film has poor crystallinity and a 

thin thickness. Such diffuse scattering is typical for electrodeposited Mn oxide films, 

where small coherent domain sizes, structural disorder, and lattice defects suppress long-

range order.148,149 Note that amorphous transition metal hydroxides are expected to 

possess better electrochemical performance because of more grain boundaries and ion 

diffusion channels.92,150 The absence of clear Ni oxide diffraction features further 

indicates the presence of only trace amounts of Ni, likely existing as a solid solution 

within MnOx. It also suggests a low degree of crystallinity, in agreement with the results 

from the EDX mapping (Figure 4.6) and the corresponding Raman spectrum (Figure 

4.7a). 
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Figure 4.8. XPS survey spectrum of the NiMnOx@CC film. 

 

 

Figure 4.9. High-resolution XPS spectra of (a) C 1s, (b) O 1s, (c) Mn 2p, and (d) Mn 3s 

of the NiMnOx@CC electrode material. 
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XPS measurements were conducted to further investigate the composition and the 

chemical bonding states of the synthesized NiMnOx@CC film. The XPS survey spectrum 

(Figure 4.8) is dominated by Mn 2p (642.6/653.8 eV doublet), O 1s (539.8 eV), and C 1s 

(284.8 eV) signals, confirming a MnOx film on the CC substrate. The strong C 1s peak 

(52.7 atom-%) is assigned to CC substrate. Additional Mn peaks (Mn LMN, Mn 2s, Mn 

3s, and Mn 3p) are presented, further corroborating the manganese oxides. A weak Ni 2p 

hump is also discernible, consistent with the low-level incorporation of Ni and in 

agreement with the homogeneous, low-abundance Ni distribution seen in EDX mapping 

(Figure 4.6) 

Figure 4.9 presents the high-resolution XPS spectra obtained for the investigation of 

the elemental bonding states of C, O, and Mn. Due to the low content of Ni, its high-

resolution XPS fine scan spectra could not be recorded. The obtained C 1s spectrum 

(Figure 4.9a) has been fitted up into a dominant C–C component at 284.8 eV, together 

with C–O (∼ 286.0 eV) and O–C=O (∼ 288.1 eV) contributions that arise from mild 

electrochemical oxidation of the CC surface. From the fitted O 1s spectrum (Figure 4.9b) 

three chemically distinct oxygen species are identified: lattice oxygen Mn–O–Mn 

centered at 529.8 eV (dominant), Mn–OH bonding at 531.3 eV, and a high-BE shoulder 

at 532.6 eV that is attributed to C–O bonds. All these peaks are characteristic of Mn 

oxides film and further suggest a predominantly oxide phase.78,151 The fitted Mn 2p 

spectrum (Figure 4.9c) displays a well-defined spin–orbit doublet at Mn 2p3/2 at 653.8 

eV and Mn 2p1/2 at 642.2 eV with a peak separation of 11.6 eV, in good agreement with 

the reported values for Mn oxide phases.152–155 It should be noticed that no satellite feature 

is observed at approximately 647 eV, which is typically associated with MnO films but 

absent in both Mn2O3 and MnO2.156 The Mn 2p3/2 peak has been fitted into two peaks at 

641.9 eV and 643.4 eV, while the Mn 2p1/2 peak is deconvoluted into two peaks at 653.5 

eV and 655.0 eV. They correspond to Mn3+ and Mn4+ oxidation states, respectively.157 

This deconvolution confirms that as-synthesized Mn oxide film exhibit a mixed-valence 

state, which is advantageous for enhancing electrochemical activity.78,158 The Mn 3s 

spectrum (Figure 4.9d) shows two multiplet split components with a peak separation of 
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5.0 eV. It is possible to distinguish Mn oxidation states using Mn 3s peak as well. The 

average Mn oxidation state can be calculated by the equation: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 8.95 − 1.13 × ∆𝐸𝐸 (4.1) 

where ∆E refers to peak separation.159 Therefore, the average oxidation valence state of 

Mn element in the NiMnOx film is 3.3+, consistent with the Mn4+/Mn3+ ratio inferred 

from the Mn 2p spectrum fitting. 

 

4.4 Performance of NiMnOx-coated carbon cloth electrode 

The electrochemical performance was thoroughly investigated in 1.0 M Na2SO4 

aqueous solution using a three-electrode system. The potential range of -0.1―1.4 V (vs. 

Ag/AgCl) was applied to perform these measurements. Figure 4.10 presents a summary 

of such performance using CV and GCD techniques. 

The CVs (Figure 4.10a) exhibit rectangular-like profile with broad redox peaks, which 

is a characteristic feature of surface-controlled redox pseudocapacitive behavior for Mn-

based oxides. The peak pair centered near 0.9―1.2 V is attributed to the reversible 

Mn4+/Mn3+ (and, to a lesser extent, Ni3+/Ni2+) redox reaction, accompanied by charge-

compensating Na+ ion intercalation/deintercalation in the hydrated oxide 

lattice.36,77,78,85,89,160,161 The specific reactions can be described as follows. (I) During 

charging process, some Mn3+ ions undergo oxidation and transform into Mn4+ ions, while 

Na+ ions are simultaneously extracted from the Mn oxide lattice and the resulting vacant 

sites are occupied by H+ ions (mediated by water molecules), leading to an ion exchange 

process.162 (II) The discharging process reverses these steps. As the scan rate increases 

from 10 mV s-1 to 100 mV s-1, the current response rises proportionally, and the CVs 

maintain their general shape, indicating fast charge transfer rate and the modest diffusion 

limitations in 1.0 M Na2SO4 aqueous electrolyte. 
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Figure 4.10. Electrochemical performance of the NiMnOx@CC electrode in 1.0 M 

Na2SO4 aqueous solution: (a) cyclic voltammograms at scan rates of 10, 20, 50, and 100 

mV s-1; (b) GCD curves at current densities of 1, 3, 5, 8, 10, and 12 mA cm-2; (c) specific 

capacitances in relation to scan rates, and (d) specific capacitances in relation to current 

densities; (e) capacitance retention and coulombic efficiency during long time cycling at 

a current density of 12 mA cm-2, the insets are the FESEM images of electrode before and 

after long-term cycling. 
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Figure 4.10b shows the GCD curves of the NiMnOx@CC electrode at different current 

densities ranging (e.g., from 1 mA cm-2 to 12 mA cm-2). Non-linear GCD profiles with 

discernible plateaus further confirm a pseudocapacitive charge storage mechanism. The 

charging duration is almost equivalent to the discharging time, demonstrating the 

excellent reversibility of such a pseudocapacitive process. 

The specific capacitances were calculated from both CVs and GCD curves. They are 

presented in Figure 4.10c and Figure 4.10d, respectively. Specifically, the specific 

capacitances calculated from the CVs are 47.1, 44.4, 38.8, and 35.8 mF cm-2 at the scan 

rates of 10, 20, 50, and 100 mV s-1, respectively. The results indicate a good rate capability 

with 76 % retention when the scan rate increases ten-fold. Based on the GCD curves, the 

calculated specific capacitances are 42.8, 29.0, 22.7, 16.3, 14.3, and 12.2 mF cm-2 at the 

current densities of 1, 3, 5, 8, 10, and 12 mA cm-2, respectively, reflecting the expected 

decline at higher current densities caused by shortened ion diffusion lengths and increased 

ohmic losses. 

The long-term cycling stability of the NiMnOx@CC electrode was evaluated by GCD 

technique at a high current density of 12 mA cm-2. Both capacitance retention and 

coulombic efficiency were calculated, which are demonstrated in Figure 4.10e. The 

NiMnOx@CC electrode maintains a consistently high coulombic efficiency (> 98.5 %) 

over 10,000 cycles, confirming the effective charge transfer processes and highly 

reversible redox reactions. In contrast, the capacitance undergoes a two-stage degradation 

behavior: it first drops rapidly to approximately 80 % within the initial hundreds of cycles, 

followed by a short quasi-steady plateau; thereafter, the second dramatic decrease begins 

at around 1,500 cycles, which transitions into a more gradual, near-linear decline to below 

20 % retention after 10,000 cycles. It has to point out that the rapid initial capacitance 

fading is commonly observed in manganese oxide-based electrodes.85,163,164 It has been 

attributed to (i) structural instability under applied potential, leading to removal of loosely 

bound surface materials, (ii) partial disproportionation of Mn3+ to soluble Mn2+ in neutral 

electrolyte (again leading to gradual mass loss), and (iii) a high mechanical stress caused 

by ion intercalation/deintercalation processes, reducing the structural stability of NiMnOx 
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film. After approximately 1,500 cycles, the capacitance undergoes a second abrupt 

degradation. This result is probably associated with the electrochemical oxidation of the 

surface sp2 carbon on CFs, which damages the original surface structure and significantly 

increases the surface roughness.165 As a consequence, the oxide film loses interfacial 

adhesion to the CC substrate surface. Such an assumption is further supported by the 

FESEM images in Figure 4.10e, where the NiMnOx film fragments and is detached from 

the CC substrate after a number of charging-discharging cycles. 

 

4.5 Conclusions 

Two synthesis approaches, hydrothermal synthesis and cathodic electrodeposition, 

have been explored to grow pseudocapacitive materials of manganese oxides on the CC 

substrate to prepare high-performance electrodes. In comparison to hydrothermal 

synthesis, electrodeposition method offers several decisive advantages, including good 

controllability of conformality and thickness, effective substrate protection, high 

reproducibility, and strong adhesion between film and substrate. In addition, the 

synthesized sample through electrodeposition exhibits better electrochemical 

performance with higher current response, a larger specific capacitance (25.51 mF cm-2 

at 50 mV s-1), a wider available potential range (-0.1―1.4 V), and better defined redox 

peaks characteristic of fast surface redox reactions. 

Incorporating a trace amount of nickel component during electrodeposition can 

facilitate the formation of a NiMnOx film, thereby enhancing both reaction kinetics and 

charge storage capacity. The optimized NiMnOx@CC electrode exhibits high specific 

capacitances, good rate capability, and excellent coulombic efficiency. For example, high 

specific capacitances of 47.1 mF cm-2 at the scan rate of 10 mV s-1 and 42.8 mF cm-2 at 

the current density of 1 mA cm-2 have been obtained. During long-term cycling, the 

electrode keeps a high coulombic efficiency over 98.5 % over 10,000 cycles at the current 

density of 12 mA cm-2. These results are consistent with the role of Ni in promoting 

electronic conductivity and providing additional, complementary redox couples that 
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contribute to an enhanced pseudocapacitive performance. 

Despite these advantages, long-term cycling stability remains a critical challenge. Only 

less than 20 % of its initial capacitance is preserved after 10,000 charging-discharging 

cycles. The corresponding FESEM images reveal the loss of interfacial adhesion between 

the oxide films and CF surface. From the perspective of electrode design, it is 

theoretically feasible to enhance durability by replacing the sp2 carbon substrate with a 

sp3 carbon substrate, which could maintain stronger interfacial adhesion between the 

NiMnOx film and the substrate. 
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5 NiMnOₓ-Coated Diamond Cloth 

The development of flexible supercapacitors requires electrode materials capable of 

simultaneously delivering high energy density, long-term cycling stability, and 

mechanical robustness. In the previous chapters, two electrode systems based on CC 

substrates have been discussed. Both electrodes demonstrate enhanced electrochemical 

performance but still possess their own distinct limitations. While the DC (i.e., boron-

doped diamond coated CC) electrode discussed in Chapter 3 demonstrates exceptional 

mechanical flexibility and outstanding cycling stability, its capacitance is inherently 

limited by the purely electrostatic electric double-layer mechanism. In contrast, 

NiMnOx@CC detailed in Chapter 4 exhibits significantly higher capacitance through fast, 

reversible Faradaic reactions, yet it frequently suffers from structural degradation, 

interfacial delamination, and capacitance fading during prolonged cycling.  

To reconcile these complementary limitations, this chapter introduces an integrated 

materials design that combines the strengths of both systems. The strategy involves the 

conformal electrodeposition of a NiMnOx film onto the robust DC substrate, creating a 

composite NiMnOx@DC electrode. In this architecture, the DC substrate serves as an 

electrochemically inert and mechanically stable electrode platform, engineered to 

withstand electrochemical oxidation and mechanical stress associated with 

pseudocapacitive cycling. Concurrently, the adhered NiMnOx film provides a high 

capacitance via fast and reversible Faradaic reactions.  

This chapter systematically investigates the fabrication, optimization, characterization, 

and electrochemical performance of the NiMnOx@DC electrode material. It begins by 

directly comparing the electrochemical performance of NiMnOx@DC with that of 

NiMnOx@CC to isolate and elucidate the critical role of the DC substrate. A key 

electrodeposition parameter (e.g., the deposition potential) is optimized to achieve a 

uniform and adherent NiMnOx film. Electrochemical evaluations are carried out in both 

three-electrode and two-electrode configurations, quantifying capacitance, rate capability, 

cycling stability, energy density, and power density. Finally, the mechanical flexibility of 
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the NiMnOx@DC electrode is examined under different bending conditions to validate 

the practical suitability for flexible SC applications. 

 

5.1 Substrate-dependent performance of NiMnOx 

To investigate the influence of substrate materials on electrochemical performance of 

NiMnOx capacitive films, they were fabricated on both CC substrate and DC substrate 

under identical electrodeposition conditions. The NiMnOx films were electrochemically 

deposited at a constant potential of 0.9 V (vs. Ag/AgCl) in an aqueous solution containing 

50 mM MnSO4 and 3 mM Ni(CH3COO)2. The fabricated electrodes are denoted 

NiMnOx@CC and NiMnOx@DC-0.9, respectively.  

Figure 5.1 compares electrochemical behaviors of NiMnOx@CC and NiMnOx@DC-

0.9 electrodes in 1.0 M Na2SO4 aqueous solution. The CVs recorded at a scan rate of 50 

mV s-1 (Figure 5.1a) reveal distinct differences in electrochemical activity between the 

two electrodes. The NiMnOx@DC-0.9 electrode exhibits a higher response current, more 

pronounced redox peaks, and a larger enclosed area compared to NiMnOx@CC, 

indicating enhanced pseudocapacitive performance. The GCD curves obtained at the 

current density of 3 mA cm-2 (Figure 5.1b) further demonstrate the effect of a substrate 

on electrochemical performance of the two electrodes. The NiMnOx@DC-0.9 electrode 

shows significantly longer charging and discharging times and more symmetric charging-

discharging curves compared to NiMnOx@CC, indicating its superior charge storage 

capacity and better reversibility. The potential plateau observed in both electrodes verifies 

that their energy storage mechanism is predominantly pseudocapacitive in nature. The 

specific capacitances of the NiMnOx@DC-0.9 electrode, calculated from both the CVs 

and GCD curves, are approximately twice those of NiMnOx@CC. Furthermore, their EIS 

analysis (Figure 5.1c) provides insights into the charge transfer kinetics and ion diffusion 

processes. The Nyquist plots show that both electrodes exhibit relatively small 

semicircles in the high-frequency region, indicating fast interfacial charge transfer rates. 

However, the NiMnOx@DC-0.9 electrode exhibits a smaller slope in the low-frequency 
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region, suggesting the formation of a denser oxide film and consequently increased ion 

diffusion impedance. This behavior is consistent with the larger specific capacitance 

derived from CV and GCD measurements. The enhanced electrochemical performance 

can be primarily attributed to improved interfacial electrical contact and more efficient 

utilization of the active material. 

The enhanced performance of NiMnOx@DC-0.9 can be attributed to improved 

adhesion between the active material and BDD surface, facilitating more efficient 

electron transfer, and optimized pore structure that promotes electrolyte penetration and 

ion transport. The superior performance preliminarily demonstrates that DC can serve as 

a more effective electrode support for pseudocapacitive NiMnOx films. 

 

Figure 5.1. Electrochemical performance of NiMnOx@CC electrode and NiMnOx@DC-

0.9 electrode in 1.0 M Na2SO4 electrolyte: (a) CVs recorded at the scan rate of 50 mV s-

1, (b) GCD curves measured at the current density of 3 mA cm-2, and (c) Nyquist plots. 
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5.2 Influence of deposition potential 

The NiMnOx films were electrochemically deposited on DC in a mixed MnSO4 and 

Ni(CH3COO)2 electrolyte at three different constant electrodeposition potentials: 0.9, 1.0, 

and 1.1 V (vs. Ag/AgCl). The fabricated electrode materials are denoted NiMnOx@DC-

0.9, NiMnOx@DC-1.0, and NiMnOx@DC-1.1, respectively. Figure 5.2 presents the i-t 

curves for a deposition time of 1500 s. All curves exhibit a very high current in the first 

few seconds (that is due to double-layer formation and nucleation), followed by a quasi-

steady-state (that is limited by mass transport). After approximately 200 s, the steady-

state current increases with applied potential, measuring 0.22 mA at 0.9 V, 0.66 mA at 1.0 

V, and 1.49 mA at 1.1 V. A high potential provides a greater thermodynamic driving force 

for the electrochemical oxidation reaction. The potential directly affects the nucleation 

and growth rates of NiMnOx, thereby influencing the final film microstructure and 

thickness.166 

 

Figure 5.2. I-t curves of electrodeposition for NiMnOx films under three constant 

potentials of 0.9, 1.0, and 1.1 V (vs. Ag/AgCl) for 1500 s. 

 

The FESEM images of these films were recorded (Figure 5.3). They reveal distinct 

morphological differences among the electrode materials electrodeposited at three 

different potentials. They are further compared after their 10,000 charging-discharging 

cycles in 1.0 M Na2SO4 aqueous electrolyte. In this way, crucial insights into the 
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relationship between deposition conditions and film structure can be provided. For 

NiMnOx@DC-0.9 (Figure 5.3a), DC fibers are fully coated with a relatively smooth and 

uniform NiMnOx film, exhibiting a good conformal coverage. This is because a low 

potential or a slow deposition rate can result in more controlled nucleation and growth, 

leading to the formation of smaller particles and a more compact film structure. As-

synthesized NiMnOx@DC-1.0 (Figure 5.3c) exhibits a highly porous, flower-like 

morphology with interconnected nanostructures. The porous architecture provides 

abundant active sites and facilitates efficient electrolyte penetration. At the deposition 

potential of 1.1 V, DC is coated with a coarser, and more aggregated film structure (Figure 

5.3e). It is assumed that a higher potential, namely a fast deposition rate, leads to rapid 

and less controlled film formation, resulting in non-uniform coverage. In addition, a high 

current density at the deposition potential of 1.1 V may induce side reactions (e.g., oxygen 

evolution reaction), which can further improve the film porosity and weaken interfacial 

adhesion. This explanation is supported by the FESEM images obtained after long-term 

cycling (Figure 5.3f). NiMnOx@DC-1.1 exhibits more pronounced changes in its 

morphology after a prolonged operation. Discernible cracking and potential flake 

detachment are observed, consistent with stress accumulation during the charging-

discharging cycles and weak interfacial adhesion. In the case of NiMnOx@DC-0.9, the 

NiMnOx film is largely absent and the underlying BDD film is almost exposed after such 

a cycling test (Figure 5.3b). These facets remain sharp and the granular texture of the 

BDD film is essentially unchanged. This suggests that the oxide film deposited at 0.9 V 

was relatively thin, consistent with the low steady-state current recorded by i-t curve. The 

DC substrate demonstrates high electrochemical stability. Small residual patches of oxide 

that cling to the BDD surface indicate the good interfacial adhesion between NiMnOx and 

BDD film. Furthermore, this phenomenon suggests that the oxide film undergoes 

progressive and uniform recession on the DC substrate during prolonged cycling, in 

contrast to fragmentary detachment observed on the CC substrate. The contrast 

underscores the chemical inertness, a wide potential window, and corrosion resistance of 

the sp3 carbon electrode support compared to the sp2 carbon electrode support, which is 

more susceptible to electrochemical oxidation.165,167 After 10,000 cycles, NiMnOx@DC-
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1.0 retains much of its original nanosheet network structure (Figure 5.3d). The open and 

mesh-like architecture remains continuous across the surface of DC fibers in the inset, 

with no discernible cracking, flaking, or exposure of bare substrate. This morphological 

analysis strongly supports that a potential of 1.0 V presents the optimal electrodeposition 

potential, which offers a balance between reasonable deposition rate, more controlled film 

formation, and reduced side reactions. 

 

Figure 5.3. FESEM images of (a), (b) NiMnOx@DC-0.9, (c), (d) NiMnOx@DC-1.0, and 

(e), (f) NiMnOx@DC-1.1. Images (a), (c), and (e) show the as-deposited material, while 

images (b), (d), and (f) show the materials after 10,000 charging-discharging cycles. The 

insets are the low-magnification FESEM images. 

 

Furthermore, Raman spectroscopy, XRD, and XPS analyses were carried out to clarify 
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the influence of deposition potential on the structural and chemical compositions of the 

as-prepared NiMnOx@DC materials. Figure 5.4 presents the Raman spectra and XRD 

patterns of NiMnOx@DC electrodes prepared at different deposition potentials. The 

NiMnOx film deposited on DC demonstrates structural similarities to that formed on CC. 

The Raman spectra reveal distinct vibrational modes characteristic of manganese oxide 

phases (Figure 5.4a). All three electrode materials exhibit a prominent band centered near 

650 cm-1, which is assigned to the symmetric stretching vibrations of v2(Mn–O) within 

the MnO6 octahedra. The peak is characteristic of birnessite-type Mn oxide structure. 

Broad, low-intensity features observed in the range of 280―400 cm-1 can be attributed to 

the Mn–O bending vibrations. All these broad features indicate the as-prepared oxide film 

is generally amorphous and has a poor crystalline structure. This is actually a common 

outcome of the materials synthesized by means of electrodeposition. Notably, distinct Ni–

O signatures are not observed, which is consistent with the low Ni content and suggests 

either intimate mixing or solid solution formation. By comparison, the dominant peak 

becomes slightly sharper for the NiMnOx@DC-1.0 and NiMnOx@DC-1.1, suggesting a 

modest improvement in short-range ordering of the MnO6 network relative to the thin 

film grown at 0.9 V. 
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Figure 5.4. (a) Raman spectra and (b) XRD patterns of NiMnOx@DC electrode materials. 

 

XRD patterns (Figure 5.4b) further confirm the largely amorphous or poorly 

crystalline nature of these oxide films. All patterns are dominated by broad, low-intensity 

humps without resolvable Bragg reflections from well crystalline Mn oxides. The 

discernible weak peak at approximately 36 ° and the small shoulder at around 55 ° become 

slightly more pronounced as applied deposition potential increases from 0.9 V to 1.0 V 

and 1.1V. They suggest the formation of slightly larger crystallite domains. The distinct 

diffraction peak corresponding to the (111) plane of the BDD film (as shown in Figure 

3.7a) at 43.9 ° becomes significantly weaker. It is due to the attenuation caused by the 

conformal oxide film deposition, as expected. Overall, the Raman spectra and XRD 

patterns of three NiMnOx@DC materials deliver highly similar conclusions to each other, 

demonstrating that the variation in electrodeposition potentials has a relatively minor 

effect on the phase composition and crystal structure of as-prepared NiMnOx film. 

The XPS survey spectra of three NiMnOx@DC electrode materials deposited at 

different potentials (i.e., 0.9, 1.0, and 1.1 V (vs. Ag/AgCl)) are presented in Figure 5.5. 

They provide a comprehensive overview of the elemental composition and chemical 

states present in the electrodeposited films. All three electrode materials exhibit clear 

identification of Mn, Ni, O, and C elemental peaks. Distinct Mn features are observed at 

Mn 2p (642/654 eV doublet), Mn 2s (771 eV), Mn 3s (86 eV) and Mn 3p (49 eV); while 

a strong O 1s peak is located at about 530 eV. These observations clearly confirm the 

formation of Mn oxides. In addition, a weak Ni 2p envelope centered at approximately 

855 eV is discernible, indicating successful incorporation of Ni into the mixed oxides. 

The XPS survey also provides an analysis of semi-quantification. The atomic percentages 

of Mn in NiMnOx@DC-0.9, NiMnOx@DC-1.0, and NiMnOx@DC-1.1 are 

approximately 7.8 %, 12.5 %, and 10.0 %, respectively. The oxygen contents in the 

corresponding samples are 33.6 %, 51.61 %, and 42.32 %, respectively. For 

NiMnOx@DC-1.0, the highest content of Mn and O (in atomic percentage), along with 

the strongest attenuation of the substrate C 1s peak, indicate that the deposition potential 
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of 1.0 V achieves the optimal balance between electrochemical driving force and current 

efficiency. These results also confirm that a higher potential of 1.1 V promotes side 

reactions, which reduces the current efficiency for Mn oxide deposition and leads to the 

formation of more porous structures.168 

 

Figure 5.5. XPS survey spectra for NiMnOx@DC electrode materials deposited at three 

different potentials. 

 

Furthermore, high-resolution XPS spectra of the Mn 2s and Mn 2P peaks were analyzed 

to elucidate the influence of deposition potential on chemical states and oxidation 

environments of Mn of NiMnOx@DC electrodes (Figure 5.6). All electrodes display the 

characteristic two multiplet split components of Mn 3s with a peak separation of 4.8―5.0 

eV (Figure 5.6a). This is diagnostic of mixed Mn4+/Mn3+ oxidation states, typical of 

birnessite-type MnOx structures. The peak separation increases as the deposition potential 

rises from 0.9 to 1.1 V, indicating an decrease in the average oxidation state of the Mn 

element.159 The high-resolution Mn 2p spectra (Figure 5.6b) provide complementary 

information through detailed peak fitting analysis that deconvolutes the contributions 
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from different manganese oxidation states. The Mn 2p spectra exhibit the expected spin-

orbit doublet (2p3/2 and 2p1/2) with a separation of 11.6 eV. Across all three deposition 

potentials, peak fitting analysis reveals that Mn3+ constitutes the major component, with 

Mn4+ making a secondary contribution. This mixed valence nature is particularly 

advantageous for aqueous SC applications, where the reversible redox transitions 

between Mn4+ and Mn3+ states can provide high specific capacitance while maintaining 

structural stability. According to estimation from the fitting results, the Mn4+/Mn3+ ratio 

of the NiMnOx@DC-1.0 electrode is comparable to that of the NiMnOx@DC-1.1 

electrode, but higher than that of NiMnOx@DC-0.9. This ratio is expected to correlate 

with electrochemical performance.157,169 

 

Figure5.6. High-resolution XPS spectra of (a) the Mn 3s orbital and (b) the Mn 2p orbital 
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with fine fittings for the NiMnOx@DC electrode materials. 

 

 

Figure 5.7. Comparison of the electrochemical performance of NiMnOx@DC electrodes 

measured in 1.0 M Na2SO4 aqueous electrolyte: (a) CVs measured at a scan rate of 50 

mV s-1, (b) GCD curves recorded at a current density of 5 mA cm-2, the specific 

capacitances as a function of (c) scan rate and (d) current density, and (e) Nyquist plots 

with a magnified view inset. 

 

A comprehensive electrochemical characterization of three NiMnOx@DC electrodes 
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was investigated in 1.0 M Na2SO4 aqueous solution using a three-electrode configuration. 

The comparison of the performance is presented in Figure 5.7. All three electrodes exhibit 

similar potential windows (-0.1―1.4 V vs. Ag/AgCl) and display a couple of well-defined 

redox current peaks, suggesting similar energy storage mechanism through fast surface 

Faradaic reactions (Figure 5.7a). The NiMnOx@DC-1.0 and NiMnOx@DC-1.1 

electrodes show comparable enclosed areas, which are significantly larger than that of 

NiMnOx@DC-0.9, demonstrating a higher capacitance. As shown in Figure 5.7b, all 

GCD curves measured at a current density of 5 mA cm-2 display quasi-triangular profiles 

with mild potential plateaus, confirming pseudocapacitive contributions. The discharging 

time again follows the order of 1.1 V ≈ 1.0 V > 0.9 V. The NiMnOx@DC-0.9 electrode 

shows an evidently shortened discharging rate/time, consistent with its features of a 

thinner film and limited active mass. Regarding rate performance, the specific 

capacitance decreases with increasing scan rate for all electrodes (as shown in Figure 

5.7c), which is typical behavior arising from ion diffusion limitations. All three electrodes 

demonstrate commendable rate capability. As an example, the NiMnOx@DC-1.0 

electrode maintains a high specific capacitance of 131.2 mF cm-2 at 100 mV s-1, which 

corresponds to 73 % of the specific capacitance (180.5 mF cm-2) measured at a low scan 

rate of 10 mV s-1. Similar trends are observed with current density variation (Figure 5.7d). 

Again, the NiMnOx@DC-1.0 electrode delivers high specific capacitances across various 

current densities while simultaneously exhibiting good rate capability. The Nyquist plots 

of three electrodes (Figure 5.7e) were further recorded in a frequency ranging from 0.01 

to 10 kHz. The EIS curves exhibit a quasi-semicircle shape within the high-frequency 

range, indicating that the electrode reaction kinetics are primarily governed by the charge 

transfer process. In comparison, the NiMnOx@DC-1.0 electrode has a smaller semicircle, 

evidencing the lower charge transfer resistance.170,171 In the linear regions at low 

frequencies, the Nyquist plots of the NiMnOx@DC-1.0 and the NiMnOx@DC-1.1 

electrodes exhibit nearly parallel straight lines that are steeper than that of the 

NiMnOx@DC-0.9 electrode, indicating an improved ion diffusion process. 

In combination with the characterization results from SEM, Raman, XRD, XPS, and 
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electrochemical measurements, the deposition potential of 1.0 V is optimal for the 

formation of a uniform and well-adherent NiMnOx film that is conformal to DC. The 

fabricated NiMnOx@DC-1.0 electrode contributes to superior overall electrochemical 

performance, including a high areal capacitance, good rate performance, and a low charge 

transfer resistance. In the following sections, NiMnOx@DC specifically refers to the 

electrode material prepared by electrodeposition at a potential of 1.0 V. It was taken as 

the optimized electrode material for detailed electrochemical measurements. 

 

5.3 Pseudocapacitive performance of NiMnOx-coated diamond cloth 

In this section, the comprehensive electrochemical performance of NiMnOx@DC was 

systematically investigated. The pseudocapacitive performance was evaluated in both a 

three-electrode system and in a two-electrode system. Subsequently, the energy density 

and power density of assembled devices were calculated and assessed. This progression 

establishes a direct connection between materials design and device-level performance, 

elucidating how the DC electrode support and NiMnOx pseudocapacitive material jointly 

contribute to the realization of stable and high-performance SCs. 

5.3.1 Pseudocapacitive performance using a three-electrode system 

The electrochemical performance of the NiMnOx@DC electrode as a working 

electrode was initially evaluated using a three-electrode configuration in 1.0 M Na2SO4 

aqueous electrolyte. The measurement results are detailed in Figure 5.8. 

Figure 5.8a shows the CVs of NiMnOx@DC at different scan rates (10, 20, 50, and 

100 mV s-1) within a wide potential window of -0.1―1.4 V (vs. Ag/AgCl). All curves 

exhibit nearly rectangular shapes with distinct redox peaks, indicating the coexistence of 

electric double-layer capacitance and Faradaic pseudocapacitance contributions. The 

latter originates from the reversible redox reactions of Ni3+/Ni2+ and Mn4+/Mn3+ 

couples.77,85,125,172 As the scan rate increases, the curves retain their overall shape, with 

the current density scaling up proportionally. These results indicate fast electron transfer 
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kinetics and effective electrolyte access to the active sites. Good rate capability and a low 

internal resistance of the oxide/BDD interface is then expected. The calculated specific 

capacitances of this electrode are 180.5, 166.5, 147.6, and 131.2 mF cm-2 at the scan rates 

of 10, 20, 50, and 100 mV s-1, respectively. 

 

Figure 5.8. Electrochemical performance of NiMnOx@DC electrode in 1.0 M Na2SO4 

aqueous solution: (a) CVs at the scan rates of 10, 20, 50, and 100 mV s-1, (b) GCD curves 

at the current densities ranging from 2 to15 mA cm-2, and (c) relationship between 

logarithm peak current densities and logarithm scan rates. 

 

The GCD curves of this capacitor electrode are presented in Figure 5.8b. The curves 

were recorded at various current densities (e.g., ranging from 2 to 15 mA cm-2). The GCD 

profiles exhibit characteristic features of pseudocapacitive behavior, with distinct 

potential plateaus corresponding to the redox reactions observed in the CVs. In addition, 

the nearly symmetrical charging and discharging times indicate a high degree of 

reversibility in the redox reactions. The estimated specific capacitances from the GCD 
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curves are 228.1, 191.3, 164.2, 145.8, 137.2, 130.1, and 123.7 mF cm-2 at the current 

densities of 2, 3, 5, 8, 10, 12, and 15 mA cm-2, respectively. 

The porous interconnected nanostructures of a NiMnOx film provide abundant active 

sites, which contribute to a significant enhancement in its capacitance. Both CV and GDC 

curves confirm a high pseudocapacitance of the NiMnOx@DC electrode, arising from 

fast Faradaic reactions. Moreover, the specific capacitance decreases moderately without 

a significant drop with increasing charging-discharging rate, indicating excellent rate 

performance. 

To explore the capacitance contributions of the NiMnOx@DC electrode, the CV data 

were further analyzed. It is known that the pseudocapacitive contributions can be 

characterized by the dependence of the measured peak current (i) on the scan rate (v), 

which exhibits characteristics of a power law relationship:  

𝑖𝑖 = 𝑎𝑎𝑎𝑎𝑏𝑏 , (5.1) 

where both a and b are constant.173–176 Figure 5.8c shows a linear relationship between 

the logarithm peak current density and the logarithm scan rate. The calculated b value of 

0.89 suggests that the charge storage behavior of NiMnOx@DC is dominated by surface-

controlled redox pseudocapacitive processes, while diffusion-controlled processes (e.g., 

Na+ ion intercalation) also make a secondary contribution. Both fast surface redox 

reactions and ion diffusion participate synergistically in the energy storage processes. 

Figure 5.9 presents the cycling stability and morphological evolution of the 

NiMnOx@DC electrode over 10,000 cycles in 1.0 M Na2SO4 electrolyte, together with a 

comparison to the NiMnOx@CC electrode. As shown in Figure 5.9a, the NiMnOx@DC 

electrode exhibits excellent long-term stability, maintaining approximately 84 % of its 

initial capacitance after the first 500 cycles and over 73 % after 10,000 cycles. In stark 

contrast, although the capacitance retention is very similar to that of NiMnOx@DC in the 

first stage, the NiMnOx@CC electrode shows dramatic degradation after 1500 cycles, 

retaining only approximately 16 % of its initial capacity after the same cycling period. 

The significant difference highlights the crucial role of DC support in improving cycling 
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stability. The capacitance retention profiles reveal distinct degradation process for each 

electrode. The NiMnOx@DC electrode shows an initial rapid decrease in the first 500 

cycles, followed by a more gradual decline, suggesting an initial stabilization process 

followed by steady-state operation. As previously mentioned in Section 4.4, the 

NiMnOx@CC electrode undergoes a two-stage degradation process. Both electrodes 

maintain excellent coulombic efficiency (approaching 100 %) throughout the cycling 

process, indicating high reversibility of the redox reactions during prolonged operation 

and suggesting that the capacitance loss is primarily attributed to active material 

degradation rather than irreversible side reactions. 

 

 

Figure 5.9. (a) Capacitance retention and coulombic efficiency of the NiMnOx@DC 
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electrode compared with NiMnOx@CC. (b) FESEM images showing the morphologies of 

NiMnOx@DC and NiMnOx@CC before (left) and after (right) 10,000 charging-

discharging cycles. 

The FESEM images of these electrodes after such cycling tests were recorded (Figure 

5.9b), which are expected to provide important insights into the structural evolution 

occurring during long-term cycling. It is evident that prior to cycling, both electrodes 

exhibit uniform films coating on the fibers. After 10,000 cycles, significant 

morphological differences become apparent. The NiMnOx@CC electrode shows severe 

structural degradation with detachment in fragments of oxide material from the CFs, 

consistent with poor adhesion as mentioned previously. In contrast, the NiMnOx@DC 

electrode maintains its structural integrity remarkably well after prolonged cycling. While 

some morphological changes are observed, the active material remains well-adhered to 

the DC substrate, changing into a stable, interconnected network. The superior 

performance of NiMnOx@DC can be rationalized as follows: (i) the DC substrate 

provides better mechanical support and enhanced adhesion with the active material, 

suppressing film cracking or detachment caused by redox-induced mechanical strain 

during repeated charging-discharging cycles; (ii) the exceptional electrochemical 

inertness and wide potential window of BDD prevent substrate electrochemical oxidation 

and surface functionalization, thereby maintaining a stable NiMnOx/DC interface during 

long-term cycling; (iii) the DC substrate maintains better electrical contact with active 

material throughout cycling, ensuring low interfacial resistance and efficient electron 

transfer even after morphological changes. 

5.3.2 Electrochemical performance using a two-electrode system 

To evaluate the practical applicability of the NiMnOx@DC electrode for PC 

applications, a symmetric two-electrode configuration was constructed and measured in 

1.0 M Na2SO4 aqueous electrolyte. Figure 5.10 presents the electrochemical 

characterization of the symmetric PC.  

The CVs recorded at various scan rates (e.g., 10, 20, 50, and 100 mV s-1) are shown in 
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Figure 5.10a over a wide voltage window of 0―2.6 V. The CVs exhibit characteristic 

pseudocapacitive behavior with broad redox humps that persist from 10 to 100 mV s⁻¹, 

evidencing surface-controlled Faradaic reactions. The overall curve shape is well 

preserved as the scan rate increases, and the current scales nearly linearly with scan rate. 

All these indicate low charge transfer resistances and excellent rate capability. The 

estimated specific capacitances from CVs are 54.9, 52.1, 49.2, and 46.4 mF cm-2 at the 

scan rates of 10, 20, 50, and 100 mV s-1, respectively.  

 

Figure 5.10. Electrochemical performance of the NiMnOx@DC electrode using a two-

electrode system for PC in 1.0 M Na2SO4 solution: (a) CVs at scan rates of 10, 20, 50, 

and 100 mV s-1, (b) GVD curves at current densities ranging from 3 to 12 mA cm-2, and 

(C) cycling stability including capacitance retention and coulombic efficiency over 2,500 

cycles. 

 

Figure 5.10b presents the GCD curves of the symmetric NiMnOx@DC PC at the 
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current densities of 3, 5, 8, 10, and 12 mA cm-2. At high current densities (8―12 mA cm-

2), the GCD curves are close to triangular with very small IR drops and exhibit high 

symmetry, again demonstrating highly reversible surface redox reactions. By contrast, at 

a low current density (e.g., 3 mA cm-2), the GCD profile shows a long quasi-plateau as 

the voltage approaches 2.6 V. This hysteresis behavior is consistent with the CVs 

observed at low scan rates. Side reactions related to water splitting become more 

pronounced at low charging rates, with a portion of the applied current being diverted to 

oxygen evolution reactions.177,178 At higher currents, the device reaches the upper cutoff 

voltage more rapidly and spends significantly less time in the vicinity of the oxygen 

evolution reaction regime, resulting in more triangular-shaped curves and reduced 

parasitic losses. The calculated specific capacitances are 38.8, 21.2, 13.5, 11.5, and 9.8 

mF cm-2 at the current densities of 3, 5, 8, 10, and 12 mA cm-2, respectively. 

The long-term cycling stability of the symmetric NiMnOx@DC PC was evaluated over 

2500 charging-discharging cycles. The results are presented in Figure 5.10c. The 

symmetric PC demonstrates remarkable electrochemical stability, retaining 

approximately 75 % of its initial capacitance after 2,500 cycles. The capacity retention 

profile also exhibits a characteristic two-stage degradation behavior: an initial rapid 

decline during the first 800 cycles (from 100 % to 85 %), followed by a more gradual and 

steady decrease for the subsequent cycles. This initial capacitance loss is commonly 

attributed to the electrochemical stabilization process of these metal oxide films, where 

unstable surface species are removed. The subsequent stable average degradation rate of 

approximately 0.006 % per cycle indicates excellent structural integrity and demonstrates 

the robust nature of the NiMnOx@DC electrode material in the symmetric configuration 

in neutral aqueous electrolyte. Moreover, the symmetric PC exhibit ideal coulombic 

efficiency (99―101 %) throughout 2,500 cycles, confirming the high reversibility of the 

redox processes and minimal occurrence of parasitic side reactions (e.g., oxygen 

evolution reaction and hydrogen evolution reaction). This excellent cycling performance 

validates the practical viability of the symmetric NiMnOx@DC PC for long-term energy 

storage applications, positioning it as a promising candidate for next-generation aqueous 
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energy storage devices that require both high performance and prolonged operational 

lifetime. 

5.3.3 Energy density and power density 

 

 

Figure 5.11. Ragone plot of the NiMnOx@DC electrode in comparison with other MnOx-

based capacitor electrodes. 

 

The energy density and power density of the NiMnOx@DC PC were calculated based 

on the GCD curves measured in the two-electrode system. As presented in the Ragone 

plots (Figure 5.11) and summarized in detail in Table 5.1, the energy storage performance 

of the NiMnOx@DC electrode is benchmarked against other manganese oxides-based 

capacitor electrodes reported in the literature.179–187 The NiMnOx@DC PC is located in 

the upper-right region of the Ragone plots, highlighting its exceptional balance between 

power density and energy density compared to the other systems. Quantitatively, the 

symmetric PC delivers a maximum areal energy density of 72.8 µWh cm-2 at a power 

density of 5.90 mW cm-2 and still sustains 18.3 µWh cm-2 even when the areal power 

density is pushed to 17.0 mW cm-2 in 1.0 M Na2SO4 aqueous electrolyte. The advantage 

stems from the integrated architecture: (i) a wide device voltage window enabled by the 

chemically inert DC electrode support; (ii) the pseudocapacitive Ni–Mn oxide film that 
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contributes a high areal capacitance; and (iii) low interfacial resistance and strong film-

substrate adhesion, which preserve power delivery at high current. The well-balanced 

performance renders the NiMnOx@DC PC particularly suitable for energy storage 

applications requiring both high energy density and rapid power delivery. The 

comparative analysis of NiMnOx@DC with NiMnOx@CC and other MnOx-based 

capacitor electrodes confirms that the strategic integration of nickel-manganese oxide 

chemistry with the DC substrate architecture successfully achieves the design objectives 

of high performance, stability, and practical applicability in PC systems. 

Table 5.1. Performance comparison of NiMnOx@DC devices with other MnOx-based SCs. 

Electrode Electrolyte Max. energy 

density 

[µWh cm−2] 

Max. power 

density [mW 

cm−2] 

Reference 

NiMnOx@DC 1.0 M Na2SO4 72.8 17.0 This work 

MnO/LIG 1.0 M Na2SO4 0.66 0.28 179 

Mn3O4/GAs 1.0 M NaOH/PVA 17.4 14.1 180 

Mn2O3/CuxO/CF 0.1 g/mL KOH/PVA 120.2 6.5 181 

MnO2@SiNWs 0.01 M LiClO4-

PMPyrrBTA IL 

9.1 0.39 182 

MnO2/CNTs 0.2 g/mL LiCl/PVA 93.8 3.78 183 

LIG/MnO2 5.0 mM LiCl/PVA 7.3 0.17 184 

MnO2/LIG 1.0 M H2SO4/PVA 3.1 2.5 185 

MnO2/CNT 0.1 g/mL 

Na2SO4/CMC 

36.4 15.6 186 

MnO2/CFC LiCl/PVA 7.5 2.5 187 
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5.4 Flexible supercapacitors from NiMnOx-coated diamond cloth 

Mechanical flexibility is an important parameter for the NiMnOx@DC electrode. To 

demonstrate the practical applicability of NiMnOx@DC electrodes in flexible energy 

storage systems, a symmetric PC was assembled with a quasi-solid Na2SO4 gel electrolyte. 

Mechanical flexibility was assessed under different bending states and during repeated 

bending cycles (Figure 5.12). 

Figure 5.12a shows the CVs of the flexible symmetric NiMnOx@DC PC measured at 

a scan rate of 50 mV s-1 under various bending conditions. The device maintains 

remarkable electrochemical stability across different mechanical states, including flat, 

60 °, 90 °, and 180 ° bending angles (as shown in Figure 5.12b). The CV profiles show 

minimal deviation from the original flat-state performance, with well-preserved redox 

peaks and similar enclosed areas, indicating that the pseudocapacitive behavior remains 

intact under mechanical stress. The consistency of CVs across different bending angles 

demonstrates that bending has a limited effect on ion transport and interfacial kinetics.  

The mechanical durability of the flexible device was evaluated through repeated cycles 

of flat-to-180° back-and-forth bending. The results are shown in Figure 5.12c. A three-

stage evolution during mechanical bending tests is observed. During the first tens of 

bending cycles, the capacitance increases slightly (up to ~ 120 %) due to enhanced 

electrolyte penetration and improved interfacial contact under mild mechanical stress. 

The subsequent gradual decline (to ~ 90 % by 100 bending cycles) is attributed to (i) loss 

of adhesion between the active material and the substrate, and (ii) modest increases in 

charge transfer resistance due to accumulation of microcracks within the electrode 

structure under dynamic deformation. The subsequent stable performance indicates that 

the device reaches a mechanically equilibrated state, where the electrode structure adapts 

to the cyclic stress without further significant degradation. After 500 bending cycles, the 

device retains 79.5 % of its initial capacitance, demonstrating excellent mechanical 

robustness of the NiMnOx@DC electrode. Figure 5.12d presents the GCD curves 

measured at a bending angle of 180 ° under a current density of 2 mA cm-2 during different 
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stages of the bending test. The curves remain quasi-triangular with a gradual decrease in 

discharging time, consistent with the moderate capacitance fading. This stability indicates 

that the electronic and ionic transport pathways remain largely intact despite repeated 

mechanical deformation. 

 

Figure 5.12. Mechanical flexibility of the symmetric NiMnOx@DC PC using a gel 

electrolyte, evaluated through bending tests: (a) CVs measured at a scan rate of 50 mV s-

1 under different bending conditions; (b) Photographs of the device in flat and bent states; 

(c) mechanical stability of this PC during repeated bending cycles; and (d) GCD curves 

recorded at a current density of 2 mA cm-2 during the bending tests. 

 

This mechanical robustness is attributed to the inherent flexibility of the DC substrate 

and the strong interfacial adhesion between the substrate and the NiMnOx active material. 

The above results demonstrate that the integration of pseudocapacitive NiMnOx with a 

DC substrate allows the construction of a flexible SC capable of enduring mechanical 

deformation and repeated bending while maintaining stable electrochemical performance. 
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5.5 Conclusions 

The NiMnOx@DC electrode has been electrochemically synthesized through 

conformal deposition of a highly pseudocapacitive NiMnOx film onto the 

electrochemically inert and mechanically flexible DC substrate. A systematic 

investigation of the role of the substrate, the influence of deposition potential, structure, 

composition, and electrochemical performance has been conducted. 

In combination with the characterization results from FESEM, Raman, XRD, XPS, and 

electrochemical measurements, the deposition potential of 1.0 V is identified to be 

optimal for the formation of a uniform and well-adherent NiMnOx film that is conformal 

to DC electrode support. The DC substrate provides a stronger interfacial adhesion to 

NiMnOx film compared with the CC substrate, which is more susceptible to 

electrochemical oxidation. Therefore, the NiMnOx@DC electrode exhibits overall 

enhanced electrochemical performance compared with the NiMnOx@CC electrode, 

including a higher capacitance, comparable rate capability, and significantly improved 

cycling stability. 

The optimized NiMnOx@DC electrode exhibits pronounced redox features and high 

areal capacitances of 180.5 mF cm-2 at a scan rate of 10 mV s-1 and 228.1 mF cm-2 at a 

current density of 2 mA cm-2 with exceptional coulombic efficiency approaching 100 % 

over 10,000 charging-discharging cycles. In terms of capacitance retention, 

NiMnOx@DC retains 73 % of its initial capacitance after 10,000 cycles, significantly 

outperforming the 16 % retention observed for NiMnOx@CC under the identical cycling 

conditions. These results underscore the electrochemical inertness and adhesion 

advantages of sp3 carbon (BDD) over sp2 carbon for Faradaic reactions. The symmetric 

NiMnOx@DC PC maintains excellent electrochemical performance including a wide 

voltage window, high capacitance, and long-term cycling stability. This PC delivers a 

maximum energy density of 72.8 µWh cm-2 at the power density of 5.90 mW cm-2 and 

retains 18.3 µWh cm-2 at the power density of 17.0 mW cm-2 in 1.0 M Na2SO4 aqueous 

electrolyte, demonstrating a superior balance between energy density and high power 
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output. The quasi-solid-state flexible NiMnOx@DC PC exhibits excellent mechanical 

flexibility during the bending tests. The electrochemical performance of the device is well 

preserved under mechanical stress and dynamic deformation. 

In summary, the NiMnOx@DC electrode material exhibits high specific capacitances, 

excellent rate capability, exceptional coulombic efficiency, long-term cycling stability, 

and excellent mechanical flexibility. Owing to its excellent electrochemical performance, 

NiMnOx@DC is expected to emerge as a strong candidate for high-performance flexible 

SCs, particularly suitable for wearable and portable electronic devices. 
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6 Summary and Perspectives 

This thesis presents a rational materials engineering strategy for the development of 

electrode materials in flexible SC through systematic electrode integration. Three 

electrode systems are progressively constructed, namely the flexible diamond cloth (DC), 

NiMnOx-coated carbon cloth (NiMnOx@CC), and NiMnOx-coated diamond cloth 

(NiMnOx@DC). The progressive design strategy offers valuable insights into the 

interplay among substrate chemistry, interfacial stability, and electrochemical 

performance. The overarching goal was to simultaneously achieve mechanical flexibility, 

high energy density, and high power density, thereby meeting the critical requirements of 

electrode materials for flexible SCs. 

The comparative analysis across the three electrode systems reveals critical insights 

into the role of substrate properties in determining the overall performance of SCs, 

particularly their cycling stability. The DC electrode combines the inherent advantages of 

CC substrate and BDD film, namely showcasing a wide potential window, exceptionally 

long cycling life, and excellent mechanical flexibility. However, its capacitance and 

energy density are intrinsically limited by electric double-layer mechanism. The 

NiMnOx@CC electrode provides high specific pseudocapacitance (e.g., 47.1 mF cm-2 at 

the scan rate of 10 mV s-1) but undergoes interfacial degradation and film delamination 

during long-term cycling, resulting in severe capacity fading (e.g., 16 % capacitance 

retention after 10,000 cycles). The failure mechanism analysis reveals that sp2 carbon 

substrates create an inherent limitation: their susceptibility to electrochemical oxidation 

under pseudocapacitive operating conditions leads to interfacial degradation regardless 

of active material quality. By replacing the CC substrate with DC, NiMnOx@DC 

successfully integrates the high pseudocapacitance of the NiMnOx film with the 

exceptional stability of the DC substrate. The NiMnOx@DC electrode not only delivers 

a higher capacitance (228.1 mF cm-2) but also a significantly improved cycling stability 

(e.g., 73 % capacitance retention after 10,000 cycles). Generally, the enhanced stability 

of this electrode is attributed to two key factors: (i) The BDD surface of DC provides a 
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more robust and electrochemically stable anchor for the NiMnOx film; (ii) the wide 

electrochemical window and corrosion resistance of BDD prevent the substrate oxidation 

of surface carbon. In addition, this electrode also exhibits excellent mechanical flexibility. 

With a maximum energy density of 72.8 μWh cm-2 and a maximum power density of 17.0 

mW cm-2, this electrode ranks among the competitive candidates for high-performance 

flexible SC applications. Therefore, it is suggested that using an electrochemically inert 

platform represents an effective strategy for fully exploiting pseudocapacitive materials, 

as it minimizes the degradation during long-time cycling that limits sp2 carbon supports. 

In summary, this thesis establishes a rational electrode design paradigm that can be 

generalized to other pseudocapacitive systems for the development of high-performance 

flexible SCs. By employing a mechanically robust, electrochemically inert flexible 

substrate as a structural foundation and integrating it with a conformal and redox-active 

pseudocapacitive films, the resulting electrode architecture is expected to exhibit superior 

cycling stability, high energy and power density, and excellent mechanical flexibility, 

paving the way for broader applications in wearable and portable electronic devices. 

While the NiMnOx@DC electrode already exhibits excellent electrochemical activity 

and mechanical robustness, several avenues merit deeper investigation for further 

research, spinning from fundamental material synthesis and mechanistic studies to 

practical device integration and application. 

A more in-depth characterization of the microstructure is essential for optimizing its 

composition and enhancing long-term stability. For example, HRTEM coupled with FFT 

patterns should be carried out to provide detailed insights into the microstructure of the 

synthesized NiMnOx thin films, enabling the assessment of their crystalline degree and 

the distinction between amorphous domains and nanocrystalline regions. On the 

compositional side, the average Mn valence should be fine-tuned to maximize capacitive 

redox while minimizing dissolution. Precise control of the Ni/Mn ratio can be meaningful 

and critical: Ni can improve electronic transport and introduce additional redox centers, 

but excessive Ni may dilute Mn-centered charge storage and destabilize the oxide. To 

suppress Mn dissolution and thereby improve capacitance retention during extended 
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cycling, suitable electrolyte additives can be introduced to reduce parasitic 

reactions.163,188,189  

Transitioning to mass production requires addressing synthesis scalability. For DC, 

alternative approaches such as hot filament CVD or roll-to-roll compatible processes 

could improve throughput while maintaining quality. The electrochemical NiMnOx 

deposition offers inherent scaling advantages but requires optimization for continuous 

processing and consideration of alternative methods like atomic layer deposition for 

large-scale manufacturing.190,191 

Advanced in situ techniques including XPS, X-ray absorption spectroscopy (XAS), 

TEM, and Raman spectroscopy can provide real-time information about valence changes 

and structural evolution during operation. Theoretical approaches including density 

functional theory (DFT) calculations and molecular dynamics simulations could elucidate 

interfacial interactions and ion transport mechanisms, while machine learning approaches 

could correlate structural parameters with performance. 

The ultimate validation of flexible supercapacitor technology lies in its successful 

integration into practical wearable and portable electronic systems. A prototype flexible 

SC needs to be fabricated and integrated to power a real-world wearable device, such as 

a smartwatch. The performance of this integrated demonstrator will be evaluated under 

realistic mechanical deformations and environmental conditions. 

Moreover, based on the NiMnOx@DC electrode as the positive electrode, developing 

asymmetric flexible SCs using appropriate negative electrodes (e.g., carbon-based 

materials, diamond-derived electrodes, or other stable EDLC materials) will be promising 

to extend the cell voltage and boost energy density. The optimization of asymmetric 

configurations requires careful balancing of charge capacities and cell voltage to 

maximize energy density while maintaining cycling stability.  

In conclusion, by advancing these optimization strategies and research directions, the 

promising NiMnOx@DC material can be further refined and effectively propelled 
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towards the development of high-performance flexible SCs, ultimately contributing to the 

realization of next-generation wearable and portable electronic devices. 
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