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Abstract 

 

Flexible supercapacitors based on micro/nanofibers 

 

by 

 

Caiwei Shen 

 

Doctor of Philosophy in Engineering – Mechanical Engineering 

 

University of California, Berkeley 

 

Professor Liwei Lin, Chair 

 

 

Flexible energy storage components are indispensable in the field of flexible 

electronics. Supercapacitors featuring high power density, fast charge/discharge rate, long 

cycle life, and safe operation are desirable devices. Micro/nanofiber-based electrode 

materials, fabrication processes, and device configurations are investigated towards 

flexible supercapacitors applications. 

 

Micro flexible supercapacitors (FSCs) prepared using direct-write nanofibers is 

demonstrated for flexible integrated microelectronics. The micro electrodes with porous 

network are fabricated by the near-field electrospinning process of polypyrrole (PPy) 

nanofibers on a patterned metal layer on flexible substrate. Such conductive nanofiber 

network with a pseudocapacitance effect greatly increases the capacitance and facilitates 

ion transport in the electrodes. The prototype micro FSCs are experimentally proved to be 

highly flexible with excellent electrochemical performance and cycling stability. The 

approach is simple, versatile, and compatible with different substrates for the direct 

integration of energy storage devices in flexible microsystems.  

 

An ultra-thin micro coaxial fiber supercapacitor (μCFSC) with high energy and 

power densities, and excellent mechanical properties is demonstrated. The prototype with 

the smallest reported overall diameter of 13 μm is fabricated by successive coating of 

functional layers onto a single micro carbon fiber via a scalable process. Combining the 

simulation results via the electrochemical model, the high performance is attributed to the 

well-controlled thin coatings that make full use of the electrode materials and minimize 

the ion transport path between electrodes. Moreover, the μCFSC features high bending 

flexibility and large tensile strength (more than 1 GPa), which make it promising as a 

building block for various flexible energy storage applications. 

 

Free-standing woven supercapacitor fabrics that can store high electrical energy and 

sustain large mechanical loads are demonstrated as flexible power sources. The prototype 

with reduced package weight/volume provides an impressive overall energy density of 

2.58 mWh g-1 or 3.6 mWh cm-3, high tensile strength of over 1000 MPa, and bearable 
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pressure of over 100 MPa. The nanoporous thread electrodes are prepared by the 

activation of commercial carbon fibers to have three-orders of magnitude increase in the 

specific surface area and 86% retention of the original mechanical strength. The novel 

device configuration woven by solid electrolyte-coated threads shows excellent flexibility 

and stability during repeated mechanical bending tests. Such scalable energy storage 

fabrics can be woven into daily graments as flexible power sources for a variety of 

wearable electronics. 
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1 Introduction 
 

1.1 Power sources for flexible electronics 
 

Electronics have been continuously miniaturized and functionalized to be portable 

and wearable in the past decades. Flexible electronics have become a new trend of future 

wearable electronics in recent years, because they bring highly desirable features. For 

example, they can be easy to carry, integrated with daily garments, and comfortable to 

wear on human body. While matured commercial products such as smart wristbands, 

watches, and flexible displays have been developed, the concept of all-flexible devices 

has not been realized yet. As one of the key components of wearable electronics, the 

power source (usually a battery), which occupies a large portion of the volume/weight, is 

the bottleneck to develop flexible electronics. 

 

Currently, wearable electronics use Lithium-ion batteries (LIBs) as the power 

sources because of their relatively high energy density and rechargeable feature[1]. 

However, unsatisfactory issues of LIBs can become more serious when researchers try to 

develop flexible forms of them. For example, LIBs are not always safe because they rely 

on flammable and explosive chemical reactions to store energy. Deformations such as 

bending of the LIB electrodes can increase the chance of safety issues to happen. On the 

other hand, LIB electrode materials are intrinsically rigid and researchers have to use 

ultrathin electrodes on much thicker flexible substrate/package materials to introduce 

flexible feature, which greatly lower the energy density of LIBs [2]–[4]. 

 

Other flexible power solutions, such as flexible energy harvesters, have been 

proposed and intensively studied recently. Most of the reported flexible energy harvesters 

for wearable applications are based on piezoelectric, electrostatic, and triboelectric effects 

to harvest mechanical energy from human body movement [5]–[10]. Such energy sources, 

similar to other sources from the environment, is unstable and intermittent. Moreover, the 

efficiencies of such energy harvesters are also low (<1 % [8]), and they only generates 

small power (<1 mW) that is not significant for current smart devices. As an example, 

AirPods [11], one of the smallest wearable electronics, is powered by a LIB with a 

capacity of 93 mWh, and it consumes a power of ~19 mW (5 hrs of battery life) when it 

is working. It is impossible for an energy harvester of 1 mW to power it directly. If the 

harvester is used as the additional power, it will take 93 hrs to charge the battery, which 

is also impractical. 

 

Flexible supercapacitors (FSC), which are another type of electrochemical energy 

storage devices, have been investigated as a candidate to replace LIBs in flexible 

applications. While supercapacitors usually provide lower energy density than LIBs, they 

are much safer and more durable because of their working principles [12]–[19]. 

Moreover, supercapacitors have simpler configuration and various choices of flexible 

electrode materials. As a result, they can be promising devices to power future flexible 
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electronics. The focus of this dissertation is to study flexible supercapacitors using 

micro/nano fiber-based electrode materials. The working principles, research status, and 

challenges of FSC will be discussed in the following sections of Chapter 1. The detailed 

structure of the dissertation will also be described. 

 

1.2 Supercapacitors as the power sources 
 

1.2.1 Working principles of supercapacitors 

 

Supercapacitors differ from conventional capacitors by their charge storage 

mechanisms. Four types of capacitors, including parallel-plate capacitor, electrolytic 

capacitor, EDL capacitor, and pseudo capacitor are illustrated in figure 1-1. A parallel-

plate capacitor (figure 1-1a) is composed of two metal plates on which static charges are 

stored with a dielectric layer which separates the charges. Capacitance C of such a 

capacitor can be calculated as: 

 

                                                                         (1.1) 

 

where ε is the permittivity of the dielectric material, A is the area of the plates, and d 

is the separation distance between plates. An electrolytic capacitor (figure 1-1b) works 

similarly to the parallel-plate capacitor except it has an electrolyte layer attached to one 

metal plate working together as a cathode. The dielectric is an oxide layer of anode and 

can be as thin as nanometers. The electrolytic capacitor usually has a larger capacitance 

than the parallel-plate capacitor of the same size because its charge separation distance, d, 

is smaller. 

 

 
Figure 1-1. Schematics of the working principles of four types of capacitors: (a) parallel-

plate capacitor, (b) electrolytic capacitor, (c) EDL capacitor, and (d) pseudo capacitor.  

EDL capacitor and pseudo capacitor are called supercapacitors because they have much 

larger capacitance than the other capacitors. [19] 

 

 

An EDL capacitor (figure 1-1c) store charges by using the EDL at the electrode-

electrolyte interface, in which charges (electrons in the electrode and ions in the 

C = eA / d



3 

electrolyte) are separated by a distance of less than 1 nm. Moreover, the area of the EDL 

is the interface area between the electrode and electrolyte, which can be as high as more 

than 3000 m2/g for nanoporous carbon electrodes [20]. Therefore, EDL capacitor has 

much larger capacitance than the conventional ones of the same size, because of the large 

surface area and the small charge separation distance, according to equation (1).  It is 

worth noting that, in an EDL capacitor, each electrode has an EDL and two electrodes are 

connected in series. Researchers have been reporting specific capacitance (capacitance 

divided by the mass or volume) of each electrode by testing it in a three-electrode system. 

The specific capacitance of a whole capacitor, however, is the serial capacitance of two 

electrodes divided by the total mass or volume, which can be a different (usually much 

smaller) value [21]. 

 

A pseudo capacitor (figure 1-1d) also stores energy at the electrode-electrolyte 

interface, except that fast redox reactions are involved [12], [13]. Compared with 

batteries which store energy by redox reactions in bulk materials, pseudo capacitors have 

reactions only near the surface of the electrode, and the potential of the electrode, V, is 

highly dependent on the extent of charge storage, q, which results in a derivative dq/dV 

equivalent to a capacitance. Pseudo capacitance is of great interest mainly because it 

shows much higher specific capacitance than that of EDL capacitance. However, unlike 

EDL capacitance that arises from surface charges stored electrostatically (i.e. non-

Faradaically), pseudo capacitance involves the passage of charges across the electrode-

electrolyte interface (i.e. Faradaic process), which reduces the power performance and 

cycle life. 

 

EDL capacitors based on carbon electrodes usually exhibit 1-5% of pseudo 

capacitance due to Faradaic reactivity of surface oxygen functionalities, while pseudo 

capacitors always show some EDL capacitance proportional to the electrode-electrolyte 

interfacial area [12]. More balanced combinations of the two mechanisms results in 

hybrid supercapacitors [13]. For example, pseudo-capacitive materials can be deposited 

onto nanostructured carbon substrate to achieve high specific capacitance based on 

pseudo capacitors and high power density due to the effects of EDL capacitors [13], [22], 

[23]. 

 

1.2.2 Equivalent circuit models for supercapacitors 

 

Equivalent circuit models for supercapacitors are significant tools to simulate and 

evaluate the working of the energy storage device in a whole electronic system. Besides, 

such models also help us understand and predict the performance of supercapacitors in 

different tests. An ideal capacitor can be modeled as a passive, linear element in electrical 

circuits, but a practical capacitor is always associated with an equivalent serial resistance 

(RESR) and an equivalent parallel resistance caused by leakage (REPR) as shown in figure 

1-2a. Such a circuit can also be used to model supercapacitors to a first approximation, 

where C is the maximum total capacitance of the whole device, RESR is the equivalent 

resistance added up by the electrical resistances of the electrodes and the ionic resistance 

of the electrolyte, and REPR represents the total leakage of the supercapacitor through 

different mechanisms [24], [25]. 
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Figure 1-2. Equivalent circuit models of supercapacitors. (a) The simplest model 

including a capacitance, an equivalent serial resistance (RESR) and an equivalent parallel 

resistance (REPR). (b) The Randles circuit. (c) The equivalent circuit considering both 

EDL capacitance and pseudo capacitance. (d) The transmission line model that describes 

a porous electrode with both electronic resistance (Re) and ionic resistance (Ri). (e) The 

two-branch model to simulate supercapacitor behaviors in two different time scales. [19] 

 

More accurate models of supercapacitors can be established by considering the 

electrochemical processes in the device. For example, the charge transfer process in the 

electrolyte involves the diffusion of ions, which can be modeled as a Warburg impedance 

(W) [12]. A typical equivalent circuit taking W into account is the Randles circuit as 

shown in figure 1-2b [12]. Such a circuit can explain why a constant phase angle near 45o 

is observed when testing the impedance of some supercapacitors in low frequency range.  

 

When double-layer capacitance (Cdl) and pseudo capacitance (Cp) are considered 

separately, an equivalent circuit can be drawn as in figure 1-2c. Here, Cp is in series with 

a Faradaic charge transfer resistance (RF) and in parallel with another resistance (R’F) 

representing leakage through the Faradaic reactions.  

 

The equivalent circuit can also become more complex when the structure of 

electrodes is considered. For example, a transmission line model (figure 1-2d) can be 

used to describe the bi-continuous nature of electron path (represented by Re) and ion 

path (represented by Ri) in a porous electrode, and the capacitance (C) at the electrode-

electrolyte interface.  

 

In practical applications, a certain time scale may be of particular interest, and 

researchers can use multiple R-C branches to model supercapacitor’s behavior in 

different time domains. For example, the two-branch model in figure 1-2e may describe 

the short-term behavior of the device with one branch, and the long-term behavior with 

the other one [26]–[28]. 

 

1.2.3 Calculation of energy and power 
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As an energy storage device, the most important features of a supercapacitor are the 

amount of energy it can store and power it can provide per unit weight or volume. 

Supercapacitors can store more energy than conventional capacitors because they have 

larger capacitance which can be as high as more than 1,000 F/g or 1,000 F/cm3 [29]. But 

the energy E stored in a capacitor is not only proportional to the capacitance C, but also 

limited by the operational voltage V as: 

 

                                                          (1.2) 

 

Therefore, the maximum voltage of a supercapacitor should always be considered 

together with the capacitance.  

 

The voltage limit of a supercapacitor is determined by the electrochemical and 

chemical stability of both electrode and electrolyte. For carbon based EDL electrodes, the 

electrolytes are usually more unstable and thus limit the voltage. For example, EDL 

capacitors using aqueous electrolytes have a voltage up to 1V since the electrolysis of 

water happens at 1.2V. But devices using organic solvent-based electrolytes or ion liquids 

can be charged to 2.5 – 3.5 V [30]. For pseudo capacitors, however, the reversible 

reactions that lead to capacitance effect only happen within certain voltage range. For 

example, one of the most studied pseudo capacitive material with very high specific 

capacitance, RuO2, has three accessible oxidation states within 1.2 V. Another promising 

electrode material for pseudo supercapacitors, MnO2, shows excellent capacitive 

behavior within less than 1 V [13].  

 

It is worth noting that, although some pseudo capacitive material has extremely high 

capacitance, it may not store more energy than EDL capacitors because of low operation 

voltage. For example, a symmetric supercapacitor using MnO2 with a capacitance of 

1145 F/g for each electrode stores specific energy of ~25.4 Wh/kg at an operation voltage 

of 0.8 V [29], and the device using activated graphene with 166 F/g stores ~70 Wh/kg at 

3.5 V [20]. 

 

To measure the capacitance and energy capacity of a supercapacitor, two 

electrochemical approaches are mostly adopted. One is cyclic voltammetry, which 

applies a linearly increasing/decreasing voltage and measures the charge/discharge 

current, the other is chronopotentiometry, which uses a constant current to 

charge/discharge the device and measures the voltage. The average capacitance over the 

measured voltage range can be calculated by definition as: 

 

                                                                                       (1.3) 

 

where ΔQ is the total charge transferred; ΔV is the voltage range measured; I is the 

current measured or applied; Δt is the total time of the measurement. The capacitance is 

usually not a constant over the operating voltage range, and equation (2) may not be 

E =1/ 2CV 2

Cavg =
DQ

DV
=

I dt
0

Dt

ò
DV



6 

accurate enough to calculate the energy for supercapacitors. Instead, more accurate 

calculation of energy by measurement is: 

 

                                                                                            (1.4) 

 

where V and I are measured voltage and current over time. The power can be 

calculated at the same time: 

 

                                                                                               (1.5) 

 

It should be noted that measured energy densities are highly dependent on the test 

conditions, especially the charge/discharge rate of the device. Smaller value of energy 

density is always obtained when the device is working at higher power (i.e., under higher 

scan rate or larger charge/discharge current). The phenomenon is caused by the 

equivalent internal resistance, including electrical resistance and ionic resistance, of the 

device. By looking at the simplest equivalent circuit model in figure 1-2a, it is obvious 

that the equivalent serial resistance causes higher IR drop when a higher current goes 

through the circuit, and less charge/energy can be stored into or withdrawn from the 

capacitor. The input/output power of the supercapacitor will reach a maximum value 

before the IR drop exceeds the operation voltage.  

 

A comprehensive approach to evaluate the performance of a supercapacitor device is 

to test over a wide range of various scan rates or charge/discharge currents, calculate the 

corresponding power and energy, and plot the results in a Ragone plot [12]. The Ragone 

plot provides the important information of how much energy can be stored 

into/withdrawn from an energy storage device when it’s working at a certain input/output 

power. 

 

1.2.4 Performance metrics of supercapacitors 

 

Researchers have been reporting the performances of supercapacitors normalized by 

weight or volume so that it’s easier to evaluate different electrode materials. Such values 

are of significance for evaluation of the potential energy capacity of a supercapacitor 

device. However, the volumetric/gravimetric capacitance of a certain material is usually 

not constant with different electrode thicknesses. Instead, it decreases when the electrode 

becomes thicker, especially for EDL electrodes with complex inner pore structure [31], or 

pseudo capacitive materials with inaccessible redox sites [32].  

 

Another consideration is that, a practical supercapacitor device usually comprises of 

active electrode material, electrolyte, separator, current collector, and other package 

materials. The true energy/power density of a supercapacitor should include the 

volume/weight of the whole device [21]. The performance metrics used to evaluate a 

supercapacitor should also consider the application situation. For example, in an 

integrated micro systems with micro supercapacitors (MSC) as the power source, the 

E = V × I dt
0

Dt

ò

P =
E

Dt
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weight of a MSC is negligible, and the substrate area and device volume are always 

limited. Therefore, the areal and volumetric performances of MSCs are of more 

significance than the gravimetric ones [19], [22]. In some wearable device such as a 

smart watch, the volume allocated for the power source is limited, and the volumetric 

energy/power density is the major concern. 

 

Besides energy and power densities, other characteristics of supercapacitors can also 

be important for practical applications. Thanks to the working mechanisms of 

supercapacitors, they show shorter charge/discharge time, longer cycle life, and safer 

operation than LIBs. Table 1-1 compares some major characteristics of current 

commercial supercapacitors and LIBs. The major shortcoming of supercapacitors is their 

lower energy density (about 1 order lower) compared with LIBs. But supercapacitors 

outperform LIBs in power density (1 order higher), charge time (2 orders faster), and 

cycle life (3 orders longer). Moreover, LIBs rely on vigorous chemical reactions between 

cathode and anode, and are intrinsically explosive. The use of organic solvents and 

lithium ion electrolyte can also make them flammable and toxic. The charge/discharge of 

LIBs involves lithium ions insertion/de-insertion in both electrodes, which causes high 

stress and volume change and further increases the chance of unsafe issues. While some 

supercapacitors use toxic ions and flammable electrolytes, their operation can still be a lot 

safer than LIBs, because there is no mechanical stress or volume change when they are 

working. The working mechanisms of supercapacitors also allows more choices of 

electrode-electrolyte systems that are nontoxic and environmentally friendly. 

 

Table 1-1. Comparison of current commercial supercapacitors and LIBs 

 
Current Commercial Devices 

 
LIBs Supercapacitors 

Energy (Wh/kg) 10 - 200 1 - 20 

Power (W/kg) 100 – 1,000 1,000 – 10,000 

Charge time Hours Seconds/Minutes 

Cycle life ~1,000 ~1,000,000 

Safety 
Flammable, Explosive, 

Toxic 

Safer 

(No violent reaction) 

 

 

1.3 Flexible supercapacitors and research challenges 
 

As safety and stability become more critical in flexible electronics, to replace LIBs 

with FSCs as the new flexible power sources is tempting. Although current commercial 

supercapacitors generally show 1 order lower energy density than LIBs with similar 

device configuration and package, the situation can be much better in flexible 

applications. Because Flexible LIBs have to sacrifice their overall energy density to be 
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made flexible and safe enough with larger portion of additives, stabilizers, and package 

materials, while FSCs don’t. Moreover, FSCs can use more space to store energy if they 

are flexible and safe enough. For example, a large piece of FSC can be integrated into a 

jacket and does not cause inconvenience, while a rigid LIB with the same weight/volume 

can be troublesome to carry. 

 

Much attention has been drawn on FSCs in recent years due to their great potentials. 

Reported FSCs can be classified into either two-dimensional (2D) thin-film type or one-

dimensional (1D) fiber type based on their overall configuration [16], [33]–[35]. The 2D 

type usually assembles active nanomaterials on a flexible substrate to construct FSCs, 

while the 1D type builds all functional components on thin and long fibers. Instead of 

electrode configurations, we may consider the potential applications of FSCs and divide 

them into two types, which are micro FSCs intended to be integrated with printed flexible 

electronics, and large-size wearable FSCs to be integrated with our daily wearables. Such 

classification is more useful to analyze and evaluate FSCs. 

 

One research direction of FSCs is to study micro FSCs integrated with the 

electronics they are powering on the same flexible substrates. Potentially, such devices 

are supposed to be coupled with micro energy harvesters as power sources to realize self-

powering systems for different wireless applications, such as wireless sensor networks 

(WSN), implantable medical devices, and active radio frequency identification (RFID) 

systems [19]. Small size, flexibility, and integrate-ability are all very important for 

certain device such as a medical sensor attached on human body. The coupling with 

energy harvesters may reduce the requirement of energy density of such FSCs, but the 

major challenge is to integrate them with other components in a cost-effective manner. 

As part of the dissertation, the direct writing of nanofibers on flexible substrate to 

construct micro FSCs that feature low cost and easy integration will be explored. 

 

Another hot topic of FSCs is large-size wearable FSCs, which are potential power 

source for future wearable consumer electronics. As today’s consumer electronics are 

usually multifunctional and consuming significant amount of power, considerable 

weight/volume will be needed for the power source. To integrate FSCs into our daily 

wearables is one of the most promising solutions. While researchers have developed 

various 1D and 2D FSCs [2], [18], [35], [36], the two major challenges remain: (1) The 

overall electrochemical performance (e.g. energy density) needs to be improved with 

substrate and package materials considered. (2) The mechanical property (e.g. flexibility, 

durability, strength) of the whole device should be comparable to wearables to be 

integrated with. The rest of the dissertation explores two solutions to consider both 

challenges for wearable FSCs. Both solutions are based on micro carbon fibers, including 

ultra-thin coaxial fiber supercapacitors and woven supercapacitor fabrics.  

 

1.4 Structure of the dissertation 
 

The dissertation aims to develop micro/nanofiber-based electrode materials, 

fabrication processes, and device configurations to improve properties of FSCs towards 

practical applications. While the motivation and research background have been 
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introduced in Chapter 1, the content of the following chapters is briefly illustrated in 

Figure 1-3 and described below. 

 

 
Figure 1-3. Summary of the micro/nanofiber based flexible supercapacitors developed in 

the dissertation. 

 

 

In Chapter 2, micro FSCs prepared using direct-write nanofibers is demonstrated for 

flexible integrated microelectronics. The micro electrodes with porous network are 

fabricated by the near-field electrospinning of polypyrrole (PPy) nanofibers on a 

patterned metal layer deposited on flexible substrate. Such conductive nanofiber network 

with a pseudocapacitance effect greatly increases the capacitance and facilitates ion 

transport in the electrodes. The micro FSCs are experimentally proved to be highly 

flexible with excellent electrochemical performance and cycling stability. The approach 

is simple, versatile, and compatible with different substrates for the direct integration of 

energy storage devices in flexible microsystems. [37], [38] 
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In Chapter 3, an ultra-thin micro coaxial fiber supercapacitor (μCFSC) with high 

energy and power densities, as well as excellent mechanical properties is demonstrated as 

functional fibers to be integrated into wearable fabrics. The prototype with the smallest 

reported overall diameter of 13 μm is fabricated by successive coating of functional 

layers onto a single micro carbon fiber via a scalable process. Combining the simulation 

results via the electrochemical model, the high performance is attributed to the well-

controlled thin coatings that make full use of the electrode materials and minimize the ion 

transport path between electrodes. Moreover, the μCFSC features high bending flexibility 

and large tensile strength (more than 1 GPa), which make it promising as a building block 

for various flexible energy storage applications. [34], [39] 

 

In Chapter 4, free-standing woven supercapacitor fabrics that can store high 

electrical energy and sustain large mechanical loads are proposed and demonstrated as 

readily scalable flexible power sources. The prototype with reduced package 

weight/volume provides an impressive overall energy density of 2.58 mWh g-1 or 3.6 

mWh cm-3, high tensile strength of over 1000 MPa, and bearable pressure of over 100 

MPa. The nanoporous thread electrodes are prepared by the activation of commercial 

carbon fibers to have three-orders of magnitude increase in the specific surface area and 

86% retention of the original strength. The novel device configuration woven by solid 

electrolyte-coated threads shows excellent flexibility and stability during repeated 

mechanical bending tests. Such scalable energy storage fabrics can be integrated into 

daily graments as flexible power sources for a variety of wearable electronics. [40] 

 

Chapter 5 concludes the dissertation and suggests several future directions for the 

research. 
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2 Flexible micro supercapacitors based on direct-

write nanofibers 
 

 

2.1 Introduction 
 

Miniaturized wearable electronics, implantable medical devices, and active radio 

frequency identification (RFID) have limited space for power sources inside them. Micro 

batteries are not sufficient to power such systems with high power consumption by 

wireless communications. The integration of micro energy harvesters with safe and 

durable energy storage elements, such as supercapacitors [8], [19], [41], is a better 

solution. To apply high-performance supercapacitor materials to energy storage devices 

in micro systems, considerations on both material synthesis and device fabrication are 

required. Desirable characteristics of such supercapacitors include: (1) small size 

compatible with other components; (2) low manufacturing cost with the possibility to 

directly integrate with the rest of the system; and (3) good flexibility to fit in with 

different form-factors, especially for the applications in flexible systems.  

 

On-chip micro supercapacitors, especially carbon-based EDL capacitors, have been 

demonstrated by using various technologies to grow active materials, including chemical 

vapor deposition (CVD) used for the direct growth of CNTs [42]–[46], carbide derived 

carbon [31], [47], [48], silicon nanowires [49], silicon carbide nanowires [50]–[52], and 

carbonization used for the synthesis of patterned micro-sized carbon electrodes with 

nanopores [53], [54]. Some of these supercapacitor electrodes have been constructed on 

silicon wafers for possible integration with microelectronics. However, the typical high 

temperature process requirements in making these nanostructures prevent their direct 

integration with silicon-based devices.  Electrophoresis has been used to assemble onion-

like carbon particles to form interdigital electrodes with ultrahigh power [55], but it 

involves wet process which also limits the direct integration process when immersing the 

substrates in complex electrolytes. Similar issues are encountered when developing 

pseudo capacitors on a chip by evaporation [56], chemical growth [57], or 

electrochemical deposition [58], [59]. Printing of nanostructured carbon particles [60] 

and laser writing of graphene [61]–[63], on the other hand, have shown the good 

possibility of making micro supercapacitors on flexible substrates for EDL capacitors 

without the capability of making pseudo capacitors with higher capacitance.  

 

In this chapter, the direct-write flexible micro supercapacitors by near-field 

electrospinning of polypyrrole nanofibers are proposed and demonstrated. The 

continuous nanofiber network with high surface area is ultra-flexible and makes full use 

of the active material for high pseudo capacitance. The direct-write process performed 

under room temperature does not involve wetting of the substrate. It is simple, low-cost, 

and applicable to arbitrary flexible surfaces for possible direct integrations with other 

devices and systems.   
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2.2 Materials and process design 
 

Conducting polymers, such as polypyrrole, poly(3,4-ethylenedioxythiophene) and 

polyaniline, are a group of polymers that conduct electrons when they are doped [64]. 

They can work as pseudo capacitive materials to store energy by the doping/de-doping 

(charging/discharging) effect in ion-containing electrolytes. Conducting-polymer-based 

supercapacitors show much higher specific capacitances than EDL capacitors. Their 

power densities and cycling capabilities, on the other hand, can be improved by using 

proper nanostructures that reduce ion diffusion within the electrode material [23], [46], 

[64]. Electrodes with nanofiber network of such conducting polymers can offer not only 

high surface area and efficient ion transport path for improved energy and power density, 

but also high mechanical flexibility. The facile deposition of such nanostructured 

materials on arbitrary substrate can be a promising way to integrate high performance 

micro supercapacitors with other electronic components. 

 

Electrospinning is a simple and versatile technique to generate continuous fibers with 

diameters from submicron down to nanometers [65], [66]. It uses electric force to draw 

charged threads of polymer solutions or polymer melts. Different kinds of functional 

fibers, most of which are made of chain polymers, can be produced by electrospinning as 

long as a uniform solution with proper viscosity and surface tension can be prepared. 

When a sufficiently high voltage is applied to such solution, the charges will accumulate 

at the surface and electrostatic repulsion counteracts the surface tension so that the 

surface is pulled and stretched. A stream of solution will erupt from the surface at a 

critical point, which is known as the Taylor cone. A charged liquid jet is formed without 

break as long as the molecular cohesion of the solution is high (viscous) enough. The jet 

dries in flight, and is then elongated and thinned by a whipping process caused by 

electrostatic repulsion initiated at small bends in the fiber, until it is finally deposited on 

the grounded collector, leading to the formation of uniform fibers with nanometer-scale 

diameters [67]. While traditional electrospinning is unstable in nature as it relies on the 

chaotic whipping of liquid jets to generate nanofibers, near-field electrospinning (NFES) 

[66], in which the electrode-to-collector distance is only 0.5-5 mm, utilizes the stable 

liquid jets region for controllable deposition [66], [68]. To deposit nanofiber network 

onto micro-patterned electrodes on flexible substrates, NFES of conducting polymer 

solution is proposed and demonstrated. The electrospun conducting polymer nanofibers 

can enhance the performance of supercapacitor electrodes, because the continuous 

nanoporous network provides a large surface area that ensures the full usage of active 

material and facilitates ion transport and diffusion in the electrode. Moreover, the micro 

energy storage device can be easily integrated with other flexible and miniaturized 

systems, since NFES can orderly deposit nanofibers onto micro-sized patterns on 

arbitrary surfaces, as illustrated in Figure 2-1a. 

 

To demonstrate the feasibility of direct-write nanofiber network on patterned micro 

electrodes, the fabrication process of the micro supercapacitor prototype is designed as 

the cross-section illustration shown in Figure 2-1b to d. Photoresist is first spin-coated on 
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the substrate and patterned by photolithography (Figure 1b). Then a layer of gold is 

thermally evaporated onto the substrate, and additional photoresist is removed by the lift-

off process to construct interdigital electrodes (Figure 1c). The metal layer is much more 

conductive than the functional polypyrrole and it serves as the current collector to 

improve the overall performance of the device. Such a layer is also needed for electrical 

connection with other components in an integrated micro system, and it does not increase 

the complexity of the whole electronic system. NFES process is followed to deposit 

functional nanofibers onto the electrodes, during which the substrate is fixed on a 

computer-controlled X-Y motion stage. The solution containing conducting polymer is 

filled into a syringe equipped with a flat-end needle. The syringe is put above the gold 

pattern, and the needle is connected to a high voltage source with the gold electrode 

grounded. By tuning the output voltage, nanofibers can be pulled out of the tip from the 

viscous solution in the syringe by the electrostatic force and fall onto the grounded 

electrodes (Figure 1d). The motion stage is preprogrammed during the process to write 

the nanofibers on the interdigital patterns. [37] 

 

 



14 

Figure 2-1. (a) Schematics of the direct writing of a nanofiber-based micro supercapacitor 

on an arbitrary substrate to integrate with an energy harvester and other circuits. Flexible 

nanofiber network is locally deposited on the metal electrodes with micro-sized patterns 

by using near-field electrospinning. (b)-(d) Cross-section schematics of the fabrication 

process. (b) Patterning of photoresist on the flexible substrate by photolithography. (c) 

Patterning of electrodes by the deposition of gold and the removal of the photoresist. (d) 

Writing of nanofibers onto electrodes by using NFES. [37] 

 

2.3 Synthesis and electrospinning of conducting polymer 
 

The key to process the nanostructure designed in section 2.2 is to prepare conducting 

polymer solution that is compatible with NFES. Here, Polypyrrole (PPy) is used as the 

active material for micro supercapacitors, because it has high theoretical capacitance and 

high conductivity when properly doped [64]. In fact, undoped PPy is not conductive and 

not soluble in water or organic solvents, which makes it difficult to process. In order to 

prepare uniform PPy solution for NFES, soluble doped PPy is first synthesized by using 

docusate sodium salt as the dopant [69]. Such a dopant contains both polar and non-polar 

chemical groups that help PPy dissolve in different kinds of organic solvents. 

 

(1) Synthesis of soluble PPy: 

 

In a typical process of this work, 8.05 g of pyrrole monomer is mixed with 26.67 g of 

docusate sodium salt in 180 mL of deionized water to make the solution A, while 4.01 g 

of ammonium persulfate is dissolved in 20 mL of deionized water to make the solution B. 

Both solutions are cooled down to 0 oC, and solution B is slowly added into solution A 

under stirring. The reaction is kept at 0 oC under continuous stirring for 24 h. The PPy 

becomes precipitate, and is then filtered, washed by methanol and water for several times. 

After drying under vacuum for 12 h, the PPy powder is collected and dissolved in 

dimethylformamide (DMF) to make up to 8 wt% solution for the following process 

(denoted as “lab-synthesized PPy”). 

 

(2) Preparation of electrospinnable solution of lab-synthesized PPy:  

 

Pure PPy solution shows low viscosity (low molecular cohesion) and high surface 

tension for NFES. To enhance the viscosity and reduce the surface tension of the solution, 

another polymer, polyethylene oxide (PEO), is added in the solution. The final deposited 

fiber contains both PPy and PEO, but only the PPy is functional as electrodes. Therefore, 

the minimum amount of PEO should be used. We applied a PEO product with very high 

molecule weight of ~5,000,000 so that small amount of PEO can significantly increase 

the viscosity of the composite solution. In a typical process, PEO is dissolved in a mixed 

solvent (DMF: Acetone=2:3) to make 2 wt% solution. The 8 wt% PPy solution is then 

mixed with the PEO solution so that the weight ratio of lab-synthesized PPy and PEO is 

controlled in the final solution. 

 

(3) NFES of electrospinnable solutions: 
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The composition of polymer solution, the solution-to-substrate distance, and the 

applied voltage can all greatly affect the morphology of the electrospun nanofiber 

network. In the first step, the ratio of lab-synthesized PPy and PEO and the distance 

between the polymer solution and substrate are varied and experimented. We find that 

only certain combinations of conditions may result in nanofibers, as summarized in Table 

2-1. 

 

Table 2-1. Electrospinning results with different ratios of PPy and PEO and solution-to-

substrate distances 

Weight ratios 

(PPy:PEO) 

Solution-to-substrate distance* 

Far-field Near-field 

3cm 1cm 0.5cm 0.3cm 

8:1 Nanofibers/droplets N/A N/A N/A 

5:1 Nanofibers/droplets Droplets N/A N/A 

4:1 Nanofibers Nanofibers N/A N/A 

3:1 Nanofibers Nanofibers N/A N/A 

1:1 N/A 
Nanofibers 

(0.8-1.6kV) 

Nanofibers 

(0.6-1kV) 

Nanofibers 

(0.6-1kV) 

*High voltage is applied between the polymer solution and substrate with fixed distance. 

The voltage is increased until spark (usually caused by the breakdown of the air) 

happens. N/A means no nanofibers are found on the substrate during the electrospinning.  

  

The results from Table 2-1 show that, when the weight ratio of PPy and PEO is 

larger than 5:1, it is difficult to form continuous nanofibers by electrospinning, probably 

because the low viscosity of the solution makes the liquid jet easy to break during 

elongation. When the ratio is reduced to 4:1 and 3:1, it is possible to produce continuous 

fibers at far distance. But when the distance is reduced, the breakdown of air usually 

happens before the extrusion of polymer solution. The reason is that very high voltage is 

needed to overcome the surface tension of the solution. The solution with PPy:PEO=1:1, 

however, has sufficiently low surface tension and can be electrospun at near-field 

condition. Interestingly, such solution doesn’t work well for far-field electrospinning. 

The solution becomes dried long before falling onto the substrate and will float in the air 

(does not come down to the substrate).  

 

With the optimized composition of the solution (PPy:PEO=1:1), PPy/PEO composite 

can be directly written and aligned on a substrate. Figure 2-2a shows the photo of the 

NFES setup including a syringe holding the polymer solution with metal tip connected to 

a high voltage source, and the substrate fixed on a motion stage. When the NFES starts, 

the motion stage moves with path controlled by a programmed controller so that the 

nanofibers will be written on the substrate. Figure 2-2b shows the result of writing 

parallel lines on a substrate with a gold layer. The parallel lines are programmed to be 10 

μm apart. Such conductive, parallel fibers can also be used for sensing applications, as 

demonstrated in a paper by the author [70]. In fact, the motion stage has to move fast 

enough to write straight lines. If the motion stage moves slower than the nanofiber 

generation speed, the nanofibers will buckle on the substrate as shown in Figure 2-2c, and 

Figure 2-2d is the result when it moves even slower. 
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Figure 2-2. Near-field electrospinning (NFES) setup and results. (a) The setup of NFES 

including a syringe with metal tip connected to high voltage source and substrate fixed on 

a motion stage. (b) Horizontal, parallel nanofibers written on gold electrode deposited on 

a polymer substrate. (c) – (d) Buckling effect of direct-write nanofibers when the writing 

speed (speed of the motion stage) is smaller than the nanofiber generation speed. 

 

(4) Preparation and electrospinning of commercial PPy as control:  

 

Since the properties of conducting polymer vary a lot by using different synthetic 

processes, we also examine a commercially available PPy product (denoted as 

“commercial PPy”) as a control in our experiments. The PPy dispersion (5 wt% in water) 

supplied from Sigma-Aldrich is mixed with PEO (Mw~300,000) and Triton X-100 in this 

case. The Triton X-100 acts as a surfactant that can greatly reduce the surface tension of 

the solution so that the NFES process can be easier to conduct. Typically, 0.5 g of PEO is 

dissolved in 2 g of de-ionized water and stirred for 3 h. Then 5 g of PPy suspension and 

0.25 g of Triton are added into the solution and stirred overnight. The solution can be 

electrospun with the same voltage and solution-to-substrate distance as the lab-

synthesized PPy/PEO solution. 
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2.4 Flexible micro supercapacitor fabrication 
 

To demonstrate flexible micro supercapacitor, the Kapton® polyimide film is used as 

a flexible plastic substrate. As illustrated in Figure 2-1b to d, micro supercapacitors are 

fabricated by NFES of PPy nanofibers on patterned gold electrodes. The thermally 

evaporated gold layer is 100 nm thick. The flat-end syringe tip is 22 gauge, and is ~2 mm 

above the gold pattern. The voltage source is fixed at 1 kV for the direct-write process. 

 

Figure 2-3a shows the optical photo of the electrode pattern. Each gold “finger” in 

the pattern is 200 μm wide, 1300 μm long, with 200 μm-wide gap in between. The total 

area of the comb-shape interdigital electrodes is 2.2 mm  1.9 mm. Figures 2-3b and c 

show microscopic photos of an electrode finger before and after the NFES process. It can 

be seen that the gold surface is uniformly covered with nanofibers after the 

electrospinning.  

 

 
 

Figure 2-3. Optical photos of (a) comb-shape interdigital gold electrodes, (b) a blank 

electrode surface, and (c) an electrode that is covered by electrospun nanofibers. 

 

SEM image in Figure 2-4a shows a 1 μm thick layer of nanofibers with the average 

diameter of 200 nm electrospun from commercial PPy dispersion on a Si wafer. The 

samples on a plastic substrate, however, display poor SEM image because of the low 

conductivities of both the substrate and the commercial PPy material. In the prototype we 

use to test the electrochemical performance, the thickness of the nanofiber network is 

about 5 μm. Figure 2-4b shows the SEM image of the nanofibers made of lab-synthesized 

PPy with an average diameter of 700 nm and the average thickness of about 5 μm on the 

plastic substrate. The image quality is better in this case, since the conductivity of lab-

synthesized PPy is higher and the nanofibers are thicker. Nano-sized roughness is seen on 

the surface of the nanofibers and it helps to increase the total surface area of the network.  
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Figure 2-4. Scanning electron microscopic (SEM) images of (a) electrospun nanofibers of 

commercial PPy, and (b) electrospun nanofibers of lab-synthesized PPy. 

 

 
Figure 2-5. (a) SEM image of nanofibers that are electrospun from the solution in which 

the weight ratio of lab-synthesized PPy and PEO is 7:3. (b) Optical photo of the gold 

electrode with nanofibers deposited on it, where nanofibers tend to aggregate on random 

locations. (c) SEM image of nanofibers that are electrospun from the solution in which 

the weight ratio of lab-synthesized PPy and PEO is 4:6. (d) Device capacitances of 

nanofibers deposited from different solutions. 
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The diameter of the nanfibers can be tuned by adjusting the viscosity and the surface 

tension of the polymer solution, as well as the NFES parameters such as the voltage and 

tip-to-substrate distance. For example, nanofibers that are 300 ± 100 nm in diameter are 

spun form the solution in which the weight ratio of lab-synthesized PPy and PEO is 7:3 

(Figure 2-5a). However, the electrospinning process of such a solution is not stable, and 

nanofibers tend to aggregate on random locations on metal electrodes (Figure 2-5b). 

Thicker nanofibers with diameters of 1500 ± 500 nm are spun from a more viscous 

solution (PPy : PEO = 4:6, Figure 2-5c). Such nanofibers are sparsely distributed on 

metal electrodes, and result in relatively low capacitance (Figure 2-5d). The optimized 

process results in nanofibers that are uniformly deposited on metal electrodes, as 

indicated by Figures 2-3c and 2-4b, and is considered as the most reliable condition for 

the deposition of lab-synthesized PPy. 

 

Figure 2-6a shows a photo of the plastic substrate with multiple cells of micro 

supercapacitor on it. The fabrication process is applicable to various substrates with 

larger arrays, even substrates with other components on them, as illustrated in Figure 1a. 

To test the electrochemical performance of the prototype, a solid-state polymer 

electrolyte is applied to complete the device. The electrolyte is prepared by first 

dissolving 1g of polyvinyl alcohol (PVA, Mw~90,000) in 8g of de-ionized water at 80 oC 

under stirring until it becomes clear, and then 1 g of 85 wt% H3PO4 is added into the 

solution. The solution is applied onto the active electrode area and dried in the air. Figure 

2-6b shows a complete prototype ready for testing, where a thin and transparent layer of 

polymer electrolyte covers the electrode area. Three kinds of cells are prepared for 

comparison: a blank cell without nanofibers on the gold electrodes, a cell with nanofibers 

of commercial PPy, and a cell with nanofibers of lab-synthesized PPy. 

 

 
 

Figure 2-6. Optical photos of (a) multiple micro supercapacitor cells on a piece of plastic 

substrate and a one-cent US coin at the background, and (b) a prototype with a thin layer 

of polymer electrolyte. 
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2.5 Electrochemical performance 
 

The supercapacitor performances are characterized and recorded by a Gamry 

Reference 600 potentiostat.  Figures 2-7a and 2-7b show the cyclic voltammetry (CV) 

curves of the prototypes using commercial PPy and lab-synthesized PPy, respectively. 

Both cells show capacitive energy storage behavior indicated by the symmetric 

parallelogram shapes under different scan rates and the increase of currents with scan 

rates. Since the devices are charged and discharged at a higher rate when the scan rate is 

higher, the excellent capacitive performances preserved at 1 V s-1 imply their potential 

applications for fast charge and discharge systems. Figure 2-7c compares the CV curves 

of three cells at the same scan rate of 20 mV s-1. The blank cell shows a small current 

caused by the electrical double layer effect of the gold layer. The prototypes with 

nanofibers have much larger current density than the blank one, which proves that their 

supercapacitor performances are mainly contributed by electrospun nanofibers instead of 

the gold electrodes. Moreover, the cell using lab-synthesized PPy shows obviously larger 

current than the other ones, indicating its larger capacity. 

 

 
 

Figure 2-7. Cyclic voltammetry curves of the micro supercapacitor cells (a) using 

commercial PPy based nanofibers, and (b) using lab-synthesized PPy based nanofibers, 
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under different scan rates. (c) Comparison of CV curves of three cells at the same scan 

rate of 20 mV s-1. (d) Calculated areal capacitances of three cells versus scan rates. [37] 

 

The capacitances per unit area of the devices can be calculated from the CV curves 

by using the following formula: 

𝐶𝑎𝑟𝑒𝑎 =
∫ 𝐼𝑑𝑡

𝐴 ∙ ∆𝑉
 

 

where I is the measured current on the CV curves, t is the time, A is the working area 

including both electrodes and electrolyte, and ΔV is the voltage range. Figure 2-7d 

compares the calculation results of three prototypes under different scan rates. The cell 

using lab-synthesized PPy exhibits the capacitance of 0.42 mF cm-2 at a scan rate of 10 

mV s-1, which is 40 % higher than the one using commercial PPy and almost two orders 

of magnitude higher than the blank cell without nanofibers. The cell with lab-synthesized 

PPy also shows better power performance, since its capacitance is about 3 times higher 

than the one with commercial PPy at a high scan rate of 1 V s-1. The better performance 

of lab-synthesized PPy is mostly attributed to the better conductivity of the material. To 

evaluate the conductivities of the electrode materials, we drop cast the solutions used for 

NFES onto a glass substrate and test the conductivities of the thin films when they are 

completely dried by using a four-probe ohmmeter. The conductivity of the dried cast film 

of the commercial PPy dispersion is about 0.5 S m-1, but since PEO is used to enhance 

the processability of the solution, the conductivity of the dry film containing commercial 

PPy/PEO is measure to be 0.03±0.01 S m-1. The film of lab-synthesized PPy/PEO, 

however, shows a much higher conductivity of 1.1±0.2 S m-1. The conductivity of the 

conducting polymer is highly dependent on the dopant and doping level. To further 

improve the performance of the lab-synthesized PPy, one way is to design a better 

synthetic process as the conductivity of PPy can be more than 104 S m-1 according to the 

literature [71].  

 

On the other hand, a number of papers have demonstrated that performances 

including the capacitance and power per unit area can also be improved, by better 

designing of the electrode sizes and by increasing the thickness of the functional 

materials [72], [73]. The capacity of the prototype characterized in this paper can also be 

directly increased by repeating the NFES process, i.e. by depositing thicker layer of 

nanofibers. Our current experimental setup allows the uniform deposition of up to 5 μm-

thick nanofiber network onto 200 μm-wide electrodes. This is because the control 

precision of the motion stage limits the writing precision, and nanofibers may not fall 

onto the exact position when the writing is repeated multiple times. But thicker layers are 

still achievable on wider electrodes with the same setup.  

 

We have also conducted bending tests of the prototypes to evaluate their flexibility. 

Photos in figure 2-8a to c are the bending conditions, in which the prototype is kept 

straight, bent forward, and bent backward, respectively. Cyclic voltammetry curves of 

two cells with nanofibers are recorded at each bending state, as plotted in figures 2-8d 

and e. The curves show that the performances of both prototypes don’t change much 

when they are bent. For the cell using commercial PPy, a minor drop in the current occurs 
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when it’s bent backward. This phenomenon doesn’t happen on the other cell using lab-

synthesized PPy, which shows almost exactly the same performance under different 

bending states. The reason for the slightly different responses is mainly due to the surface 

property of the nanofibers. The commercial PPy is hydrophilic such that nanofibers 

attach to the electrolyte layer better than the substrate. Small portion of the nanofibers 

loses contact with the gold electrode when the device is bent backward and the electrolyte 

layer is stretched. As a result, the testing current drops when less electrode material is 

connected to the metal layer. The lab-synthesized PPy, however, is bonded well with the 

gold electrode and not affected by the bending and deformation of the solid electrolyte. 

Both nanofibers are ultra-flexible due to the nature of the 1D nanostructures, which make 

them suitable as functional materials for applications in flexible systems. 
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Figure 2-8. Photos of the micro supercapacitor with electrodes facing left when it’s (a) 

straight, (b) bent forward, and (c) bent backward. The bending radius of curvature is kept 

at 3 mm during all tests. Cyclic voltammetry curves of the cells (d) using commercial 

PPy based nanofibers and (e) using lab-synthesized PPy based nanofibers, when they are 

bent at different directions. 

 

Further characterizations including constant current charge-discharge test, impedance 

measurement and cycling test of the prototypes using lab-synthesized PPy are conducted, 

and the results are summarized in Figure 2-9. Cyclic voltammetry curves at low scan 

rates are tested from 0 to 1V as shown in Figure 5a. The capacitive behavior still 

dominates at 2 mV s-1 and no battery-like redox reactions are shown in the curves. Figure 

2-9b shows the charge-discharge curves of the prototype under constant currents from 5 

to 50 μA cm-2. The nearly straight lines also indicate excellent capacitive behavior of the 

device. The internal resistance is estimated to be 3.1±0.1 kΩ cm2 from the IR drops of the 

curves. A capacitance of 0.48 mF cm-2 is calculated at a charging current of 5 μA cm-2, 

slightly higher than the value obtained from cyclic voltammetry curves (0.42 mF cm-2). A 

volumetric capacitance of 0.96 F cm-3 is derived if the thickness of electrodes is 

considered. Most of the micro supercapacitors reported in the literature show areal 

capacitances between 0.1 and 10 mF cm-2, and volumetric capacitances between 0.1 and 

10 F cm-3 [74]. In addition to our nanofiber-based electrodes, various works have used 

1D nanomaterials to build 3D porous networks for on-chip energy storage because such 

structures offer easily accessible high surface area. Most of them, such as SiC nanowires 

(0.24 mF cm-2, or 0.24 F cm-3 [52]) and carbon nanotube forests (0.428 mF cm-2, or 0.053 

F cm-3 [75]), are based on EDL capacitance only. Our capacitance is relatively high 

compared to those structures with similar porosity because the EDL and the pseudo 

capacitance effect coexist in the PPy nanofibers. Some 2D structured materials, such as 

laser written graphene oxide (0.106 mF cm-2, or 0.479 F cm-3 [63]), are also used for 

micro supercapacitor, and the capacitance is also limited by the single EDL effect. 

Besides EDL capacitors, our prototype shows better flexibility and areal capacitance than 

some pseudo capacitors using rigid material. For example, in a MnOx/Au supercapacitor 

(0.39 mF cm-2 [56]), very thin 2D MnOx/Au layers has to be used to improve the 

conductivity and keep the flexibility of the electrodes.  

 

The energy densities and power densities of the prototype are calculated and plotted 

in Figure 2-9c, in which the points are derived from cyclic voltammetry tests at different 

scan rates. Most of the micro supercapacitors report energy densities between 0.01 and 10 

mWh cm-3 [22], [74]. Our device shows the ability to uptake/deliver a wide range of 

power densities with energy densities around 0.1 mWh cm-3. Considering that the 

fabrication method is simple, versatile, and avoids high temperature and processes that 

immerse substrates in complex solutions, our direct-write micro supercapacitor is 

promising for applications in a self-powered integrated system such as illustrated in 

Figure 2-1a. Usually, a micro electromechanical system (MEMS) based energy harvester 

generate power density smaller than 1 mW cm-3 [5], and it is difficult to power a wireless 

sensor node constantly. Our micro supercapacitor with comparable size is able to store 
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such generated power and provide higher power to sensors or transmitters when 

necessary. 

 

Figure 2-9d shows the Nyquist plot of the impedance, which shows capacitive 

behavior of the device within large frequency range. The crossover frequency at a phase 

angle of -45 ° is about 60 Hz, which is even higher than micro supercapacitors based on 

highly conductive graphene [62], [76]. The excellent frequency response is attributed to 

the fast ion transport within the porous nanofiber network, which is also proved by the 

absence of semicircle in the Nyquist plot of high frequency region. 

 

One drawback of the typical conducting polymer-based supercapacitor is their poor 

cycling stability caused by the insertion/de-insertion of ions in the polymer matrix. The 

use of nanostructures can greatly improve the stability because of the shortened transport 

distances within the material. Figure 2-9e shows cycling experimental results and the 

calculated relative capacitances of the prototypes using different active materials for 1000 

cycles. The capacitance retention is 92.6 % after 1000 cycling for lab-synthesized PPy, 

indicating excellent stability for a pseudo capacitor based on the fast redox reactions. 

 

 
Figure 2-9. Further characterizations of the micro supercapacitor using lab-synthesized 

PPy. (a) Cyclic voltammetry curves at low scan rates within 1V range. (b) Constant 

current charge-discharge curves. (c) Calculated energy density versus power density. (d) 

Nyquist plot showing the impedance spectrum. Inset shows the zoom-in view of the 

impedance spectrum in the high frequency region. (e) Cycling tests of cells using 
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different active material, in which the cells are charged and discharged 1000 cycles at a 

scan rate of 100 mV s-1 from 0 to 1V. [37] 

 

2.6 Summary 
 

In this chapter, a solid-state flexible micro supercapacitors based on polymer 

nanofibers is successfully demonstrated. The nanofibers can be directly written onto 

micro-sized electrode patterns on various substrates including flexible polymer films. 

Characterizations of prototypes show that the nanofiber network exhibits two orders 

larger capacitance as compared with a flat electrode surface. The nanostructure also 

benefits the power performance and frequency response of the device by facilitating ion 

transport within the porous electrode. The prototype based on the lab-synthesized PPy 

nanofibers shows a high capacitance of up to 0.48 mF cm-2 and the same performances 

when it’s bent at different states. Overall, the micro supercapacitor is highly flexible with 

excellent electrochemical performance and cycling stability. The approach is simple, 

versatile, and compatible with different substrates for direct integration of energy storage 

devices in flexible micro systems. 
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3 Ultrathin coaxial fiber supercapacitor 
 

 

3.1 Introduction 
 

While two-dimensional (2D) flexible electronics such as printed electronics and 

flexible displays have been ready for commercialization in recent years, fiber-based 

electronics are attracting growing interest because they represent the next level of 

ministrations and flexibility from the current 2D systems to one-dimensional (1D) 

structures [77]. Clearly, both 1D power generation sources [68], [78], [79] and energy 

storage devices [3], [35] will be indispensable components in systems based on 1D 

structures. For example, flexible fiber supercapacitors [35], [80]–[82] and batteries [83], 

[84] have been developed for the possible integrations with electronics such as the “smart 

textiles” [85]. Traditionally, supercapacitors have two parallel planar electrodes 

sandwiching an electrolyte layer in between. Such supercapacitors can be made flexible 

by using thin layers of solid electrolyte and electrodes or flexible conductive materials 

such as carbon nanotubes [86] and graphene [62]. However, these 2D structures won’t 

allow water or air to pass through and their mechanical properties and fabrication 

processes are not compatible with textiles. On the other hand, fiber-based supercapacitors 

are flexible with higher degrees of freedom when compared with 2D films and they are 

potentially compatible with textiles in terms of similar geometric dimensions, mechanical 

properties and fabrication processes. 

 

Previously, three configurations of fiber supercapacitors have been reported based on: 

(1) parallel electrodes [81], [82], [87]–[90], (2) twisted electrodes [91]–[97], and (3) 

coaxial electrodes [98]–[108], respectively. For supercapacitors using parallel electrodes, 

a flexible substrate is used to assemble the electrodes and a layer of electrolyte is applied 

afterwards. For supercapacitors using either twisted or coaxial electrodes with electrolyte 

in between, they could be directly woven into textiles. Since the coaxial fiber 

supercapacitors generally have larger interface areas, shorter ion transport path, and 

better stability upon mechanical bending (such as illustrated in Figure 3-1), they have 

been the focuses of several prior works.  

 

However, factors and choices in sizes, materials, and fabrication processes in the 

state-of-art coaxial fiber supercapacitors have limited their performances in energy 

density, power density, mechanical strength, and manufacturing cost. Specifically, the 

layer thicknesses and fiber diameter have great influences on the electrochemical 

performances and mechanical properties. Electrodes and electrolyte layers with small 

thicknesses may result in higher power density by shortening the ion transport pathes [12] 

but small size fibers may also cause poor structural rigidity. As such, several reported 

coaxial fiber supercapacitors have diameters of 100 microns to several millimeters [98], 

[101], [102], [109], which are much larger than those of wearable fibers of 10-50 μm in 

diameter such as cotton, silk, and polyester. For metal-wire based coaxial supercapacitors 
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[98], [101], heavy mass lowers their energy density based on the total weight of the 

system. For carbon nanotubes (CNTs) based coaxial supercapacitors [99], low 

mechanical tensile strength (0.01-0.1 GPa) is a major concern. On the other hand, highly 

graphitized carbon fibers have high tensile strength (4-8 GPa) but they have small electric 

double-layer capacitance (EDLC) due to low surface areas. Finally, coaxial 

supercapacitors with electrolyte [102] or electrode [99], [109] fabricated by laboratory-

based wrapping processes won’t be compatible with the large-scale, low-cost fabrication 

processes in the textile industries. 

 

 
 

Figure 3-1. Cross-section schematics of three configurations of fiber-based 

supercapacitors. For the same thicknesses of the electrodes and the electrolyte layer, the 

coaxial structure requires minimum amount of electrolyte and provides the shortest ions 

transport path as compared with electrodes that are in parallel or twisted. 

 

In this chapter, we demonstrate high-performance (both high energy and power 

densities), flexible, and mechanically strong micro coaxial fiber supercapacitors (μCFSCs) 

via a potentially scalable fabrication process to achieve an overall diameter of ~13 μm - 

the smallest fiber supercapacitor device in the literature. The small size and proper design 

of each active layer not only guarantee high flexibility, but also benefit both energy and 

power densities, as further supported by simulation of a general electrochemical model of 

1D CFSCs. As such, this micro coaxial fiber supercapacitor could be a promising 

building block as flexible energy storage systems for applications in wearable electronics.  

 

 

3.2 Equivalent circuit model of coaxial fiber supercapacitors 
 

3.2.1 Description of the equivalent circuit model 

 

As CFSCs are long and thin devices with axial dimensions much larger than 

diameter, they can be modeled as 1D device that is described by a transmission line 

circuit model, as illustrated in Figure 3-2. To a first-order approximation, the local EDLC 

and pseudo capacitance are lumped into a single capacitor at the electrode-electrolyte 

interfaces as dCi and dCo for the inner and outer electrode, respectively. The local 

electrical and ionic resistances are represented as dRi, dRo, dRe for the inner electrode, 

outer electrode, and electrolyte (including electrolyte in porous electrodes), respectively.  
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Figure 3-2. A transmission line circuit model of 1D CFSC, in which the differential 

capacitors at the electrode-electrolyte interface represent local capacitance effects, and 

differential resistors are local electrical and ionic resistances in the radial and axial 

directions. 

 

To numerically describe the model, the axial direction is defined as x-axis. One end 

of the outer electrode of the device is assumed to be grounded, and voltage and current 

are applied to the other end of the inner electrode to charge and discharge the CFSC, as 

illustrated in Figure 3-3. Parameters for calculation are defined as the following: 

 

 
where 𝜎𝑖 ,  𝜎𝑜,  𝜎𝑒  are conductivity constants (S/m) for inner electrode, outer electrode, 

and electrolyte, respectively; 𝐶
′
 is the lumped capacitance per fiber length (F/m); 𝑅

𝑖
,  𝑅

𝑜
 

are radii (m) for inner and outer electrodes, respectively. 

 

A set of differential equations can be derived for voltage distribution (voltages at 

inner electrode 𝑉𝑖 and outer electrode 𝑉𝑜, respectively) in CFSC to solve the circuit model 

under various charge-discharge conditions (boundary conditions). Here the constant scan 

rate voltammetry is used to simulate cyclic voltammetry tests of CFSCs. 

 

𝑑𝑟𝑖 =
𝑑𝑥

𝜎𝑖 ∙ 𝜋𝑅𝑖
2  

𝑑𝑟𝑜 =
𝑑𝑥

𝜎𝑜 ∙ 𝜋(𝑅𝑜
2 − 𝑅𝑖

2)
 

𝑑𝑟𝑒 =
𝑅𝑜 − 𝑅𝑖

𝜎𝑒 ∙ 𝜋(𝑅𝑖 + 𝑅𝑜) ∙ 𝑑𝑥
 

𝑑𝑐 = 𝐶′𝑑𝑥 
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Figure 3-3. Definition of parameters in the transmission line circuit model of 1D CFSC. 

 

Governing equations for voltage distribution in 1D CFSC are: 

 

𝐴1 ∙
𝜕2𝑉𝑖

𝜕𝑥2 + 𝐴2 ∙
𝜕2𝑉𝑜

𝜕𝑥2 = 0                                            (3.1) 

 
𝜕(𝑉𝑖−𝑉𝑜)

𝜕𝑡
= 𝐴3 ∙

𝜕2𝑉𝑖

𝜕𝑥2 + 𝐴4 ∙
𝜕

𝜕𝑡
(

𝜕2𝑉𝑖

𝜕𝑥2 )                                   (3.2) 

 

where 𝐴1 = 𝜎𝑖 ∙ 𝜋𝑅𝑖
2, 𝐴2 = 𝜎𝑜 ∙ 𝜋(𝑅𝑜

2 − 𝑅𝑖
2), 𝐴3 =

𝜎𝑖∙𝜋𝑅𝑖
2

𝐶′′∙𝜋𝑅𝑖
2 =

𝜎𝑖

𝐶′′
 (𝐶′′ is the volumetric 

capacitance (F/m3) of the electrode material), 𝐴4 =
(𝑅𝑜−𝑅𝑖)∙𝜎𝑖∙𝜋𝑅𝑖

2

𝜎𝑒∙𝜋(𝑅𝑖+𝑅𝑜)
=

𝜎𝑖∙(𝑅𝑜−𝑅𝑖)∙𝑅𝑖
2

𝜎𝑒∙(𝑅𝑖+𝑅𝑜)
 , are all 

constants determined by the dimension of the CFSC and electrical and electrochemical 

properties of the electrode materials used. 

 

Boundary conditions for constant scan rate voltammetry are: 

 

(B-1) 𝑉𝑜(0, 𝑡) = 0  
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(B-2) 
𝜕𝑉𝑖(0, 𝑡)

𝜕𝑥
= 0  

(B-3) 
𝜕𝑉𝑜(𝑋, 𝑡)

𝜕𝑥
= 0  

(B-4) 
𝜕𝑉𝑖(𝑋, 𝑡)

𝜕𝑡
= 𝛿  (scan rate) 

 

3.2.2 Calculation and simulation of the equivalent circuit model 

 

The electrochemical performance (e.g. energy density, power density) of a CFSC 

model can be calculated as long as the sizes and material properties are all known. Here 

we assume the CFSC to be 4 layers with known material properties [34]: First, the carbon 

fiber with radius of Ri is used as the core for mechanical support (ultimate strength ~4.9 

GPa) and current collector (conductivity ~0.7  105 S/m). Second, a layer of 

MnO2/Polypyrrole (PPy) composite with a thickness of Ti coated on carbon fiber is used 

as the inner electrode material (volumetric capacitance ~350 F/cm3). Third, a layer of 

polyvinyl alcohol (PVA)/H3PO4 with a thickness of Te is coated as the solid-state 

electrolyte (ionic conductivity ~10-2 S/m). Fourth, a layer of CNTs with a thickness of To 

is coated as the outer electrode (conductivity ~105 S/m, volumetric capacitance ~95 

F/cm3). To avoid exploring too many variables, the following assumptions are made for 

all calculations: 

 

Assumption 1: the capacitance of carbon fiber is negligible compared with the 

MnO2/PPy layer and the CNT layer. 

 

Assumption 2: the layer thicknesses of MnO2/PPy and CNT (Ti and To) are always 

adjusted so that the capacitances of inner and outer electrodes are equal. 

 

Assumption 3: the layer thickness of electrolyte (Te) is adjusted so that the volume of 

electrolyte is proportional to that of two active electrodes. 

 

In the following paragraphs, the device performance as a function of sizes of each 

layer will be examined. 

 

(1) Maximum volumetric capacitance and mechanical strength of CFSC: 

 

The maximum possible energy density of the CFSC is estimated based on the series 

capacitance of the total inner electrode capacitance (Ci) and the total outer electrode 

capacitance (Co), which are determined by the volumetric capacitance and the volume 

fraction of each electrode. For a carbon fiber core with a fixed base radius, thicker 

coating layers provide larger capacitance per overall volume due to higher ratios of active 

energy storage materials (Figure 3-4a). However, thicker coating materials result in lower 

mechanical strength per cross-section area since the coating materials are weaker than the 

carbon fiber core.  

 

In Figure 3-4b, we estimate the overall volumetric capacitance and mechanical 

strength as functions of the total thickness of the coating layers, while the radius of the 
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carbon fiber core is fixed to be 3.35 μm. For the size of choice in this work, the total 

thickness of three coating layers is ~3.15 μm, which corresponds to 73 % of the total 

volume for high capacitance. Meanwhile, a high overall mechanical strength of 1.3 GPa 

is guaranteed, which is 27% of that of a bare carbon fiber. 

 

 
 

Figure 3-4. (a) Cross-section schematics of CFSC with different volume ratio of coating 

layers and carbon fiber core. (b) Calculations of the volume capacitance and mechanical 

strength of the CFSC as functions of the total thickness of coating layers (including inner 

electrode layer, electrolyte, and outer electrode layer), when the radius of the fiber core is 

fixed at 3.35 mm. 

 

(2) Power density dependency on coating layer thickness: 

 

The maximum power density and rate dependency of the device, on the other hand, 

are greatly affected by the electrical resistance of inner electrode (Ri) and outer electrode 

(Ro), and ionic resistance of electrolyte (Re), which are determined by the geometry of 

each layer and the electrical or ionic conductivity of each material. The electrical 
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conductivity of carbon or metal-based electrodes is typically in the ranges of 104-108 S/m, 

while the ionic conductivity of solid electrolyte is generally lower than 10-1 S/m (about 

10-2 S/m for PVA/H3PO4 used here) [16], [110]. Therefore, Re is the limiting resistance 

even in CFSC where the geometry is in favor of ion transports. Intuitively, thinner 

electrode and electrolyte coatings result in higher power performance because of shorter 

ion transport paths between two electrodes.  

 

We use the circuit model to investigate the energy density and power density of 

CFSCs with different total thicknesses of coating layers (TCL, Figure 3-5a) and a fixed 

carbon fiber core radius of 3.35 μm. In this way, we are changing the volume ratio of the 

coating layers in the whole device. The calculated results are plotted (known as Ragone 

plots) in Figure 3-5b. It can be seen that thinner total coating layers only slightly improve 

the power density, but drastically lower the energy density. In addition, if the thickness of 

the electrolyte layer (Te) is approaching zero, the energy density does go up due to the 

higher volume fraction of the electrode materials, while the improvements in power 

density is negligible. These calculations suggest that our size choice represents a 

reasonable volume ratio between the carbon fiber core and coating layers to balance the 

mechanical strength, energy density, and power density.   

 

 
 

Figure 3-5. (a) Cross-section schematics of CFSC and the definition of coating lay 

thickness TCL. (b) Energy density versus power density (Ragone plots) calculated by the 

model of CFSCs with different thicknesses of coating layers. 

 

(3) Power density dependency on scaled CFSC sizes: 

 

Instead of fixing the core size, another interesting question is whether we should 

make thinner or thicker CFSCs if we can choose the size of all layers. It is without doubt 

that thinner fibers of the same material will bring higher flexibility. Fibers used in 

wearable textiles are usually 10-100 μm in diameter, and thinner fibers make more 

flexible and softer garments.  
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Here, we keep the volume ratio of each layer of the CFSCs and calculate their 

performances with scaled overall size of the device (Figure 3-6a). The results are plotted 

in Figure 3-6b. It is found that: First, the maximum energy density remains about the 

same, because the volume ratio of electrode materials that provide capacitance is 

unchanged. Second, the power density increases with smaller fiber sizes, because the 

resistance of the electrolyte layer, Re, decreases with layer thickness. Third, the power 

density saturates around the size of 13 μm - our size of choice. The reason is that, while 

the power performance is limited by the ionic resistance, Re, for CFSCs with large 

diameters, the contribution of the electrical resistances, Ri and Ro, could become 

comparable to that of Re for smaller radial dimensions, such that further reduction of Re 

won’t make large improvements of the power density. 

 

 
Figure 3-6. (a) Cross-section schematics illustrating the scaling of CFSC. (b) Ragone 

plots showing the simulation results of CFSCs with scaled sizes, in which the volume 

ratio of each layer with respect to the fiber core is fixed. 
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The above calculations have suggested an optimized design choice for CFSC. By 

starting with a carbon fiber core of a diameter of 3.35 μm, a total coating thickness of 

~3.15 μm results in balance between mechanical strength and energy density, as well as 

the almost highest possible power density. The total diameter of such a CFSC is ~13 μm, 

which is as thin as a single cotton fiber and much thinner than a human hair. In the next 

section, the fabrication of such ultrathin CFSC will be introduced. 

 

3.3 Design and fabrication of ultrathin coaxial fiber supercapacitors 
 

3.3.1 Materials and process design 

 

The structure of the designed ultrathin CFSC is illustrated in Figure 3-7a. The 

fabrication process starts with a low-cost, commercially available micro carbon fiber [111] 

with a measured diameter of 6.7±0.2 μm as the core material with high electrical 

conductivity (0.7 x 105 S/m), light weight (1.8 g/cm3), and large mechanical strength (4.9 

GPa). While the fiber core serves as both mechanical support and current collector, a thin 

layer of MnO2/Polypyrrole (PPy) composite is electrodeposited as the inner electrode 

coating in which MnO2 provides ultrahigh capacitance [13], [112]–[114] and PPy 

protects and stabilizes the MnO2 [115], [116]  (Figure 3-7b). The 650 nm-thick composite 

layer improves the capacitance of a bare carbon fiber by 1000 times without increasing 

much volume (See section 3.3.2). A layer of polyvinyl alcohol (PVA)/H3PO4 (1.0±0.5 

μm thick) and a layer of CNTs (Figure 3-7c, 1.5±0.5 μm thick) are dip-coated as the 

solid-state electrolyte and the outer electrode coating, respectively (See sections 3.3.3 and 

3.3.4). Such processes result in a thin and pinhole-free layer of electrolyte with a very 

short ion transport path, and a porous and conductive network of CNTs with high 

capacitance.  
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Figure 3-7. (a) Schematic of the μCFSC composed of a carbon fiber as the core, a layer of 

MnO2/PPy as the inner electrode coating, a layer of PVA/H3PO4 as the solid-state 

electrolyte, and a layer of CNTs as the outer electrode coating. SEM images of the 

surface of (b) the MnO2/PPy layer, and (c) the CNTs layer. [34] 

 

As the proposed fabrication process is based on the electrodeposition and dip-coating 

of continuous carbon fibers, it is potentially compatible with a roll-to-roll process to mass 

production of such CFSCs, as illustrated in Figure 3-8a. Threads made of ultrathin 

CFSCs in parallel can be produced at the end of the process, and various forms of macro-

scale flexible supercapacitors can be braided or woven by the CFSC threads, as illustrated 

in Figure 3-8b. In the following sections, we first start with separated single carbon fiber 

filaments to demonstrate the feasibility of each fabrication step. 

 

 
Figure 3-8. Schematics of (a) potential fabrication steps of a future roll-to-roll process to 

continuously produce ultrathin CFSCs, and (b) possible future forms of flexible 

supercapacitors using threads made of ultrathin CFSCs. 
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3.3.2 Electrodeposition of the inner electrode 

 

The bare carbon fiber has smooth surface and provides a specific surface area of only 

~0.2 m2/g, which does not offer much EDL capacitance. While it perfectly serves as both 

mechanical support and current collector, additional active layers should be coated on it 

to provide higher electrochemical capacitance for energy storage. Electrodeposition of 

pseudo-capacitive materials is chosen because the thickness of the deposited layers can 

be uniform and well-controlled, and the attachment of the layers are usually strong. 

MnO2 is first selected as the active layer as it provides a high theoretical capacitance of 

~1350 F/g [13] and is compatible with electrodeposition. However, a single MnO2 layer 

is not compatible with common solid-state electrolyte, which is usually acidic. Therefore, 

the MnO2/PPy composite layer as the active inner electrode is proposed, in which the PPy 

protects and stabilizes the MnO2, and provides additional capacitance and conductivity. 

 

To deposit the MnO2/PPy composite layer on carbon fiber, two approaches are 

examined, including constant potential deposition and constant current deposition. In 

both approaches, single carbon fiber filaments (TORAYCA® T700S) with 6.7±0.2 μm 

diameter and 4-6 cm long are used as the inner core material. The carbon fibers are 

immersed in acetone overnight and activated by 65 wt% nitric acid in 200 °C for 2 hours 

to make their surface more hydrophilic before further processes. The water solution of 20 

mM Mn(NO3)2 and 100 mM NaNO3 is used for the MnO2 deposition.  The water solution 

of 0.1 M LiClO4 and 5 vol% pyrrole monomer is used for the PPy deposition [116]. 

 

First, the constant potential deposition is applied by using a three-electrode setup. 

One carbon fiber filament as the working electrode, an Ag/AgCl reference electrode, and 

a Pt wire as the counter electrode are immersed in the deposition solution. A constant 

potential vs. Ag/AgCl is applied to carbon fiber to deposit MnO2 and then PPy on its 

surface. Figure 3-9a shows the typical deposition current measured over time as a 

constant potential is applied to a carbon fiber. The current decreases dramatically over 

time, meaning that the MnO2 grows much slower when more MnO2 is deposited, or the 

deposited MnO2 is passivating the carbon fiber surface and making the further deposition 

much more difficult. As a result, not much MnO2 is coated on carbon fiber surface, as 

indicated in the SEM image in Figure 3-9b. Higher deposition potential also shows the 

same tendency, and bubbles are generated when the potential is too high, probably due to 

the oxygen evolution. The deposition of PPy, however, shows another phenomenon in 

Figure 3-9c. The deposition current (an indication of the growth rate) first decreases, then 

increases. This can be explained as that the deposited PPy is making the fiber more 

conductive and also creating more surface area for faster deposition rate. The resulting 

PPy layer, however, is not uniform as shown in Figure 3-9d. PPy may grow much faster 

at certain sites while much slower at other ones. 
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Figure 3-9. Typical (a) deposition current curve and (b) SEM image for MnO2 deposition 

at constant potential. Typical (c) deposition current curve and (d) SEM image for PPy 

deposition at constant potential. 

 

The above experimental results imply that the growth rates of MnO2 and PPy cannot 

be controlled by applying constant potentials. Therefore, constant current deposition is 

proposed for uniform coating of both layers. A simpler two-electrode setup, including a 

carbon fiber as the working electrode and a Pt wire as the counter electrode, can be used, 

because the potential does not need to be monitored by using a standard reference 

electrode. To ensure the same current density for samples with different lengths, a 

constant current per carbon fiber length is applied for each deposition. The typical 

voltage measured over time for MnO2 deposition is shown in Figure 3-10a, and the 

carbon fiber surface after the process is shown in Figure 3-10b. Nanoflakes of MnO2 with 

the size of ~10nm are uniformly grown on the carbon fiber surface. The voltage curve for 

PPy deposition is shown in Figure 3-10c, and the PPy coating surface is shown in Figure 

3-10d. The PPy layer fully covers MnO2 with nanostructure of spheres of ~100nm. Such 

results suggest that the constant current deposition can control the growth rate of the 

deposited material and make functional coatings with controlled thickness and uniformity 

at the level of ~100nm. Therefore, the constant current deposition is applied in all later 

experiments. 
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Figure 3-10. Typical (a) measured voltage curve and (b) SEM image for MnO2 deposition 

at constant current per length of the carbon fiber filament. Typical (c) measured voltage 

curve and (d) SEM image for PPy deposition at constant current per length of the carbon 

fiber filament. 

 

The composition of the deposited layers is verified by X-ray photoelectron 

spectroscopy (XPS, Figure 3-11) and energy dispersive X-ray Spectroscopy (EDS, Figure 

3-12). In Figure 3-11, the XPS results show that the bare carbon fiber sample only shows 

peaks of carbon (C) and oxygen (O). After the deposition of MnO2, the CF-MnO2 sample 

shows additional Mn 2p1/2 and Mn 2p3/2 peaks and higher signal intensity of oxygen, 

indicating the successful growth of manganese oxides. After the PPy deposition, the CF-

MnO2-PPy sample shows an additional peak of nitrogen (N) on the surface, which should 

come from pyrrole in the chemicals used. Mn is almost fully covered by PPy, because 

only very weak Mn peaks are seen. In Figure 3-12, the EDS shows similar results that the 

CF sample is mainly composed of Carbon, while the CF-MnO2 sample is composed of 

Carbon, Oxygen, and Manganese, and the CF-MnO2-PPy sample has additional Nitrogen 

and Chlorine, because of ClO4
- group doped in PPy. 
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Figure 3-11. X-ray photoelectron spectroscopy (XPS) of the inner electrode materials 

composed of bare carbon fiber (CF), carbon fiber deposited with MnO2 (CF-MnO2), and 

carbon fiber deposited with MnO2 and PPy (CF-MnO2-PPy), respectively.  
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Figure 3-12. Energy Dispersive X-ray Spectroscopy (EDS) of the inner electrodes 

composed of bare carbon fiber (CF), carbon fiber deposited with MnO2 (CF-MnO2), and 

carbon fiber deposited with MnO2 and PPy (CF-MnO2-PPy) , respectively.  

 

To find out the proper deposition time for each active layer, we test the 

electrochemical performance of the inner electrode (including carbon fiber core and 

active layers) by using a three-electrode system with the fiber as the working electrode, a 

platinum wire as the counter electrode, and an Ag/AgCl reference electrode. The water 

solution of 1 M H3PO4 is used as the electrolyte. The capacitances per length and per 

volume of fiber electrodes with different layers deposited with different times are 

summarized in Table 3-1, and some typical CV curves are plotted in Figure 3-13. 

 

Table 3-1. Capacitance summary of different fiber electrodes 

 

Fiber electrode 
Capacitance 

per length 

(μF/cm)a 

Average 

diameter 

(μm) 

Capacitance of 

Active Layers 

(F/cm3)b 

Capacitance of 

Total Electrode 

(F/cm3)c 

Bare carbon fiber (CF) 0.03 6.7±0.2 N/A 0.085 

CF treated in HNO3 0.3 6.7±0.2 N/A 0.85 

CF-MnO2 (0.5 μA/cm, 5 min) 2 7.8±0.2 16 4.19 

CF-MnO2 (0.5 μA/cm, 5 min)- 

Ppy (2 μA/cm, 0.5 min) 
31 7.8±0.3 247 64.9 

CF-MnO2 (0.5 μA/cm, 5 min)-

Ppy (2 μA/cm, 2 min) 
58 8.0±0.3 386 115 

CF-MnO2 (0.5 μA/cm, 5 min)-

Ppy (2 μA/cm, 5 min) 
110 12.5±1.0 126 89.6 

aCalculated from CV curve at 100mV/s scan rate; 20% error from length measurement 

bCapacitance divided by the volume of active layers 

cCapacitance divided by the total volume of carbon fiber and active layers 

 

From Table 3-1, the capacitance of bare carbon fiber is very low because of its low 

surface area. After treated by nitric acid, the average diameter of the fiber doesn’t change, 

indicating that nitric acid doesn’t etch the carbon away. An increase of capacitance is 

probably due to the oxidized carbon fiber surface with chemical groups providing 

additional pseudocapacitance. After the deposition of MnO2, the capacitance further 

increases, but only a few times higher. This is because the MnO2 layer is unstable in 

acidic electrolyte. It starts dissolving in acids when immersed in the electrolyte solution. 

After a thin layer of PPy is deposited for 0.5 min, the capacitance of the whole electrode 

further increases by more than 1 order, indicating that the PPy layer is protecting the 

MnO2 and the composite layer is more stable. The average diameter of the electrode 

doesn’t change much with small amount of PPy coating, and the deposited PPy is 

covering and filling the pores between MnO2 nanoflakes. Further deposition of PPy for 2 
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min improves the capacitance again, and the diameter of the fiber is slightly increased. 

More deposition of PPy (e.g. 5 min) will continue to improve the capacitance per fiber 

length, but will decrease the volumetric capacitance of the whole electrode. This is 

probably because of the increase of the fiber diameter as well as the increased difficulty 

of ions to penetrate thick PPy layer to conduct pseudocapacitive reactions. Therefore, we 

consider the carbon fiber with MnO2 deposited at 0.5 μA/cm for 5 min and PPy deposited 

at 2 μA/cm for 2 min as the optimized inner electrode.  

 

The CV curves of bare CF, HNO3 treated CF, and the optimized electrode are plotted 

and compared in Figure 3-13. The currents of bare CF and treated CF are enlarged by 100 

times to be comparable with the optimized CF-MnO2-PPy electrode at the same scan rate 

of 100 mV/s.  

 

 
Figure 3-13. Typical CV curves of electrodes of bare CF, HNO3 treated CF, and CF-

MnO2 (0.5 μA/cm, 5 min)-PPy (2 μA/cm, 2 min) tested in a three-electrode system.  

 

3.3.3 Dip-coating of the electrolyte 

 

The solid-state electrolyte layer between the inner electrode and outer electrode of 

CFSC should not only conduct ions but also fully separate the two electrodes to prevent 

them from short circuit. The thinner electrolyte layer provides shorter ion transport path 

for lower ionic impedance and higher power density. Moreover, as charges are not stored 

in electrolyte layer, thinner electrolyte also makes the overall energy density of the whole 

device higher. Therefore, the goal of electrolyte coating is to make the layer pinhole-free 

and as thin as possible.  
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Dip-coating is a simple and efficient way to coat polymer electrolyte on continuous 

fibers. The process of coating a viscous polymer solution onto a fiber is illustrated in 

Figure 3-14. The coating thickness can be controlled by the properties of the polymer 

solution as well as the pulling speed. 

 

 

 
 

Figure 3-14. Schematic of the coating of polymer solution onto a carbon fiber with a 

radius of r at a pulling up speed of V. 

 

In the dip-coating process, the electrolyte near the fiber must move at the same 

velocity as the fiber due to the liquid viscosity. The viscosity of the liquid, the gravity 

force and the capillary force all affect the dip-coating process. Researchers have proposed 

the relationship between the coating layer thickness and other parameters as: 

ℎ =
1.34𝑟𝐶𝑎

2
3

1−1.34𝐶𝑎
2
3

                                                     (3.3) 

where ℎ is the coating layer thickness, 𝑟  is the radius of the fiber, and 𝐶𝑎  is the 

capillary number, which is computed by 

𝐶𝑎 =
𝜂𝑉

𝛾
                                                          (3.4) 

where η and γ are the electrolyte viscosity and surface tension, respectively, and V is 

the pulling speed [117], [118].  

 

Pulling up a carbon fiber from a polymer solution will form thinner coating with 

lower speed. The coating formed under lower pulling speed is also more uniform. Photos 

in Figure 3-15 show that beaded structures are formed if the fiber is pulled up at a 

relatively high speed, while smooth and uniform coating is found at low pulling speed. 
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Figure 3-15. Optical photos of carbon fiber with polymer electrolyte coatings formed at 

(a) fast pulling speed and (b) slow pulling speed. 

 

To check if the polymer coating on carbon fiber is pinhole free to prevent short 

circuit between inner and outer electrode, we fix one end of the carbon fiber (no coating) 

and cover the other polymer-coated end with a piece of low-melt alloy and heat it up until 

the alloy melts (at ~ 50 oC). The sample is then cooled down to solidify the alloy, and the 

resistance between the carbon fiber and the alloy is measured. If there are pinholes on the 

polymer coating, the alloy will be in contact with carbon fiber core. The resistance will 

be around 1 kΩ in this case, which is considered short-circuit. Otherwise, the resistance 

will outrange the ohmmeter.  

 

Polymer solutions with different molecule weights of polymer and different 

concentrations are tested to find out a best solution. Some of the results are summarized 

in Table 3-2. At the beginning, a polyvinyl alcohol (PVA) solution with low PVA 

molecule weight (~45,000) is tested. The coating thickness of such solution is less than 

0.1μm, and all tested samples are short-circuit. The solution of PVA with higher 

molecule weight (~180,000) is tested. The coating thickness becomes thicker, but most of 

the samples are still short-circuit. Later experiments show that the dip-coating process 

has to be repeated to reduce the short-circuit rate. For example, to dip the carbon fiber 

into 12.5 % PVA (Mw=180,000) solution twice will reduce the short-circuit rate to 

16.7%, and result in coating thickness of 1-2μm. More experiments show that to use 
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solution with lower concentration (8.3 wt% PVA, Mw=180,000) but repeat the dip-

coating for 3 times result in both thin (~1 μm), uniform, and pinhole-free coatings. 

 

Table 3-2. Electrical contact experiments of carbon fiber coated with different polymer 

solutions. 

 

Concentration Carbon fiber treatment Short-circuit rate Coating thickness 

10 wt% PVA 

(Mw=45,000) 
HNO3 Overnight 100% < 0.1μm 

10 wt% PVA 

(Mw=180,000) 
HNO3 Overnight 90% < 0.5μm 

10 wt% PVA 

(Mw=180,000) 
Ppy coat 60-90s 100% < 0.5μm 

12.5 wt% PVA 

(Mw=180,000)  

(dip 2 times) 

HNO3 Overnight 16.7% 1-2μm 

 

 

3.3.4 Dip-coating of the outer electrode 

 

Dip-coating can also be used to coat outer electrode onto the coaxial fiber. The outer 

electrode material doesn’t have to form conformal and pinhole-free structure, but should 

be porous for ion transport and energy storage. Two carbon-based materials in the 

powder form are coated and tested as the outer electrodes for the CFSC in this section. 

 

First, carbon black nanoparticles bound by polytetrafluoroethylene (PTFE) are 

coated as the outer electrode [39]. In a typical process, after coated with an electrolyte 

layer, the fiber is put into the carbon black and PTFE dispersion (the weight ratio of 

carbon black, PTFE, water is 9:1:90) for ~1 s and pulled out. The dispersion will attach 

on the fiber surface and the solvent will evaporate in minutes. The dried PTFE will bind 

the carbon black nanoparticles together, as shown in the SEM images in Figure 3-16a and 

b. The thickness of the layer is controlled by the number of dip-coating. More coating 

procedures will result in more nanoparticles attached on the surface. Typically, a 500nm-

thick layer of carbon black can be formed after two dip-coatings. 

 

Such electrode composed of carbon black stores energy by using the surface area of 

the nanoparticles. While other carbon-based particles, such as activated carbon powders, 

have higher surface area, they usually show much lower electrical conductivity, which 

can affect the performance of CFSC a lot, especially when the coating layer is ultrathin. 

Carbon nanotubes (CNTs), on the other hand, show both high surface area and high 

conductivity and are compatible with such dip-coating process, and are also experimented 

for comparison in this section. 
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Figure 3-16. (a) SEM image of a fiber coated with carbon black nanoparticles. (b) 

Enlarged view of (a). 

 

To coat CNTs as the outer electrode, uniform dispersion of CNTs is prepared. The 

optimized dispersion in this case is to use carboxylic acid functionalized multi-walled 

CNTs dispersed in Dimethylformamide (7-8 wt%). No binder is needed as CNTs 

entangle with each other and attach tightly on the electrolyte layer surface after the 

solvent of the dispersion is dried. The concentration of CNTs and the number of coatings 

can be adjusted to coat outer electrode with desired thickness. A typical sample after 5 

times coating is shown in Figure 3-17. 

 



46 

 
 

Figure 3-17. (a) SEM image of the cross-section of a fiber coated with CNTs. (b) SEM 

image of the surface of coated CNTs. 

 

The electrochemical performance of different outer electrode materials are compared 

in complete CFSC prototypes. Three samples are prepared, all of which use the inner 

electrode and electrolyte layers described in the previous sections. In the first CFSC cell, 

silver paint is applied directly onto the fiber with electrolyte. In the other two cells, 

carbon black and CNTs are coated as the outer electrode, respectively. The silver paint is 
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then applied onto the outer electrode to make electrical connection. The tested volumetric 

capacitances of the three CFSCs as a function of scan rate are plotted in Figure 3-18. 

Clearly, the cell with CNTs as the outer electrode shows much larger capacitance, which 

is 1 order higher than the one with carbon black outer electrode and 2 orders higher than 

the one with silver paint only. Therefore, CNTs are selected as the outer electrode for 

further investigation. 

 

 
Figure 3-18. The volumetric capacitances of CFSCs with different outer electrodes as a 

function of scan rate. 

 

To estimate the volumetric capacitance of the selected outer electrode (dip-coated 

CNTs) for ultrathin CFSCs, a two-electrode symmetric supercapacitor cell using only 

CNTs is prepared. A thin PVA/H3PO4 solid electrolyte film of ~10 μm is first prepared 

by drying of the electrolyte solution in a Petri dish. Then the film is dipped into the CNT 

dispersion, so that both sides of the film are coated with CNT (7±4 μm-thick in a typical 

coating). The CNT-coated electrolyte film is dried, dipped into 85 wt% H3PO4 for a few 

seconds, and cut into squares of ~1 cm2. Silver paint and metal wires are used to connect 

the CNT electrodes on two sides of the film. The capacitance of such a symmetric cell is 

tested, and the volumetric capacitance of such a CNT layer is calculated to be ~95 F/cm3. 
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Figure 3-19. CV curve of a two-electrode symmetric supercapacitor cell using CNT 

electrodes and PVA/H3PO4 solid electrolyte film at a scan rate of 100 mV/s. 

 

3.3.5 Final device fabrication 

 

The optimized, complete fabrication process for an ultrathin CFSC is detailed as the 

following steps: 

 

(1) Synthesis and Fabrication of the inner electrode layer:  

 

One single carbon fiber (CF, TORAYCA® T700S) with 6.7 ± 0.2 μm diameter and 4-

6 cm long was used as the inner core material. The CF was immersed in acetone 

overnight and activated by 65 wt% nitric acid in 200 °C for 2 hours before further 

processes. The MnO2 nanoflakes and PPy nanolayer were deposited on the CF via the 

electrochemical deposition process. A solution of 20 mM Mn(NO3)2 and 100 mM NaNO3 

is used for the MnO2 nanoflakes coating, 0.1 M LiClO4 and 5wt% pyrrole monomer is 

used for the PPy nanolayer coating respectively. The two-electrode configuration was 

used in the deposition process with a platinum wire as the counter electrode, and the CF 

as the working electrode. A constant current of 0.5 μA/cm is used for 5 minutes to 

electrochemically deposit MnO2 nanoflakes, and a 2 μA/cm current is used for 2 minutes 

to electrochemically deposit the PPy layer. Then the CF was washed by deionized water 

(DI water) and dried between each process. 

 

(2) Fabrication of the electrolyte layer:  

 

The gel electrolyte was prepared by adding 1 g of Phosphoric acid (H3PO4), and 1 g 

of polyvinyl alcohol (PVA, Mw=180,000) powder into 11 g of deionized water. The 

mixture was heated to 100°C with stirring until the solution became clear. To coat the 

electrolyte onto the MnO2/PPy-coated CF, the CF was dipped into the gel electrolyte and 

pulled up vertically at the speed of 0.2 mm/s. After the electrolyte was solidified, the dip 

coating process was repeated 3 times. 
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(3) Fabrication of the outer electrode layer:  

 

Multi-walled carbon nanotubes were dispersion in Dimethylformamide (7-8wt%, 

carboxylic acid functionalized) and used as outer electrode. To coat the outer electrode 

onto the electrolyte-coated CF, the CF was dipped into the carbon nanotubes dispersion 

and pulled up 3 to 4 times before drying in ambient temperature. 

 

Figure 3-20 shows the SEM images of the ultrathin CFSC fabricated at different 

steps. A bare carbon fiber is shown in Figure 3-20a. The fiber surface is smooth at first, 

and becomes rough after successive electrodeposition of MnO2 and PPy (Figure 3-20b 

and c). The thickness of the inner electrode coating is 650±150 nm to achieve a 

capacitance of 58 μF/cm, which corresponds to a volumetric capacitance of 386 F/cm3 for 

the inner electrode coating only, or 115 F/cm3 including the carbon fiber core. A 1.0±0.5 

μm-thick layer of PVA/H3PO4 is dip-coated as the electrolyte layer, which looks 

transparent under optical microscope (Figure 3-21) and smooth under SEM (Figure 3-

20d). A 1.5±0.5 μm-thick layer of CNTs is then dip-coated (Figure 3-20e). For better 

performance, the final ultrathin CFSC device is dipped into 85 wt% H3PO4 to soak the 

nanoporous CNTs layer with sufficient electrolyte. Figure 3-20f shows the SEM image of 

the cross-section of the CFSC, in which the coaxial structure of the carbon fiber core, the 

inner electrode coating, the electrolyte, and the outer electrode coating are clearly seen 

and distinguishable. 

 

 
 

Figure 3-20. SEM images of: (a) a bare carbon fiber, (b) a carbon fiber coated with MnO2, 

(c) a carbon fiber coated with MnO2/PPy as the inner electrode, (d) after the electrolyte 

coating, (e) after the CNTs coating layer as the outer electrode, and (f) the cross-section 

of the μCFSC showing clear boundaries between the four layers. 1- carbon fiber core; 2- 

MnO2/PPy; 3- electrolyte; and 4- CNTs layer. Scale bars are 2μm in all figures. 
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The corresponding optical photos of the ultrathin CFSC fabricated at each step is 

shown in Figure 3-21. The optical photos show that the uniform coatings can be achieved 

at long range (~1 mm in a single photo, > 1 cm for photos taken at different positons), 

indicating that the process can be extended to continuous roll-to-roll fabrication. 

 

 
 

Figure 3-21. Optical photos of (a) the carbon fiber core; (b) after the electrodeposition of 

polypyrrole; (c) after the dip-coating of electrolyte; (d) after the dip-coating of outer 

electrode. All scale bars are 20μm. 

 

 

The final μCFSC device has a diameter of about 13 μm, even thinner than the cotton 

fibers in wearable fabrics (Figure 3-22a). Such a small size guarantees a high bending 

flexibility of the device. Moreover, a single μCFSC is strong enough to lift a US quarter 

coin of 5.67 g, which corresponds to a tensile strength of at least 0.42 GPa (Figure 3-22b).  

 

 
Figure 3-22. (a) SEM image of a μCFSC put on a wearable cotton fabric. (b) Photo of a 

US quarter coin (5.67g) lifted by a μCFSC. 
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To make electrical connections to the two electrodes of a single μCFSC, one end of 

the carbon fiber is fixed by a metal clip during the whole fabrication and testing process 

(Figure 3-23a). The other end with outer electrode layer is connected by the soldering 

process to a conductive wire. Figure 3-23a also compares the CFSC with a human hair, 

showing its small size and high flexibility. The ultrathin device shows no mechanical 

failure even at a small bending radius of ~50 μm (Figure 3-23b). 
 

 

Figure 3-23. (a) Optical photo the μCFSC as compared with a human hair. (b) Optical 

microscope photo of a twisted μCFSC. 

 

3.4 Electrochemical characterizations 
 

3.4.1 Performance of a single ultrathin CFSC 

 

Cyclic voltammetry (CV) tests are conducted to characterize the electrochemical 

performance of the device. Figure 3-24a shows the CV curves of a single μCFSC at scan 

rates from 20 mV/s to 1000 mV/s, which indicate excellent capacitive behavior of the 

prototype since the shapes of the curves are nearly rectangular and the currents are almost 

proportional to the scan rates (Figure 3-24b). The volumetric capacitance as a function of 

scan rate is plotted in Figure 3-25, together with the results simulated by using the 1D 

transmission line circuit model. The μCFSC shows a capacitance of 25.8 μF/cm, or 19.4 

F/cm3, or 2.7 mWh/cm3 at the scan rate of 20 mV/s, which is a very high value since the 

total volume of the two electrodes, the electrolyte, and even the mechanical support 

(carbon fiber core) are all included. The predictions from the circuit model are not far 

from the experimental results, and the deviation is probably due to the uncertainties in the 

dimension measurements and the simplified electrochemical impedances used in the 

circuit model. 
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Figure 3-24. (a) Cyclic voltammetry (CV) curves of a μCFSC prototype under different 

scan rates from 20 to 1000 mV/s. (b) The current as the function of scan rate for the 

μCFSC prototype.  

 

 

 
Figure 3-25. Volume capacitances calculated from experimental results and the circuit 

model versus scan rate. 

  

The energy and power densities of our μCFSC are plotted in Figure 3-26, including 

experimental results from other reported CFSCs, and simulation results using our circuit 

model and reported parameters [34]. From both experimental and simulation results, our 

μCFSCs show higher energy and power densities than other reported CFSCs [98], [99], 

[101]–[109], [119]. The high values are mainly due to the high capacitance of the active 

materials and the compact design with short paths for ion transports between electrodes. 

Specifically, our design has positive and negative electrodes occupying over 52 % of the 

total volume using thin layers of MnO2/PPy and CNTs with measured high capacitances 

of 386 F/cm3 and 95 F/cm3, respectively. Other CFSCs have larger sizes but lower 

performances, such as the ones using CuO/AuPd/MnO2 nanowires (410 μm in diameter, 
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37 F/cm3 and 31 vol% for the electrodes) [98], multiwalled carbon nanotubes/carbon 

fibers (800 μm in diameter, 14.1 F/cm3 and 27 vol% for the electrodes) [102], or carbon 

nanotubes (43 μm in diameter, ~32 F/cm3 and 25 vol% for the electrodes) [99], For other 

fiber-based supercapacitors using twisted electrodes and parallel electrodes, researchers 

often ignore the sizes of separator, electrolyte, and mechanical support in the 

performance calculations to achieve capacitances between 2.5 to 300 F/cm3, and energy 

density up to 6.3 mWh/cm3 in the literature [35], [89]. As a result, the comparison of 

those work with coaxial fiber supercapacitors, which have separator, electrolyte, and 

mechanical support all included in a single 1D device, is difficult. 

 

 
Figure 3-26. Ragone plots of results from our experiments, simulations from our circuit 

model, and experimental results from prior works. 

 

Other electrochemical measurements, such as cycling tests and impedance 

spectroscopy of a single μCFSC are recorded. Figure 3-27a shows the capacitance 

retention of the μCFSC during 20,000 charge/discharge cycles. The device shows an 

increase of capacitance in the first 10,000 cycles, which is probably due to the gradual 

infiltration of electrolyte into the nanoporous structures of both electrodes, as similar 

tendency is observed in other works [81], [92], [120], [121]. Over 85% of the initial 

capacitance is retained after 20,000 cycles, demonstrating an excellent cycle stability of 

the device.  
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Figure 3-27b shows the Nyquist plots before and after 20,000 charge/discharge 

cycles with the frequency range from 0.1 to 100k Hz. The impedance doesn’t change 

much even after long-term cycling. For the initial impedance, the crossover frequency at 

a phase angle of -45° is 160 Hz, which corresponds to a relaxation time of only 6.3 ms.  

 

 
Figure 3-27. (a) Capacitance retention results of the μCFSC during the 20,000 

charge/discharge cycling tests. (b) Nyquist plot of the impedance of a single μCFSC with 

the frequency range from 0.1 to 100k Hz.  

 

The same result can also be obtained through evolution of the imaginary part of 

capacitance as a function of frequency (Figure 3-28a). An equivalent circuit model is 

used to fit the Nyquist polt (Figure 3-28b). The circuit is composed of a series resistance 

(Rs=9.3 kΩ), a capacitance (C=11.3 μF), a charge transfer resistance (Rct=0.13 kΩ), a 

Warburg impedance (Zw=0.32 μS·s1/2), and a constant phase element (CPE=0.63 

μS·s0.617). Relatively small charge transfer resistance and diffusion impedance are due to 

the shortened distance between two electrodes of the device. Although the impedance at 

high frequency and the fitted result both show a series resistance of ~9 kΩ for a single 

μCFSC device, the impedance should be inversely proportional to the cross-section area 

for one dimensional fiber-shaped supercapacitors. Considering that the diameter of our 

device is only ~13μm (cross-section area = 1.3×10-6 cm2), the normalized series 

resistance should be ~0.01 Ω ∙ cm2. For the potential applications, many μCFSCs will be 

connected in parallel to reduce the overall impedance.  
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Figure 3-28. (a) Evolution of the imaginary part of capacitance vs. frequency for the 

µCFSC, in which the peak at ~160 Hz corresponds to a relaxation time of 6.3 ms. (b) 

Fitting result of the impedance spectrum of the µCFSC using an equivalent circuit model.  

 

 

In addition to the high electrochemical performance, the ultra-thin μCFSC shows 

intrinsically high mechanical flexibility. All 1D fibers may be bent in any direction with 

any angle, while the bending radius is limited by the size and flexibility of the fiber. Our 

μCFSC can be bent at a radius of less than 50 μm without breaking, as shown in the 

optical photo in Figure 3-23b. We can also tie the μCFSC into a knot with a radius of 

~100 μm, as shown in the SEM image in Figure 3-29a.  

 

We tested the performance of a μCFSC with a bending radius of ~100 μm in the 

middle and compared the results with that of a straight μCFSC in Figure 3-29b. The two 

curves are very close to each other, and the bent device works as good as the straight one. 

The slight deviation of the performance may be caused by the errors during the coating of 

CNT layer, which shows a performance error of ±20% for different samples. Such a 

small bending radius means that the device is very difficult to break through bending, and 

this value can hardly be achieved by fibers with large diameters in the range of a few 

hundred microns. The small size and high flexibility make our μCFSC promising in 

realizing energy storage systems to be integrated with clothes, as clothes are usually 

woven by fibers with dimeters of tens of microns for comfortableness and softness. 
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Figure 3-29. (a) SEM image of a μCFSC with a knot in the middle. (b) CV curves of a 

straight μCFSC and a μCFSC that is bent with a radius of about 100 μm in the middle. 

 

 

3.4.2 Performance of multiple connected ultrathin CFSCs 

 

For practical applications, threads composed of many μCFSCs in parallel have to be 

used to increase the overall current. Here we twist 7 μCFSCs (Figure 3-30a) and test the 

CV curve (Figure 3-30b) and Galvanostatic charge–discharge curve (Figure 3-30c) of the 

thread. The thread shows a capacitance of more than 5 times of a single μCFSC due to 

variations in each μCFSC.  
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Figure 3-30. (a) SEM image of a thread made of seven twisted μCFSCs. (b) CV curves of 

a single μCFSC and seven μCFSCs in parallel at the scan rate of 1 V/s. (c) Galvanostatic 

charge–discharge curves of a single μCFSC and seven μCFSCs in parallel at the current 

density of 1 μA/cm. 

 

 

We also test three μCFSCs connected in series to achieve a higher voltage compared 

with a single one. Figure 3-31a shows the schematic of how three μCFSCs are connected, 

and Figure 3-31b shows the photo of the real setup, in which the metal connections are 

much bigger than the μCFSCs. Figures 3-31c and d compare the CV and galvanostatic 

curves of a single μCFSC and three in series at the same test conditions, respectively. The 

operation voltage is tripled and the capacitance becomes one third when three fibers are 

in series. 
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Figure 3-31. (a) Schematic of three μCFSCs connected in series. (b) Photo of three 

μCFSCs connected in series. (c) CV curves of a single μCFSC and three serial ones at the 

scan rate of 1 V/s. (d) Galvanostatic charge–discharge curves of a single μCFSC and 

three serial ones at the current density of 1 μA/cm. 
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Figure 3-32. A possible roll-to-roll process design for continuous production of μCFSCs 

as future work. 

 

3.5 Summary 
 

In summary, we propose and demonstrate an ultra-thin micro coaxial fiber 

supercapacitor with the smallest reported overall diameter (~13 μm) achieving high 

energy density (up to 2.7 mWh/cm3) and power density (up to 13 W/cm3). We also 

develop a simplified circuit model which agrees with our experiments. The model can be 

used to simulate fiber supercapacitors with coaxial structure of any size. It reveals that 

scaling down the diameter of CFSCs by using thinner layers of active materials while 

fixing the volume ratios of each layer will improve the performances, especially the 

energy density, power density and flexibility. With the use of scalable fabrication process, 

such as a detailed future roll-to-roll process illustrated in Figure 3-32, we believe such 

μCFSCs are promising building blocks for future flexible and wearable power systems. 
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4 Woven supercapacitor fabrics 
 

 

4.1 Introduction 
 

While the ultrathin CFSC introduced in Chapter 3 provide high power and energy 

densities, as well as excellent flexibility, the integration of such flexible supercapacitors 

into wearable textiles also requires the compatibility with weaving technology and 

mechanical durability for the device. A lot of work needs to be done to realize the batch 

fabrication of defect-free ultrathin CFSCs. At the same time, this chapter will consider 

other solutions to scalable, safe, and durable energy storage for wearable applications. 

 

In fact, the safety risks and poor mechanical compatibility with flexible systems are 

major obstacles for the use of lithium-ion batteries in different wearable electronics. 

Therefore, even with lower energy densities than rigid lithium-ion batteries, flexible 

supercapacitors (SCs) have the potential to enable new flexible and wearable electronics 

where flexibility and safety are of particular importance.  

 

In terms of and mechanical stability and durability, which are highly related to the 

safety of electrochemical energy storage, two types of flexible SCs with either two-

dimensional (2D) or one-dimensional (1D) electrode configurations are considered 

separately. Flexible SCs using sandwiched or in-plane interdigital 2D thin-film electrodes 

usually use fragile electrode materials supported by flexible substrates such as plastic 

membranes and textiles [2], [15], [16], [18]. Though much progress has been made on the 

electrochemical performances of the electrode materials, the flexibility, mechanical 

strength, and stability of these devices rely heavily on additional mechanical support. For 

example, in practical applications, the substrates and packaging materials of these devices 

occupy a large portion of the total weight/volume and greatly diminish the overall energy 

density. The electrochemical performance has to be sacrificed for better mechanical 

properties.  

 

On the other hand, the flexible SCs based on coaxial, twisted, or parallel 1D 

electrodes integrate mechanical support, current collector, and capacitive electrode 

materials in a single fiber/yarn/thread [35], [100], [122]. However, similar issues such as 

high proportion of mechanical support still exist by coating functional nanomaterials onto 

heavy metal wires [98], [123], [124] or non-conductive wearable fibers [90], [95], [96], 

[109], [125], [126]. A promising approach is to develop dual-functional electrode 

materials that provide energy storage and mechanical support simultaneously. For 

example, researchers have demonstrated free-standing yarn electrodes by the spinning of 

carbon nanotubes, graphene oxide, conducting polymers, and so on [80], [81], [89], [92], 

[99], [120], [127]–[129]. Such yarns achieve high capacitances (up to ~300 F cm-3 per 

electrode) because of the absence of binder materials, current collector, and other 
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supporting compositions [89]. However, their tensile strength, which decreases with the 

increase of porosity, is usually around 100 MPa, which is much lower than that of typical 

wearable fibers (~1000 MPa for cotton and polyester fibers [4.30]). As a result, they have 

to be assembled on a plastic substrate or woven into other textiles for practical 

applications. Commercial carbon fibers (CF) with high mechanical strength (over 1000 

MPa), light weight, and high conductivity are another promising structural material as 1D 

electrode for flexible SCs [97], [102], [116], [130]. However, pristine CF has low surface 

area (< 1 m2 g-1) and is usually used as an electrode to load other capacitive 

nanomaterials, while surface-activated CF has a higher surface area but limited to less 

than 100 m2 g-1 [131]. 

 

In this chapter, woven SC fabrics using nanoporous CF thread electrodes with both 

high surface area (340 m2 g-1) and high strength (1955 MPa) through a scalable 

fabrication process are demonstrated. The flexible SCs show a high energy density (2.58 

mWh g-1 or 3.6 mWh cm-3, normalized by the whole weight/volume of the device) 

comparable to rigid commercial supercapacitors and can work under a high tensile 

strength of 1000 MPa or a high pressure of 100 MPa without noticeable performance 

degradations. The versatile SC configurations allow for a variety of form-factor designs 

of energy storage fabrics with excellent flexibility and mechanical durability. 

 

4.2 Structure and process design 
 

A SC device comprises of two electrodes and electrolyte connecting two electrodes. 

In almost all reported SC devices, the two electrodes are in parallel configuration. For 

example, when 1D fiber-based electrodes are assembled to be a SC device, the positive 

and negative electrodes are usually arranged in the same direction with maximum area 

facing each other (as illustrated in Figure 4-1a) no matter whether a coaxial, twisted, or 

parallel structure is applied. Such configuration makes the ion transport between two 

electrodes most efficient. However, the fabrication of such SCs is not compatible with 

woven textiles, and the electrical connection can be difficult when a lot of such devices 

are assembled for larger-area flexible SCs.  

 

Another arrangement of electrodes, in which two thread-like electrodes are 

perpendicular to each other and have contact at any electrolyte-coated area (Figure 4-1b), 

is seldom considered in the literature. In fact, each electrode coated with electrolyte can 

be considered as a half cell of a SC. As long as the electrolyte of two half cells is in 

contact, ion path will form and a complete SC cell will be working. The ion transport 

path, however, is very large in this case and will lead to very slow charging and 

discharging of the device.  

 

An advanced design using perpendicular electrodes is illustrated in Figure 4-1c. 

Multiple parallel electrodes are connected as a single positive or negative electrode and 

the other ones in the perpendicular direction is used as the counter electrode. The contact 

points between positive and negative electrodes are growing in a parabolic way when 

more and more parallel electrodes are used. The average ion transport distance will also 

be reduced with more densely arranged “threads”. Obviously, such electrode 
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configuration is compatible with the fabrication of woven fabrics. Moreover, the woven 

supercapacitor fabrics provide breathable feature that allows water and air to pass through 

space between threads, which is not achieved with 2D thin film flexible supercapacitors. 

 

 
 

Figure 4-1. Schematics of (a) two thread electrodes in parallel to form a supercapacitor 

cell, (b) two thread electrodes in perpendicular, and (c) 5 parallel thread electrodes in 

perpendicular with other 5 parallel thread electrodes.  

 

A simple experiment is conducted to verify the feasibility of a SC using two 

perpendicular thread electrodes, as shown in Figure 4-2a. Each thread electrode 

comprises of ~1000 carbon fiber (CF) filaments. Two CF threads coated with solid 

electrolyte are in contact at one point. The schematic of the cross section view of the 

contact is illustrated in Figure 4-2b. The ends of the threads with no electrolyte are 

connected with metal clips. Cyclic voltammetry curve measured for the setup is plotted in 

Figure 4-2c. The curve shows a combination of capacitive and resistive behavior, in 

which the capacitance is proportional to the enclosed area of the curve and the slow 

increase/decrease of the current in the charging/discharging curve indicates a large time 

constant determined by RC (resistance multiplies capacitance). The result verifies that the 

one point contact of electrolyte connects two half cells of SC and leads to a measureable 

capacitance, but it provides long ion transport distance with relatively high resistance. 

 



63 

 
 

Figure 4-2. (a) Photo of the setup to test two electrolyte-coated thread electrodes in 

contact at one point. (b) Schematic of the cross section of two electrolyte-coated thread in 

contact. (c) Cyclic voltammetry curve of the device shown in (a). 

 

CF threads are used in this chapter because of their high conductivity, high strength, 

light weight, and reasonable flexibility, as explained in Chapter 3. Commercial CF 

threads usually comprise of 1,000 to 48,000 CF filaments per thread and each filament is 

~7 μm in diameter (the same as the ones used in the previous chapter). For convenience, 

the thread consists of x,000 CF filaments is referred as “xk thread”, where x=1, 3, or 12 

indicating the three sizes of threads used in this chapter. Figure 4-3 shows a photo of a 3k 

thread coiled on a carton tube.  

 

 
 

Figure 4-3. Photo of the as-received commercial flexible 3k CF thread. 

 

As mentioned in Chapter 3, bare CFs have smooth surface with low surface area and 

do not store much charge as supercapacitor electrodes. While electrodeposition of high-

performance pseudocapacitive materials on CF surface can greatly improve its 
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capacitance, the approach only works well when filaments in the thread are completely 

separated. Coatings by electrodeposition are not uniform on threads with thousands of 

filaments. The fibers close to the fringe of the thread will have active material deposited 

on surface first, which will then block the inside ones. A better way to create high surface 

area for the entire thread is to etch the surface of CF to make it nanoporous. 

Electrochemical and chemical etching are tested for the purpose of creating higher 

surface area on CF, which will be explained in details in the following section. It is found 

that the chemical etching of CF using potassium hydroxide (KOH) results in nanoporous 

structure with the highest surface area, and mechanical strength comparable to original 

CF threads. 

 

By combining the surface activation of CF threads and the weaving technology, the 

process of fabricating woven SC fabrics with high capacitance, high strength, and high 

mechanical stability is illustrated in Figure 4-4a. The nanoporous CF threads are prepared 

by a chemical activation process with KOH (Figure 4-4b). The crossing threads in the 

fabrics, between which ions can shuttle through contacted electrolyte layers, are used as 

positive and negative electrodes, respectively (Figure 4-4c) and the whole fabrics can be 

used as an electrochemical double layer (EDL) supercapacitor with symmetric electrodes.  

 

 
Figure 4-4. (a) Fabrication process for the woven supercapacitor fabrics by using 

activated carbon fiber threads. (b) The activation process of a carbon fiber, after which 

the carbon fiber has a nanoporous surface and a solid core with high mechanical strength. 

(c) Cross-section schematics of the supercapacitor fabrics showing two crossing threads 

as positive and negative electrodes, respectively, with a solid electrolyte layer in between. 

[40] 

 

 

4.3 Activation of carbon fiber threads 
 

4.3.1 Selection of activation process 
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Three approaches have been applied to activate the carbon fiber, including (1) 

chemical activation by using HNO3, (2) electrochemical activation by using H2SO4, and 

(3) chemical activation by using KOH. 12k threads are used for all approaches. Samples 

of different approaches are first prepared for electrochemical tests before further 

characterization. All electrochemical tests are conducted in two-electrode setup, in which 

two identical threads are used as positive and negative electrodes, respectively. 

Capacitance of the activated threads are calculated using data from cyclic voltammetry 

(CV) curves. Detailed methods and results are described as below. 

 

(1) Chemical activation by using HNO3: 

 

To activate CF threads by using HNO3, the threads are immersed into 70 wt% HNO3 

and sealed in an autoclave. The autoclave is heated up to 120 oC for 2 hr and naturally 

cool down to room temperature. The activated CF is then washed by water until the PH 

value of water reaches 7.  

 

Typical CV curves of CF threads before and after HNO3 activation are compared in 

Figure 4-5. Calculation shows that the capacitance of the threads increases for about 1 

order after the activation. However, observation finds that many of the filaments breaks 

after the process. The whole thread is also a lot easier to break with HNO3 treatment. 

 

 
 

Figure 4-5. CV curves of CF thread electrodes before and after HNO3 activation, tested in 

symmetric two-electrode setup at a scan rate of 100 mV/s. 

 

(2) Electrochemical activation by using H2SO4: 

 

To perform electrochemical activation by using H2SO4, a three-electrode system is 

applied. CF thread immersed in 0.5 M H2SO4 is used as the working electrode, Ag/AgCl 

is used as the reference electrode, and a Pt wire is used as the counter electrode. A 
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potential of 2 V versus Ag/AgCl is applied to CF thread for different amount of time. The 

threads are then washed in water and tested.  

 

Figure 4-6a shows CV curves of CF threads activated for 10s, 60s, and 300s, 

respectively. Clearly, longer activation time results in higher capacitance of the threads. 

Figure 4-6b plots the calculated capacitance per thread length versus activation time. The 

result shows that the initial activation (~10s) increases the capacitance much faster than 

later time. Another observation is that, after more than 600s of activation, the mechanical 

strength of the thread also diminishes a lot, and many filaments break during the handling 

and washing process. 

 

 
 

Figure 4-6. (a) CV curves of CF thread electrodes after H2SO4 activation for 10s, 60s, and 

300s, at a scan rate of 100 mV/s. (b) The calculated capacitance per thread length versus 

activation time. 

 

(3) Chemical activation by using KOH: 

 

To activate CF threads by using KOH, the threads are first dipped into a saturated 

KOH water solution (~20 M at room temperature) and dried at 80 oC to load KOH on CF 

surface. The thread is then heated to 800 oC for 1hr in N2 in a tube furnace. After cooling 

down of the sample, it is washed in water. The above process may be repeated for twice 

or three times. The activated samples are tested in the symmetric two-electrode setup. 

 

The preliminary electrochemical test results are plotted in Figure 4-7. From the CV 

curves shown in Figure 4-7a, the samples activated by KOH for 1 time or 2 times provide 

much larger capacitances, which are proportional to the currents measured at the same 

scan rate. The values are 2 orders more than that of the original CF threads, and the twice 

activated one shows about twice of the capacitance of the 1-time activated one. 

Compared with the results of HNO3 and H2SO4 activations (Figures 4-5 and 4-6a), KOH 

activation clearly improves more capacitance for CF threads. Figure 4-7b compares the 

charge-discharge curves of the threads with no activation, after 1 activation and 2 

activations. Similar conclusions can be drawn, as activated CF threads need over 10 times 
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longer to be charged/discharged at 10 times higher currents, indicating over 100 times 

larger capacitance.  

 

 

 

 
 

Figure 4-7. (a) CV curves of CF thread electrodes after KOH activation for 1 time and 2 

times. (b) The constant current charge-discharge curves for different samples. 

 

The calculated capacitances of CF threads after different activation methods are 

summarized in Table 4-1. The much larger capacitance derived by KOH activation 

suggests that it is a better approach to improve the capacitance of CF threads. Moreover, 

it is observed that the strength of the CF threads remains high after KOH activation. 

Therefore, KOH activation of CF threads is further studied and optimized in this chapter 

to produce high-performance thread electrodes for woven supercapacitor fabrics. 

 

Table 4-1. Summary of capacitances of thread samples using different activation 

processes 

 

12k CF thread electrode 
Capacitance per 

thread length 
Mechanical property 

Bare CF threads ~0.38 mF/cm Strong 

Chemically activated by HNO3 ~5 mF/cm Many broken fibers, weak 

Electrochemically activated by 

H2SO4 
2.6 - 6.6 mF/cm 

Easily broken when 

handled by tweezers 

Chemically activated by KOH 50 – 110 mF/cm Strong 

 

 



68 

4.3.2 Optimization of KOH activation 

 

This section tries to optimize the KOH activation process of CF threads by adjusting 

different parameters. The amount of KOH loaded on CF threads, the type of CF threads, 

and the number of activations are mainly studied. 

 

(1) The amount of KOH loaded on CF threads: 

 

The KOH activation of carbon at high temperature is based on the reaction, 6KOH + 

C ↔ 2K + 3H2 + 2K2CO3, followed by decomposition of K2CO3 and/or reaction of 

K/K2CO3/CO2 with carbon [20]. However, it is difficult to determine the proper amount 

of KOH for the activation of CF by calculations. We find that significant amount of KOH 

will be evaporated during the high temperature process. As the mechanical property of 

the activated sample is considered, it is better to etch a proper portion of the CF fiber so 

that the strength remains high with the rest of the carbon. 

 

A number of samples activated by different amount of KOH are prepared. The dip-

coating of saturated KOH solution will randomly load 50 - 200 wt% of KOH onto a CF 

thread. To load more KOH, the KOH solution can be dropped onto the thread and dried 

quickly in an oven. The capacitances of CF thread calculated after activation are 

summarized in Table 4-2. The comparison of 5 samples shows that the amount of KOH 

loaded on CF thread will not affect the resulting capacitance. One possible explanation is 

that only certain amount of KOH has reacted with the surface of CF, and the rest of KOH 

is evaporated or blocked by the products of the initial reactions and cannot react with 

more carbon. Therefore, it is not necessary to load too much KOH on CF thread. Further 

activation of CF will not be achieved by loading more KOH, but can be done by 

repeating the activation process. It is also found that the weight of CF will change after 

activation. The gravimetric capacitance will be used for better comparison in the 

following sections. 

 

Table 4-2. Summary of capacitances of thread samples activated by different amount of 

KOH 

 

Sample 

number 
KOH loaded 

Capacitance per thread 

length (mF/cm) 

Gravimetric 

capacitance (F/g) 

1 82 wt% 45.3 5.94 

2 160 wt% 43.1 5.06 

3 268 wt% 50.5 5.58 

4 374 wt% 37.6 4.07 

5 492 wt% 58.5 6.47 
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(2) The type of carbon fiber threads: 

 

There are different manufacturers and types of carbon fibers produced using various 

processes. Their composition is only slightly different, but their chemical and mechanical 

properties may vary a lot. We mainly examined two types of carbon fibers produced by 

Toray, Japan, including T-300 and T-700. The results are compared in Table 4-3. Here, a 

“reheating” process is introduced, which is to reheat the sample in N2 at 800 oC for 1hr 

after activation and washing the sample. This process has no obvious effect on T-700 

carbon fibers, but can greatly improve the capacitance of the activated T-300. The 

reheated activated T-300 shows 4 times higher capacitance than that of T-700. As T-700 

is mechanically stronger than T-300 (4.9 GPa vs. 3.5 GPa), it may contain less defects 

and is more difficult for KOH to etch its carbon atoms away. As T-300 carbon fiber 

provides high enough mechanical strength and much higher capacitance after KOH 

activation, it is used in the rest of this chapter unless specified. 

 

Table 4-3. Capacitances of different carbon fiber types after activation 

 

CF type Process Weight loss C (F/g) 

T-700 
1 activation ±15% ~6.3 

1 act. + reheating ±5% ~6.3 

T-300 
1 activation ±5% ~2.5 

1 act. + reheating 1~4% ~25 

 

(3) The number of activations: 

 

As briefly discussed in the previous section, twice activated CF threads show larger 

capacitance as compared with 1-time activated ones. Experiments are conducted to find 

the maximum capacitance after different numbers of activations. The results for two 

types of CF are listed in Table 4-4. Further etching of T-700 after 2 activations only 

result in small increase of capacitance. For T-300, however, the thread will break after 3 

activation processes. Actually, the second activation process has already etched ~50 wt% 

of the carbon, and reaches a high capacitance of ~ 80 F/g.  

 

Table 4-4. Capacitances of carbon fiber threads after different activation processes 

 

CF type Process Weight loss C (F/g) 

T-700 

1 activation ±15% ~6 

2 activations ~20% ~14 

3 activations ~25% ~16 

T-300 1 act. + reheating 1~4% ~25 
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2 act. + reheating ~50% ~80 

3 act. Thread breaks 
 

 

For convenience, the original T-300 CF thread with no activation is denoted as CF-

A0, the 1-time activated one is CF-A1, and the 2-time activated one is CF-A2, in the rest 

of this chapter. Figure 4-8 shows the typical CV curves of the three samples tested in a 

two-electrode setup. The current is normalized by the length of the thread electrode 

dipped into the electrolyte solution, and the result of CF-A0 is enlarged by 50 times to be 

comparable to other ones. 

 

 
Figure 4-8. The cyclic voltammetry curves showing the EDL capacitances of two-

electrode cells using different carbon fibers tested in 1M H3PO4 solution.  

 

While the capacitance of CF-A2 tested in a symmetric two-electrode system is ~80 

F/g, the value is as high as ~200 F/g when tested in a three-electrode setup using 

Ag/AgCl as reference and Pt wire as the counter electrode. A typical CV curve is shown 

in Figure 4-9. Despite higher value tested, two-electrode setup is mainly used in this work, 

as three-electrode configuration often overestimates the capacitance of electrodes 

working in a symmetric device [20]. 
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Figure 4-9. The cyclic voltammetry curve of CF-A2 tested in a three-electrode setup in 

1M H3PO4 solution.  

 

4.3.3 Morphology and surface area 

 

The morphology of CF thread before and after activation is examined by SEM. As-

received commercial carbon fibers have smooth surface (Figure 4-10a) and a measured 

SSA of 0.5 ± 0.3 m2 g-1. About 5 wt% of the carbon fiber is etched away after the one-

time activation process, resulting in rough surface under the SEM (Figure 4-10b) and 

slight change in diameter distributions (Figure 4-10d). After the two-time activation 

process, about 50 wt% of the carbon fiber is lost, which creates rougher surface (Figure 

4-10c) and thinner carbon fiber with wider diameter distributions (Figure 4-10d).  

 

The N2 adsorption/desorption experiments are conducted using QuadraSorb to 

analyze the surface area and pore size distribution. The Brunauer–Emmett–Teller (BET) 

SSAs calculated from isotherms in Figure 4-11a are 7.0 ± 1.5 m2 g-1 and 340 ± 28 m2 g-1 

for CF-A1 and CF-A2, respectively, which are much larger than that of CF-A0. 

Cumulative pore volumes and pore-size distributions of CF-A1 and CF-A2 are compared 

in 4-11b, showing that CF-A2 has much larger pore volume. The pore size of CF-A1 is 

mostly around 1 nm, and that of CF-A2 is smaller in average. This indicates that most of 

the surface area is contributed by micropores created by KOH activation [20]. 
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Figure 4-10. SEM images of carbon fiber threads: (a) with no activation (CF-A0), (b) 

after one activation (CF-A1), and (c) after two activations (CF-A2). (d) Diagram showing 

the diameter distribution of CF-A0, CF-A1, and CF-A2.  
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Figure 4-11. (a) N2 adsorption/desorption isotherm of activated carbon fiber samples. (b) 

Cumulative pore volume and (inset) pore-size distribution of the samples calculated by 

using a slit/cylindrical nonlocal density functional theory (NLDFT) model.  

 

 

4.3.4 Mechanical property of CF threads and electrolyte coating 

 

The activation of CF involves the etching away of carbon atoms and should diminish 

its mechanical strength in principle. The effect of activation on the variation of 

mechanical strength is therefore quantitatively examined. A typical sample of CF thread 

for tensile test is shown in Figure 4-12a. Two ends of the thread are both bonded by 

epoxy, clamped by Al plates, and then loaded on a tensile test machine (Instron® Model 

4483). The sample is then stretched until it breaks in the middle. Samples with or without 

electrolyte coating are both tested and no detectable difference is found, because the 

Young’s modulus of the electrolyte is negligible compared to that of CF. The tensile 

stress was calculated by dividing the applied force by the cross-section area of carbon 

fiber threads. The cross-section area is estimated by the number of carbon fibers (3000 in 

this work) times the average cross-section area of a single carbon fiber filament (𝜋𝑟2, 

where r is the root mean square of radii measured using SEM) with errors considered.  

 

The typical stress-strain curves of threads using CF-A0, CF-A1, and CF-A2 are 

plotted in Figure 4-12b. Although the tensile strength of pristine CF is 3530 MPa from 

the data sheet of the product [132], the measured average strength of CF-A0 is ~2266 

MPa because not all carbon fibers in a thread are stretched to the same extent during the 

test. Variations of up to ±18 % of the values are measured in different threads, as 

summarized in Figure 4-12c. For the same reason, each thread shows a slight difference 

in the stress-strain behavior and the failure strain. Decrease of tensile strength is found in 

the activated fibers as compared with original ones. The average tensile strengths of CF-

A1 and CF-A2 are 1936 ± 173 MPa and 1955 ± 345 MPa, respectively, which are 85% 

and 86% of CF-A0, all much higher than those of wearable fibers [133].  

 

Figure 4-12c also compares the surface areas of different samples together with the 

strength. It shows that the surface area increases dramatically after the two-activation 

process while the mechanical strength remains high. Such results indicate that the KOH 

tends to etch the surface atoms of CF first, so that the structure atoms inside the fiber are 

still maintaining the high strength. 
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Figure 4-12. (a) A photo showing the sample used for tensile strength tests. (b) Typical 

tensile test curves of CF-A0, CF-A1, and CF-A2. (c) Measured specific surface area and 

tensile strength of CF-A0, CF-A1, and CF-A2.  

 

 

In spite of tensile stress, the supercapacitor fabrics may fail due to compressive force 

that breaks the electrolyte layer and shorts the two electrodes. Therefore, solid electrolyte 

coating that can sustain high compressive stress is significant for the woven fabrics. To 

uniformly coat polymer-based electrolyte onto CF threads, a viscous solution of the 

electrolyte is first coated by impregnation and gradually dried to form a solid electrolyte 

layer that binds carbon fibers together (Figure 4-13a). A drum is rolled over the thread 

during the drying process to adjust the thickness of the electrode and the coating process 

can be repeated to coat a thicker electrolyte layer. Figure 4-13b shows the cross-section 

SEM image of a sample with ~70 μm-thick electrode (carbon fibers + electrolyte) and 

~25 μm-thick electrolyte after twice coating of electrolyte. Such uniform electrolyte layer 

can prevent the crossing of electrodes in the woven supercapacitor fabrics from shorting 

such that no separator is needed.  

 

The polymer with relatively high molecule weight (PVA, Mw=180,000) is chosen to 

provide high compressive strength. A simple setup is designed for experimental data 

(Figure 4-13c, d). In each test, two identical threads with electrolyte coating are 

overlapped and compressed until the electrolyte layer breaks and the two CF threads are 

in contact with each other to cause the electrical short circuit. The pressure at which two 

threads are shorted is recorded as the failure pressure.  
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Figure 4-13.  SEM images of (a) the top view and (b) the cross-section view of a 3k CF 

thread coated with solid electrolyte. (c) A photo of the top view of a sample used for 

compressive strength test. (d) Schematic of the cross-section of the compressive test 

setup.  

 

 
Figure 4-14.  Failure pressure of the crossing point in supercapacitor fabrics as a function 

of electrolyte thickness.  
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Figure 4-14 plots the failure pressure of the electrolyte layer as a function of 

thickness. High failure pressures from 156 to 534 MPa are measured for electrolyte 

thicknesses from 25 to 100 μm, respectively. The increase of electrolyte thickness clearly 

reduces the probability of short between the crossing electrodes caused by compressive 

force. However, thick electrolyte layer can increase the ionic resistance and decrease the 

power performance. Therefore, the balance between high power density and high 

resistance for compressive strength should be designed based on the specific application. 

 

 

4.4 Performance of the woven supercapacitor fabrics 
 

As the solid electrolyte-coated CF threads are strong and flexible, they can be woven 

into supercapacitor fabrics by using a loom or by hand. Figure 4-15 shows photos of the 

weaving process by using a toy loom, a 3D-printed loom designed for weaving small 

samples, and by hand. Such process is clearly compatible with large-scale weaving 

technology. The electrochemical performance and mechanical property of the woven 

supercapacitor fabrics are examined in this section.  

 

 
 

Figure 4-15. Photos showing the weaving of SC fabrics by using (a) a toy loom, (b) a 

small 3D-printed loom, and (c) a sample woven by hand.  

 

 

4.4.1 Electrochemical performance of woven supercapacitor fabrics 

 

The activated CF electrodes store energy based on EDL capacitance, which is 

proportional to the interface area between the electrode surface and the solid electrolyte. 

Therefore, woven samples with more CFs should provide larger electrode surface and 

show larger capacitance as a result.  

 

Samples of various sizes are tested with representative results shown in Figure 4-16. 

Figure 4-16a shows the photo of two 5  5 fabrics woven by 3k and 12k threads, 

respectively. The CV curves of the two samples in Figure 4-16b show that the sample 

with 4 times of filaments per thread has 4 times of higher capacitance, proving that the 

capacitance is proportional to the total surface area of the electrodes. Figure 4-16c shows 

the capacitance as a function of the number of threads used to weave fabrics. The 

capacitance increases when more threads are used. Such increase is not linear, which can 
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be explained by two reasons. First, the samples are all woven by hand so that the length 

of each thread and the distance between threads are not well controlled. Second, larger 

samples using longer thread could have larger resistance from electrode so that the 

measured capacitance is smaller at the same charge/discharge condition. Samples woven 

by hand can be easily scaled up with more work time. Figure 4-16d shows the photo of 

18  18 fabrics with an area of ~100 cm2.  

  

 
 

Figure 4-16.  (a) A photo of two samples woven by threads of 3000 (3k) filaments and 

12000 (12k) filaments, respectively. (b) CV curves of the two samples. (c) The 

capacitance of SC fabrics as a function of number of contacts (crossing points). All the 

samples are woven by CF-A0. (d) A photo of a sample woven by 18  18 threads with an 

area of ~100 cm2.  

 

 

A handwoven supercapacitor fabric sample using CF-A2 is shown in Figure 4-17a. 

Cyclic voltammetry (CV) curves of the sample in Figure 4-17b and 4-17c display a quasi-

rectangular shape at lower scan rates from 2 mV s-1 to 20 mV s-1, with current increasing 

almost linearly with scan rate, which indicates excellent EDL capacitance behavior. 

Deviation from a rectangular shape happens at higher scan rates of 50 mV s-1 and 100 
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mV s-1 due to low ionic conductivity of the solid electrolyte that limits the speed of 

charge/discharge.  

 

Galvanostatic charge–discharge (GCD) curves in Figure 4-17d exhibit a nearly 

triangular shape for various current densities. Slight deviation of charge and discharge 

curves from straight lines is also caused by relatively slow ion transport. Equivalent 

series resistance estimated from the IR drop is ~0.81 Ω g, which is mostly contributed 

from the ionic resistance because the electrical resistance of carbon fiber threads is 

measured to be less than 0.02 Ω g. Another evidence is that the ionic conductivity of the 

solid electrolyte is measured to be ~0.081 S m-1, much smaller than the electronic 

conductivity of the CF electrode (~5.8×104 S m-1).  

 

 
Figure 4-17. (a) A photo of a load bearing supercapacitor fabric with the size of 2.5 cm × 

2.5 cm. Cyclic voltammetry (CV) curves of the supercapacitor fabric at (b) lower scan 

rates and (c) higher scan rates with current normalized to the total weight of all carbon 

fiber threads (~25 mg). (d) Galvanostatic charge–discharge curves of the device under 

various current densities (normalized to the total weight of all carbon fiber threads).  

 

Specific capacitances of 18.6 F g-1 and 17.8 F g-1, corresponding to energy densities 

of 2.58 mWh g-1 and 2.47 mWh g-1, are calculated from the CV curve at 2 mV s-1 and the 

GCD curve at 40 mA g-1, respectively (normalized to the total weight of the fabric). The 

energy density as a function of power density is also calculated and plotted in Figure 4-18. 
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Such energy densities are comparable to those of rigid commercial supercapacitors which 

are usually 1 to 10 mWh g-1 [13], [21]. If the total area of the fabric (2.5 cm × 2.5 cm) and 

the density of the electrolyte-coated thread electrode (~1.4 g cm-3) are calculated, the SC 

fabric provides areal capacitance of ~300 mF cm-2 and energy density of ~42 μWh cm-2, 

or volumetric capacitance of ~26 F cm-3 and energy density of ~3.6 mWh cm-3 (all the 

metrics are normalized to the total volume/areal of the fabric).  

 

 
Figure 4-18.  Ragone plot of the woven supercapacitor fabric shown in Figure 4-17a..  

 

 

More information on the impedance of the device is shown in the Nyquist plot in 

Figure 4-19a. For comparison, the impedance of a fabric device woven by CF-A0 is also 

plotted in the same graph. Capacitive behavior is dominating at low frequencies for both 

devices as indicated by the rapid change of the imaginary part. The curve is more inclined 

at middle frequency range because of the diffusion impedance (Warburg impedance) 

associated with slow ion diffusion in the solid electrolyte. A semicircle at higher 

frequency range, which is attributed to the transport processes of both electrons and ions 

in nanoporous electrodes [134], is presented for the device using CF-A2, but is not seen 

for the one using CF-A0 with no nanoporous structures.  

 

Electrochemical stability of the sample device is tested and over 80% of the 

capacitance is retained after 10000 cycling tests at a scan rate of 20 mV s-1 (Figure 4-19b). 

The test is done without any encapsulation, and the drop of capacitance can be resulted 

from the loss of water in the electrolyte [135].  
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Figure 4-19.  (a) Nyquist plots of the impedances of the woven devices using CF-A0 and 

CF-A2 with the frequency range from 0.01 to 100k Hz. (b) Capacitance retention of the 

device using CF-A2 during 10,000 charge/discharge cycling tests.  

 

 

For practical applications, simple treatment can be used to make such SC fabrics 

waterproof without losing performance. For example, a very thin and conformal coating 

of parylene (~800 nm) through chemical vapor deposition can serve as a protection layer, 

and the sample device retains its energy storage property after dipped in water for 1 hour 

(Figure 4-20). 

 

 
Figure 4-20.  (a), (b): Photos of a waterproof SC fabric coated with an 800 nm-thick 

Parylene layer. (c) CV curves of the sample before and after the Parylene coating process, 

and after dipping into water for 1 hour, at a scan rate of 20 mV/s.  

 

 

4.4.2 Tensile and compressive strength of the device 
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Wearable devices are constantly under tensile and compressive forces in practical 

uses such that most flexible energy storage devices require support and protection with 

substrates and packages, which occupy a large portion of the overall volume/weight. 

Furthermore, their electrochemical performances under high tensile and compressive 

loads, however, are seldom reported. In this work, the electrodes and electrolyte alone 

can serve as the load-bearing substrate without extra package. Figure 4-21a shows the CV 

curves of a SC fabric when it is stretched at a high tensile stress of 1000 MPa with almost 

no change in electrochemical performance. The tensile stress of 1000 MPa, however, will 

break most of the wearable fibers [133] and functional fibers with energy storage 

properties made of CNT, Graphene, etc. [80], [89], [92]. Furthermore, the tensile strength 

of the woven supercapacitor fabrics qualifies the most stringent requirements in the 

automobile industry as the “GigaPascal steel” for Advanced High-Strength Steels (AHSS) 

with tensile strength of at least 1000 MPa [136]. The SC fabric also shows unchanged 

performance under a high pressure of 100 MPa (Figure 4-21b). For example, a man of 

~70 kg standing on an area of ~7 cm2 would generate a pressure of ~1 MPa and a failure 

pressure over 100 MPa would have a high built-in safety factor of 100.  

 

 
Figure 4-21.  (a) CV curves of a supercapacitor fabric (as shown in the inset photo) when 

stretched at different stresses at the scan rate of 20 mV s-1. (b) CV curves of the sample 

when pressed with different pressures at the scan rate of 20 mV s-1. The inset photo 

shows how it is tested when the sample is stepped on.  

 

 

4.4.3 Configuration design of high-voltage device 

 

In addition to high mechanical strength and stability, a variety of form-factor designs 

can be constructed for such woven supercapacitor fabrics. While a single supercapacitor 

cell usually has limited voltage range, multiple cells need to be connected in series to 

provide higher voltage for practical applications. Figure 4-22a and b show schematics of 

how to fabricate 4 supercapacitor cells connected in series in a single piece of fabric. The 

CF threads are partially coated with electrolyte. The uncoated parts are used as electrical 

connection between cells. Such design connects 4 cells, each work within 1V, and can 

work up to 4V. Figure 4-22c shows the photo of the 4-cell-connect-in-series fabric 
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lighting up a 2V LED. Moreover, the size of threads may not necessarily be the same in 

different directions. For example, a strap consisting of 4 cells connected in series can be 

designed as shown in Figure 4-22d. 

 

 
Figure 4-22.  Schematics of (a) a carbon fiber thread that is partially coated with 

electrolyte; (b) a 4-cell-connect-in-series fabric woven by CF threads. (c) A photo 

showing an LED powered by a 4-cell-connect-in-series fabric. (d) Schematic showing the 

design of a SC strap with 4 cells connected in series.  

 

Based on the design in Figure 4-22d, a SC strap with high flexibility is woven as 

shown in Figure 4-23a. The strap can be charged to 4V as indicated by the galvanostatic 

charge–discharge curve in Figure 4-23b. The electrochemical performance is also tested 

when the strap was bent at different states, including coiled on a pen or a plastic bottle 

without showing significant changes under various bending radii (Figure 4-23c). A 

possible application of such SC straps is a power watchstrap (Figure 4-23d). The 

capacitance retention of the SC strap is tested for 1000 put-on/take-off cycles on a human 

wrist, corresponding to a bending radius of ~2.5 cm without losing its performances in 

Figure 4-23d.  
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Figure 4-23.  (a) A photo of a load bearing supercapacitor strap with the 4-cell connect-

in-series design. (b) Galvanostatic charge–discharge tests of the strap working at 4 V. (c) 

Capacitance retention of the strap under different bending radii. (d) Capacitance retention 

of the strap during 1000 bending cycles around a human wrist.  

 

 

4.5 Summary 
 

In summary, this chapter demonstrates flexible woven SC fabrics with both high 

energy density and load-bearing properties by using multifunctional nanoporous CF 

threads that work as mechanical support, current collector, and capacitive material 

simultaneously. The thread electrodes are prepared by KOH activation of commercial 

carbon fibers with three orders of magnitude increase in the specific surface area and 86% 

retention of tensile strength. Combined with the directly woven electrode configurations, 

the SC fabrics feature scalable fabrication, arbitrary form-factor designs, excellent 

flexibility, and good mechanical stability. As a result, the woven SC fabrics are 

promising flexible power sources for wearable electronics. 

 

Future research on woven SC fabrics can be continued in the following directions to 

further improve the performance and facilitate their practical application: 
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First, the electrochemical performance including energy and power densities can be 

improved. To improve energy density: (a) new approaches to uniformly deposit 

functional nanomaterials on CF threads can further increase the capacitance of the 

electrodes; (b) the use of non-aqueous electrolyte system can enlarge the working voltage 

range of the SC. The combination of both can result in much higher energy density. To 

improve power density: (a) thinner thread and electrolyte coating can be used to reduce 

the ion transport path; (b) the design of solid electrolyte with higher ionic conductivity 

can reduce the overall ionic resistance. The reduction in ionic resistance will result in 

higher power density. 

 

Second, the mechanical property should be adjustable based on specific applications. 

For most of the wearable applications, lower stiffness of threads is preferred. The using 

of softer solid electrolyte and thinner thread electrode can lower the overall stiffness of 

the woven SC fabrics. The balance between strength and stiffness should be found, and 

the process to control the CF thread thickness need to be developed. 

 

Third, biocompatible, mechanically stable, and waterproof protection coating for the 

fabrics should be developed, which will eventually make the woven fabrics practical and 

commercializeable. 
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5 Conclusions and future directions 
 

5.1 Conclusions 
 

Three types of flexible supercapacitors (FSCs) based on micro/nanofibers with 

various features and target applications have been successfully demonstrated in this 

report.  

 

Micro FSCs prepared using direct-write nanofibers for the potential integration with 

flexible microelectronics is demonstrated in Chapter 2. A new solution of conducting 

polymer compatible with the near-field electrospinning, which is also a direct-write 

approach, is developed. The micro FSCs are highly flexible with excellent 

electrochemical performance and cycling stability. The approach is simple, versatile, and 

compatible with different substrates for the direct integration of energy storage devices in 

flexible microsystems.  

 

An ultra-thin micro coaxial fiber supercapacitor (μCFSC) with high energy and 

power densities, as well as excellent mechanical properties is proven to be promising 

building blocks for future wearable energy storage fabrics in Chapter 3. The successive 

coating of functional layers onto a single micro carbon fiber via a scalable process is 

developed. A simplified electrochemical model for the 1D CFSC structure is proposed 

and supported by the experimental data. Both simulation and experimental results have 

verified the improved energy and power densities for fiber-shaped FSC through rational 

design. 

 

Free-standing woven supercapacitor fabrics that store high energy and sustain large 

mechanical loads for flexible and wearable power sources are proposed and demonstrated 

in Chapter 4. A novel device configuration woven by solid electrolyte-coated threads is 

proposed and experimentally proven to be compatible with weaving technology, highly 

flexible, and mechanically stable. The activation of CF threads to make highly porous 

and mechanically strong electrodes for capacitive energy storage is studied. The results 

show that the combination of novel configuration and optimized electrode materials 

demonstrates high performance energy storage fabrics readily available for large-scale 

wearable applications. 

 

 

5.2 Future directions 
 

Possible future directions following each chapter of the dissertation are discussed as 

follows. 

 

5.2.1 Direct integration of micro supercapacitor with printed electronics 
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To directly integrate micro FSC with printed electronics for practical applications, 

advancements in two directions are suggested. 

 

The first direction is to improve the performance and processability of the functional 

materials. Doping of PPy and other conducting polymers should be studied to improve 

the conductivity and solubility. This can be achieved by synthesis of designed dopants 

and control of the polymerization process. The composition of the final ink for near-field 

electrospinning should also be optimized. Systematic experiments combined with 

theoretical analysis can be conducted to better understand how to adjust the viscosity and 

surface tension of the composite ink. 

 

The second direction is to develop direct-write tools and control system that are 

compatible with printed electronics process. Current inkjet printing technology squeezes 

out inkjets using micro actuators so that the amount of ink and the position of printed 

material can be well controlled. The precise writing of nanofibers can also be achieved by 

controlling the ink flow rate, the electric field applied to the ink, and the position of the 

ink outlet.  

 

In addition to on-chip energy storage, the development of practical printed 

conductive nanofibers can be used as other functional components for flexible electrode, 

such as micro sensors and transparent electrodes, which are other possible future 

directions to pursuit. 

 

5.2.2 Direct integration of ultrathin coaxial fiber supercapacitors into textiles 

 

A few fundamental problems need to be solved for the practical application of the 

ultrathin CFSCs, which are all interesting future research directions. 

 

The first problem is how to guarantee the conformal coating of each layer on the 

micro fiber in a batch fabrication process. The study of the interface between layers can 

help solve the problem. Chemical treatment before each coating and composition design 

of the coating solutions to improve the affinity between layers can be studied. 

 

The second problem is how and make precise electrical connections to all fibers 

during the assembly large number of CFSCs. The development of new outer electrode 

layer and co-weaving of CFSC with other conductive fibers/wires may offer potential 

solutions. 

 

The third problem is how to maintain functionality of the CFSC when many of them 

are assembled and rubbed against each other, which could scratch the outer electrode and 

electrolyte layers. Stronger outer electrode with smooth surface can be developed, and a 

protection layer over the outer electrode may be applied. 

 

The study of coaxial functional coatings on micro fibers is not only significant for 

the practical applications of CFSCs, but also provides technical solutions to 

multifunctional components in future smart textiles. 
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5.2.3 Development of multifunctional structural supercapacitor fabrics 

 

As the woven supercapacitor fabrics store energy and bear mechanical load at the 

same time, the multifunctional device is promising for a wide range of applications. For 

almost all mobile electrical systems, including cell phones, wearable electronics, electric 

vehicles, drones, satellites, etc., most of the weight/volume is used for energy storage 

(batteries) and mechanical structure as support/protection. The combination of the two 

functions can either provide more stored energy without increasing the overall 

weight/volume, or reduce the total weight/volume without sacrificing the stored energy of 

the systems. 

 

While future flexible electronics require more flexible power sources, current electric 

systems need more rigid structural energy storage. The supercapacitor fabrics are 

potentially applicable for both applications as long as their stiffness can be better 

controlled. Future study of the electrolyte materials and the mechanical and 

electrochemical interaction between the electrolyte and electrode needs to be conducted 

to develop practical structural supercapacitors for a variety of applications. 
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