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Abstract 

The development of electronic textiles, which have many potential healthcare 

and consumer applications, is currently limited by a lack of energy storage that can be 

effectively incorporated into such devices while having sufficient energy density, power 

density, and durability to perform well. The overall goal of this work was to improve the 

energy density and potential for use in electronic textile applications of a nanostructured 

composite of few-walled carbon nanotubes, manganese oxide, and reduced graphene 

oxide. Two approaches towards improving the desired properties by controlling the 

macroscopic structure of the composite were pursued: one, to make fiber or wire-shaped 

electrodes via wet-spinning in aqueous chitosan solutions (10% acetic acid), and two, to 

make composite films with controlled porous structures using nitrocellulose as a 

sacrificial filler material. Both approaches yielded the desired macroscopic structures. 

The composite fibers were non-conductive due to the insulating nature of MnO2 and its 

positioning on the surface of the fibers. Composite fibers of few-walled carbon 

nanotubes and reduced graphene oxide made by the same method were found to have 

good volumetric capacity, rate capability, stability and flexibility. Nonintuitively, 

electrochemical performance of composite films declined with increasing porosity due to 

a decrease in conductivity, highlighting the importance of balancing the interplay 

between properties important to device performance when designing controlled 

structures of complex materials. 
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1. Introduction to Supercapacitors in Wearable 
Electronics 

Wearable electronics are of great interest due to the potential for a broad range of 

applications, from consumer products to tools for monitoring health and environmental 

conditions in real time.1 Such wearable devices could draw power from body heat or 

body movements and thus could lead to more sustainable use of consumer electronics.1 

However, design of these devices will present many challenges; in particular, these 

devices will require energy storage systems that can be effectively incorporated into 

yarns or fabrics, with high enough energy density and power density to charge 

consumer electronics in a timely manner and sufficient mechanical strength and 

flexibility to maintain performance through daily wear and tear.1-2  

Batteries and capacitors are the two traditional forms of electrochemical energy 

storage systems. Both consist of two electrodes and an electrolyte; capacitors typically 

have much higher power density, while batteries have higher energy density. Power 

density refers to how quickly the system can charge or discharge, while energy density 

refers to how much energy is stored in the system when it is fully charged. 

Supercapacitors are considered to have the potential to fill the gap in overall 

performance between capacitors and batteries. 
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Figure 1.1: This Ragone plot shows energy density vs power density for 

various classes of energy storage devices. Batteries, in red and green, have high 

specific energy but low specific power. Capacitors have high specific power but very 

low specific energy. Electrochemical capacitors, or supercapacitors, are intermediate 

in both specifc power and specific energy.1 

Supercapacitors can have two different mechanisms for storing energy: 

pseudocapacitance, in which electrons are stored via redox reactions or intercalation, 

and double-layer capacitance, which is based on electrostatic charge separation through 

adsorption of ions from the electrolyte onto the surface of the electrode.3  
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The most commonly used materials in supercapacitors are transition metal 

oxides and conducting polymers for pseudocapacitance and carbonaceous materials for 

double layer capacitance.4 Among transition metal oxides, manganese oxide (MnO2) is 

desirable as it is inexpensive, non-toxic, and friendly to the environment; however, 

manganese oxide electrodes have several drawbacks, including low conductivity (10-5 

S/cm)5, mechanical instability, and dissolution during electrochemical reactions.4 Due to 

these issues, the high theoretical specific capacitance of manganese oxide, ~700 F/g, is 

only attainable for very thin films of less than 100 nm in thickness, which are not 

practically obtainable at the high loading densities of MnO2 necessary for good 

electrochemical performance.6  

Cheng et al. reported flexible thin-film supercapacitor electrodes made with a 

composite of manganese oxide, graphene, and few-walled carbon nanotubes (FWNT) 

that have enhanced performance due to an interconnected structure that allows for 

synergy between the components of the composite.6 The thin-film electrodes have a high 

specific capacitance of 372 F/g and are additionally attractive because they do not 

require use of a binder or current collector, the presence of which would result in a 

lower percent mass of active material in the electrode.6 Much of this work focuses on the 

same composite of manganese oxide, graphene, and few-walled carbon nanotubes, but 

explores ways to further improve the energy density by making the electrode more 

porous, allowing for adsorption of more ions onto the electrode surface and thereby 
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increasing the double-layer capacitance of the electrode. It is hypothesized that making 

fibers of the composite material will lead to the desired porous structure with enhanced 

electrochemical performance, while also allowing for possible manufacture into textile 

supercapacitors for wearable electronics applications.  

Yu et al. reported graphene and manganese oxide textiles made by coating 

graphene onto polyester fibers before electrodepositing manganese oxide on the 

surface.5 This high surface area textile displayed good electrochemical performance, with 

a specific capacitance of 315 F/g and capacitance retention of ~95% after 5000 cycles.5 

However, the presence of polyester fiber as a support will result in a lower energy and 

power density than if the material were free-standing, since the presence of polyester 

increases the weight of the device without contributing to the electrochemical 

performance.  

Graphene oxide (GO) fibers have recently been made by injecting GO into 

coagulation solutions of sodium hydroxide (NaOH) in methanol7, calcium chloride 

(CaCl2) and potassium hydroxide (KOH) solutions in water/ethanol8, 

cetyltrimethylammonium bromide (CTAB)9, and chitosan10. However, to this author’s 

knowledge, no work has been published that uses these methods in the fabrication of 

fibers using composites of GO, carbon nanotubes, and manganese oxide. This work has 

focused on making fibers of a composite of GO, functionalized few-walled carbon 

nanotubes (fFWNT), and manganese oxide towards the goal of making flexible textile 
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supercapacitors with improved energy density over films of the same composite. Fibers 

of this composite with increased energy density would be desirable for the development 

of flexible supercapacitor textiles with potential for use in wearable electronics. Chapter 

2 explores the development of fibers of this composite, but finds that this approach does 

not result in improvement of the composite’s electrochemical performance because of 

poor conductivity, likely due to the presence of insulating MnO2 on the fiber surface and 

the higher linear resistance inherent to fibers over films.  

Chapter 3, a modified version of a manuscript submitted for publication in early 

October 2014, explores the electrochemical and mechanical performance of GO/FWNT 

fibers prepared similarly to those in chapter 2. This chapter comes from a collaboration, 

with much of the experimental work in it performed by Dr. Yanwen Ma. 

Another approach towards the goal of obtaining a well-controlled porous 

structure of this composite with enhanced electrochemical performance is to mix the 

composite with a fibrous polymer, make a film, and then remove the polymer either by 

dissolving it or heating it. Cellulosic materials, such as those used in filter paper, are 

desirable due to their low cost and fibrous structure, and have been used to obtain 

fibrous networks of titanium dioxide11 and indium tin oxide (ITO)12. This approach is 

explored in Chapter 4 using nitrocellulose from filter paper as a candidate polymer. 

The overall goal of this research is to improve the energy density of 

nanostructured composites of manganese oxide, carbon nanotubes, and graphene by 
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controlling the macroscopic structure of the electrodes. In order to achieve this goal, two 

different approaches were tried: one, to make fiber or wire-shaped electrodes via wet-

spinning methods, and the other, to create films with controlled porous structures using 

a sacrificial filling material as a template.
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2. Understanding the Formation of Flexible Composite 
Fibers of Manganese Oxide, Few-walled Carbon 
Nanotubes, and Graphene in Aqueous Chitosan 
Solution 

This chapter details development of a wet-spinning method to produce 

composite fibers of manganese oxide, few-walled carbon nanotubes, and graphene. 

After testing various solutions for use as wet-spinning media, chitosan was found to be 

effective, allowing for production of strong, flexible fibers on the scale of meters. The 

effects of pH on fiber formation were probed, revealing the importance of electrostatic 

interactions between charged groups on chitosan and graphene oxide. The fibers were 

not conductive, likely due to the insulating effect of MnO2 on the fibers surfaces.  

2.1 Methods 

2.1.1 Composite Synthesis 

GO was made using a modified Hummer’s method6 (briefly, by oxidation of 

graphite flakes using potassium permanganate (KMnO4) to obtain graphite oxide and 

repeated centrifugation to obtain GO) and reduced by addition of 10 μL hydrazine 

(N2H4) and 50 μL ammonium hydroxide (NH4OH) and heating to 93°C in an oil bath. 

MnO2 was grown directly on the surface of the reduced graphene oxide (RGO) by 

reaction with 6.9 mL of 0.1 M KMnO4 and 4.6 mL of 0.1 M MnSO4. Few-walled carbon 

nanotubes (FWNT), provided by a lab member (see acknowledgements) and 

synthesized using a chemical vapor deposition method described in earlier 
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publications13, were functionalized (fFWNT) with fuming sulfuric acid (H2SO4) and 

nitric acid (HNO3) to improve water solubility, mixed with RGO/MnO2 solutions, and 

sonicated for 30 minutes to produce composites consisting of about 20% fFWNT, 70% 

MnO2, and 10% RGO by mass.  

The control was a composite film of GO, fFWNTs, and manganese oxide made 

according to the procedure reported by Cheng et al.6 Briefly, the composite solution was 

mixed with enough GO solution to allow for a good dispersion, sonicated for 10 

minutes, filtered through a mixed cellulose ester membrane with a 1.2 μm pore size, and 

vacuum-dried for 24 hours. 

2.1.2 Fiber Production 

GO and composite solutions were injected into coagulation solutions of 

chloroform, sodium hydroxide (NaOH) in ethanol, potassium hydroxide (KOH) in 

ethanol, and chitosan in acetic acid (10%)/water. Tests were first made by injecting GO 

or composite solutions using a syringe into coagulation solutions in 20 mL vials. The 

apparatus shown in Figure 2.1, consisting of a syringe pump, syringe, and rotating 

platform, was used for better control of wet-spinning conditions. Factors such as flow 

rate, concentrations of both injected and coagulation solutions, and gauge of the syringe 

needle were varied to optimize the wet-spinning process. Formation of fibers required 

addition of GO or large area GO (LAGO), provided by a lab member (see 
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acknowledgements). Fibers were reduced by heating at 80°C in an oil bath for 1 hour in 

1 M NaOH solution with 20 µL of hydrazine (N2H4). 

Attempts to make composite fibers through self-assembly (according to 

procedures reported by Tian et al.14) were unsuccessful (see Figure A.1).  

 

Figure 2.1: Wet-spinning apparatus consisting of a syringe pump and a 

rotating platform made of a stir plate. A petri dish is attached to the platform with 

tape and filled with coagulation solution. The platform holding the syringe pump is 

then lowered so that the syringe needle is just below the surface of the coagulation 

solution. 

2.1.3 Fiber Characterization 

Scanning electron microscopy (SEM) with model FEI XL30 SEM-FEG was used to 

image samples. Micro-strain analysis (MSA) was used to test mechanical properties of 

samples. 
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Figure 2.2: Set up for measuring electrical conductivity of bundles of fibers. 

Conductivity of reduced fiber bundles was measured using a Sperry DM4100-A 

multimeter. The fiber bundles were secured between two copper wires using silver paste 

and conductivity from the end of one copper wire to the end of the other was measured.  

2.2 Results and Discussion 

2.2.1 Fiber Production by Injection into Chloroform 

One widely used approach to making fibers is rapid removal of solvent from a 

polymer in solution. In dry-spinning approaches such as electrospinning, fibers are 

obtained through a combination of phase separation and solvent evaporation, with 

resultant morphology dependent on the competition of these processes.15 Here, a wet-

spinning approach based on the idea of rapid removal of solvent to form a solid fiber 

was attempted by taking advantage of the high miscibility of ethanol in chloroform and 

relatively low solubility of GO in ethanol. 

Injection of aqueous GO into chloroform did not produce fibers or any solid. This 

was expected as water is immiscible with chloroform but has favorable interactions with 

GO due to its amphiphilicity.7 When the GO was dispersed in ethanol instead of water 
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before being injected into chloroform, the GO coagulated into small, weak pieces of film. 

The addition of FWNT to the GO in ethanol resulted in the formation of some small 

fibers, but mostly film, when added to chloroform in a 20 mL vial. To improve the ease 

of collecting fibers, a filtration setup, shown in Figure 2.3, was used to allow for removal 

of the chloroform and ethanol. In this way, fibers with lengths of up to 11 mm and 

diameters typically ~11 μm were obtained. (An SEM image of an example fiber is shown 

in Figure A.2) However, these fibers frequently fused together and most of the samples 

were primarily film rather than independent fibers. 

 

Figure 2.3: Filtration setup shown immediately after injecting GO/FWNT in 

ethanol into chloroform. After several minutes, the solution becomes clear after the 

ethanol dissolves in the chloroform. 

These results suggest that chloroform is not an effective coagulation media for 

the formation of GO or composite fibers. Injection of GO or composite into chloroform 

gives rise to a cloudy solution that becomes clear after several minutes, confirming that 
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the reason for formation of a solid is removal of ethanol from the GO or composite. The 

process of rapid removal of ethanol is sufficient to cause the GO or composite to form 

both film and fibers, but does not allow for selectivity between film and fibers. 

2.2.2 Fiber Production by Injection into NaOH or KOH in Ethanol 
Solutions 

KOH and NaOH in ethanol act as a suitable coagulants for the production of GO 

fibers, as reported in literature.8 This is believed to be a result of deoxygenation of GO in 

alkaline solutions, leading to rapid removal of water from GO and resulting in 

coagulation of GO into fibers.16 Table 2.1 summarizes the results of experiments injecting 

GO and the composite into different concentrations of NaOH or KOH in ethanol. 

Table 2.1: Summary of coagulation experiments in KOH or NaOH 

 Water  Ethanol 0.1 M  

KOH 

0.2 M  

KOH 

0.1 M 

NaOH 

GO Disperses Powder Fiber Fiber Fiber 

GO/FWNT/MnO2 Disperses Disperses Powder Powder Powder 

  

Injection of a composite of GO/FWNT/MnO2 into this solution results in a 

powder rather than in fibers. It is likely that the high amount of MnO2 (~70% by mass) on 

the surface of GO inhibits removal of the oxygen-containing groups of GO. Therefore, 

this coagulation solution is not suitable for use in production of fibers of the composite. 

2.2.2 Fiber Production by Wet Spinning in Chitosan 

Using the wet-spinning apparatus shown in Figure 2.1, the RGO/FWNT/MnO2 

composite was injected into a chitosan coagulation solution at a flow rate of 9 mL/min. 
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No fibers were formed, and the composite dispersed in the solution, as seen in Figure 

2.4. 

 

Figure 2.4: Coagulation bath of chitosan after injection of RGO/MnO2/FWNT 

composite. No fibers were formed. 

Two possible reasons were proposed to explain why this composite does not 

form fibers in chitosan: 1) the use of RGO in the composite means that the oxygen-

containing groups found in GO will not be present to interact electrostatically with 

amino groups on chitosan, or 2) MnO2 grown directly onto the surface of GO inhibits the 

interactions between carboxylate groups on graphene oxide and amino groups on 

chitosan. Figure 2.5 shows the results of spinning GO, RGO, and GO/MnO2 solutions 

into chitosan. Since only GO forms fibers, both explanations are likely true. 
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Figure 2.5: Results of injection of solutions a) GO, b) RGO, and c) GO/MnO2 

into a coagulation solution of chitosan. Fibers only formed in the case of GO. 

The addition of a small amount of GO to the RGO/FWNT/MnO2 composite was 

found to lead to the formation of fibers. Figure 2.6 shows the effect of solution flow rate 

on the formation of fibers. At 3 mL/min, short, ribbon-like fibers were formed. At 6 

mL/min and 9 mL/min, longer fibers were formed. SEM characterization of these fibers 

(shown in the supplemental information) showed a flat, ribbon-like morphology in the 

short fibers, and an aligned ridged morphology in the longer fibers. 

 

Figure 2.6: Effect of solution flow rate on formation of fibers of 

RGO/MnO2/FWNT composite with `additional GO added. A) Small, ribbon-like 

fibers formed at 3 mL/min. The morphology of the fibers is flat. B) Ribbon-like fibers 

formed at 6 mL/min. C) Longer, ribbon-like fibers formed at 9 mL/min. 
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Addition of large-area graphene oxide (LAGO) instead of GO to 

RGO/FWNT/MnO2 composite resulted in more continuous fibers, as shown in Figure 2.7. 

Ratios of 3:2, 1:1, and 2:3 of RGO/FWNT/MnO2 to LAGO and GO were tested. The 1:1 

ratio of composite to GO was the only ratio that produced composite+GO fibers strong 

enough to be removed intact from solution; however, these fibers were short compared 

to the RGO/FWNT/MnO2+LAGO fibers. All fibers produced from 3:2, 1:1, and 2:3 ratios 

of RGO/FWNT/MnO2 +GO were strong enough to remove from the coagulation solution, 

but did not remain intact. Figure 2.7 g-i shows the same ratios when the composite used 

is instead RGO/fFWNT/MnO2 in the composite+LAGO fibers, resulting in more 

continuous fibers at all three ratios and suggesting that functionalization of nanotubes is 

an important step in making these composite fibers. 
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Figure 2.7: RGO/FWNT/MnO2 +GO fibers in a) 3:2, b) 1:1, and c) 2:3 ratios. 

RGO/FWNT/MnO2 +LAGO fibers in d) 3:2, e) 1:1, and f) 2:3 ratios. RGO/fFWNT/MnO2 

+LAGO fibers in g) 3:2, h) 1:1, and i) 2:3 ratios. 

Figure 2.8 highlights how one issue in making the fibers was solved. Figure 8b 

shows how tangled the fibers become when more than 3 mL at a time are injected into 

the coagulation solution. This happens when the syringe needle hits fibers that have 

already been spun, often cutting the fibers into pieces. Figure 2.8c shows how this can be 

solved by rotating the needle outwards manually to avoid contact between the fibers 

and the needle. 
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Figure 2.8: a) shows a RGO/FWNT/MnO2 +LAGO 1:1 fiber (shown in figure 7e) 

unwound and placed in a solution of 1:3 ethanol:water to strengthen it. B) shows how 

spinning more of the solution results in the fibers overlapping and becoming tangled. 

c) shows how manual rotation of the syringe can produce a much greater length of 

continuous fiber without tangling. 

Fibers were made into bundles by making long continuous fibers, as shown in 

Figure 9c, and pulling them out of solution together using a hook.  

 

Figure 2.9: A bundle of RGO/fFWNT/MnO2 +LAGO fibers, a) before and b) 

after reduction by hydrazine, made by pulling the as-spun fibers out of solution 

together with a plastic-coated hook. 

Aqueous chitosan solution has been seen to be an effective coagulation solution 

for production of composite fibers of RGO/fFWNT/MnO2 as long as GO or LAGO are 

added. GO fibers are thought to coagulate in chitosan due to electrostatic interactions 

between positively charged amino-groups on chitosan and negatively-charged 

carboxylate groups on GO,16 as shown in Figure 2.10.17  
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Figure 2.10: Diagrams of the structures of graphene oxide (center) and chitosan, 

showing interactions between positively-charged groups on chitosan and negatively 

charged groups on GO. These interactions would be expected to be stronger in 

LAGO, where more surface area will lead to a greater number of negatively-charged 

groups, and non-existent in RGO due to removal of carboxylate groups. Figure 

adapted from Yang et al.17 

Two possible explanations for why RGO/fFWNT/MnO2 alone does not coagulate 

into fibers in chitosan are: 1) the use of RGO in the composite means that the oxygen-

containing groups found in GO will not be present to interact electrostatically with 

amino groups on chitosan, or 2) MnO2 grown directly onto the surface of GO inhibits the 

interactions between carboxylate groups on graphene oxide and amino groups on 

chitosan. Experiments indicated that neither RGO nor GO with MnO2 nanoparticles 
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grown on the surface will form fibers in chitosan alone, indicating that both of these 

explanations are likely true.  

2.2.3 Effect of pH on Fiber Formation 

Since the interactions between GO and chitosan are electrostatic, the process of 

fiber formation was expected to depend heavily on the pH of the coagulation solution. 

To probe the effects of pH on fiber formation, the amount of acetic acid used in making 

the coagulation solution was varied to give solutions with pH values ranging from 2.89 

to 3.75, as shown in Figure 2.11. 

 

Figure 2.11: RGO/fFWNT/MnO2 + LAGO fibers in 2:3 ratio spun at a) pH 2.89, 

b) pH in the range of 3.2-3.5, and c) pH 3.75. 

Fibers of good quality were obtained in the range of 3.2-3.75 and fiber strength 

increased qualitatively with increasing pH. At pH 2.89, only short, weak fibers were 

obtained. The amine group of chitosan has a pKa of 6.5 and chitosan is only water 

soluble below this point,18 while the carboxylate groups on GO have pKa values of 6.6, 

or 4.3 when positioned ortho to a hydroxyl group.19 At a pH of 3.2-3.5, all of the amine 

groups on chitosan will be protonated, but only about 15% of carboxylate groups ortho 
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to hydroxyl groups will be in the form of carboxylate rather than carboxylic acid and all 

of the other carboxylate groups will be in the form of carboxylic acid. At a pH of 3.75, 

the percent of carboxylate groups ortho to hydroxyl groups which are in the form of 

carboxylate increases to about 28%, and an increase in qualitative fiber strength is 

observed. At a pH of 2.89, only about 4% of such groups are deprotonated, and fibers 

obtained are short (typical lengths of 1-2 mm with some fibers up to 5 mm long) and 

very weak. The effect of pH on fiber quality indicates that electrostatic interactions 

between carboxylate groups on graphene oxide and amine groups on chitosan play a 

key role in the fiber formation process.  

2.2.5 Characterization of Composite Fiber Morphology by SEM 

Figure 2.12 shows the morphology of composite fibers of different ratios of 

RGO/fFWNT/MnO2 to LAGO made by coagulation in chitosan solution. The fiber with a 

1:1 ratio appears well-aligned, while the fiber with a 3:2 ratio has some segments of film 

attached. The average diameter of the fibers was seen to decrease with increasing 

amount of LAGO: 85 μm for 3:2, 75 μm for 1:1, and 65 μm for the 2:3 ratio fiber. 
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Figure 2.12: Composite RGO/FWNT/MnO2 + LAGO fibers in ratios of a) 3:2, b) 

2:3, and c) 1:1. Note how the striations in the 1:1 ratio fibers appear well-aligned 

compared to the 3:2 and 2:3 ratio fibers. D) shows a closer view of morphology of the 

1:1 ratio fiber. 
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Figure 2.13 shows the presence of FWNTs or FWNT bundles in the interior part 

of a broken fiber. FWNTs were not observed at the surface of fibers, suggesting that in 

this method of fiber production, FWNTs are confined to the interior. 

 

Figure 2.13: SEM image of the broken end of a RGO/fFWNT/MnO2 + LAGO 1:1 

ratio fiber, showing the presence of FWNTs (with average diameter of 37 nm) in the 

interior of the fibers. 

2.2.6 Mechanical Properties of Composite Fibers Made by 
Coagulation in Chitosan 

Table 2.2 summarizes mechanical data for the composite fibers made by 

coagulation in chitosan solution. The Young’s modulus, a measure of rigidity of a 

material, and tensile strength, or amount of stress necessary to break a material, of the 

different ratios of composite to LAGO followed the trend 2:3 > 1:1 > 3:2, suggesting that 



 

23 

increasing the amount of LAGO increases mechanical properties. However, the strain % 

at fracture of the fiber was not higher in the 2:3 ratio fibers than in the 1:1 ratio fibers and 

was consistent with the strain % reported for films of the composite.6 Fibers made with 

1:1 and 2:3 ratios have higher Young’s moduli and tensile strengths compared with the 

composite film, but lower mechanical properties overall when compared with pure 

LAGO fibers spun in chitosan.16  

Table 2.2: Summary of mechanical data for composite fibers made by 

coagulation in chitosan solution 

 Composite:LAGO Ratio Comp. 

Film6 

LAGO 

Fibers12 3:2 1:1 2:3 

Young’s 

Modulus (E) 

2-5 GPa 4-6 GPa 10 GPa 2.3 GPa 22.6 GPa 

Tensile strength 

(σ) 

42-82 MPa 70-130 

MPa 

223 MPa 48 MPa 442 MPa 

Strain % (ε) 1.9% 2.0-4.5% 2.2% ~2% 3.7% 

 

Based on reports by Xu et al.8, GO sheets with larger surface areas can be used to 

produce fibers with superior mechanical properties. This fits the observed trend that 

increasing the amount of LAGO present in the composite increases Young’s modulus 

and tensile strength substantially.  

Jalili et al. reported a Young’s modulus of 22.6 GPa and a tensile strength of 442 

MPa for GO fibers coagulated in chitosan, significantly higher than the 10 GPa Young’s 

modulus and 223 MPa tensile strength reported here for the composite.16 However, the 
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2:3 ratio composite fiber has a significantly higher tensile strength than the composite 

film, 223 MPa compared to 48 MPa as reported by Cheng et al.6 

2.2.7 Electrical Properties of Reduced Composite Fibers 

Conductivities measured as described in section 2.1.3 for RGO/FWNT/MnO2 

+LAGO fiber bundles in 1:1 and 2:3 ratios were below the limit of detection of the 

voltmeter. This indicates that the fibers are insulating overall. Measurements using a 

multimeter revealed that the reduced fibers were insulating, prohibiting further 

electrochemical measurements. This is most likely due to the presence of MnO2, which 

has very low conductivity (in the range of 10-5 to 10-6 S/cm)6, on the surface of the fibers. 

While the incorporation of intercrossing networks of FWNTs in films of the composite 

allows for sufficient conductance to overcome the insulating nature of MnO26, as shown 

in Figure 2.14, this strategy does not appear to be effective in making conductive fibers 

of the composite. The method of fiber production utilized here likely leads to alignment 

of FWNTs within the interior of the fibers (figure 2.13) rather than in networks that 

would provide pathways for rapid electron transport.  
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Figure 2.14: Schematic for strategy of improving conductance of 

Graphene/MnO2 films by addition of CNTs, which form a network throughout the 

film allowing for faster electron transport.6 

This suggests that other strategies would be needed in order to overcome the 

insulating nature of MnO2 in fiber-based supercapacitors. Other work that incorporates 

MnO2 into fiber-based supercapacitors has overcome this problem by depositing a layer 

of polypyrrole, a conducting polymer, over the MnO2 layer.20 

2.4 Conclusions 

Through these results, it can be concluded that chloroform, KOH in ethanol, and 

NaOH in ethanol are not suitable coagulation media for production of 

RGO/fFWNT/MnO2 fibers, while chitosan acts as an effective coagulation medium for 

the formation of composite fibers due to electrostatic interactions between amino groups 

on chitosan and carboxylate groups on GO. Composite fibers produced using this 

method have a higher Young’s modulus and tensile strength than films of the same 

composite. The reduced composite fibers are electrically insulating, necessitating other 

strategies for obtaining fibers with good performance as supercapacitors. 
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3. Unfunctionalized Few-walled Carbon Nanotube-
strengthened Conductive Graphene Fibers for Wire-
shaped Supercapacitors 

Increasing interest in wearable electronics requires the development of 

compatible energy storage devices such as wire-shaped supercapacitors (WSSs) that can 

be woven into clothes.21 The most critical requirement for supercapacitors to be used in 

wearable electronics is changing their electrodes from a film to a wire or fiber 

configuration. Among all electrode materials, carbon nanotubes (CNTs) and graphene 

are the most desirable candidates for this application not only because of their 

remarkable electrical, mechanical, and thermal properties and large specific surface 

areas, but also because they can be spun into fibers that directly act as WSS electrodes.22 

Compared with the preparation of CNT fibers, which typically involves solid-state 

spinning or super acid solution spinning,23 the process to fabricate graphene oxide (GO) 

fibers by wet-spinning is easier, milder, and less costly.7, 16, 24 However, the conductivity 

of reduced GO (RGO) fibers ranges from 10 to 400 S/cm,7, 16, 22e, 24 far below that of CNT 

fibers (500-5000 S/cm),23, 25 which presents a major bottleneck for their application in 

WSSs.  

According to previous studies on RGO-based films and fibers,6, 22l, 22m, 26 a general 

strategy to improve their conductivity is incorporating CNTs during their manufacture 

to generate desirable synergistic effects. For example, recent work on continuous 

preparation of RGO fibers by a hydrothermal process applied this strategy to improve 
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the fibers’ conductivity from 12 to 102 S cm-1 after acid-oxidized single-walled CNTs 

(SWNTs) were added to RGO in a 1:1 weight ratio.22m However, the tensile strength 

decreased 50% after the addition of oxidized CNTs, likely due to an increased amount of 

defects in the CNTs which would weaken their van der Waals interactions with the RGO 

sheets.22m Pristine SWNTs were effectively used to reinforce RGO fibers mechanically 

using high-content (3:1 weight ratio of surfactant to SWNTs) sodium dodecyl benzene 

sulfonate.27 However, it is believed that the surfactant was detrimental to the electrical 

conductivity of the resulting fibers. GO sheets themselves, containing aromatic regions 

and hydrophilic oxygen groups, could behave like an amphiphilic molecule, and thus 

can act as a dispersant to suspend pristine CNTs in water.28 This interaction between GO 

and unfunctionalized CNTs allows for the possibility to prepare composite fibers by 

wet-spinning as long as the mixed GO-CNT solution maintains a liquid crystalline 

state—the prerequisite for wet spinning.  

Here, making use of the excellent dispersion capability of GO, pristine few-

walled carbon nanotubes (FWNTs) were dispersed into GO suspension and spun into 

composite fibers. In previous approaches, use of functionalized carbon nanotubes as 

additives deteriorated the mechanical properties of the resultant fibers.22m By contrast, 

use of highly π-conjugated unfunctionalized FWNTs as an additive in RGO fibers 

enables simultaneous increase of the ductility, strength and flexibility of the fibers. In 

addition, the presence of pristine FWNTs significantly enhances the conductivity of the 
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composite fibers up to 210.7 S cm-1. Flexible two-ply WSSs were assembled from the as-

prepared composite fibers, showing a high volume capacitance (38.8 F cm-3), good 

charge/discharge performance, and high energy density (3.4 mWh cm-3). In addition, the 

deleterious effect of increased electrode length on device performance revealed that 

electrode resistance is a major challenge for development of WSSs. 

3.1 Methods 

3.1.1 Preparation of GO, CNT-GO, and Reduced GO and CNT-GO 
Fibers 

GO was synthesized from expanded graphite (3772, Asbury Graphite Mills USA) 

using concentrated H2SO4 and KMnO4 as oxidants following a previously reported 

method.16 The GO sheets are on the scale of tens of micrometers (Figure A.2). An 

aqueous GO dispersion (concentration 12 mg mL-1) was used as a precursor to fabricate 

GO fibers by a petri-dish wet-spinning method, in which GO was injected from a 

stainless steel needle (inside diameter: ~100 μm) into a chitosan/acetic acid coagulation 

bath (3 g chitosan and 10 mL acetic acid dissolved in 500 mL deionized water) by 

syringe pump at an injection rate of 1 mL min-1 (see Figure 2.1). The as-spun GO fibers 

were washed with concentrated HCl solution and deionized water sequentially and 

finally dried in ambient conditions. To prepare CNT-GO composite fibers, pure FWNTs 

with 3−5 walls, synthesized and purified as described in our previous work,6 were first 

dispersed in water by probe ultrasonication (Sonics Vibracell VC 750) for 20 min. Then 

FWNTs were mixed and dispersed in GO solution in a preset CNT:GO weight ratio. The 



 

29 

CNT-GO fibers were spun from the composite solutions using the same method as for 

GO fibers and were denoted as CNT1-RGO8, CNT1-RGO6, CNT1-RGO4, CNT1-RGO3, and 

CNT1-RGO2 according to the CNT:GO weight ratio from 1:8 to 1:2. The as-prepared GO 

and CNT-GO fibers were reduced in 50 wt% hydroiodic acid at 80 ºC for 5 h, and the 

reduced fibers were denoted as RGO and CNT-RGO fibers respectively. 

3.1.2 Characterization 

The structure and morphology of RGO and CNT-RGO fibers were characterized 

by scanning electron microscopy (SEM, FEI XL30). The mechanical properties of the 

fibers were studied using a TA Instruments RSA III micro-strain analyzer. GO and GO-

CNT solutions were sealed in capillary tubes for observing their dispersion state and 

birefringence by polarized optical microscopy (Zeiss Axio Imager) operated in 

transmission mode. The conductivities of RGO and CNT-RGO fibers were measured 

using a Keithley multimeter. 

3.1.3 Electrochemical Measurements of Individual Electrodes 

Electrochemical characterizations were carried out on a Bio-logic SP300 

instrument. Cyclic voltammogram (CV) and electrochemical impedance spectra for each 

fiber were taken using a three-electrode configuration in 1 M H2SO4 electrolyte. A 

saturated calomel electrode (SCE) and a platinum wire served as reference and counter 

electrodes, respectively. The volumetric capacitance of the electrodes (Celectrode, V) was 

javascript:popupOBO('CMO:0000794','C2NR33136E')
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calculated using equation 1, where Q is the charge obtained from the discharge scan of 

the CV curve, ΔV is the voltage range (0.8 V), and Velectrode is the electrode volume. 

𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒,𝑉 =
𝑄

∆𝑉×𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒
       (1) 

3.1.4 Preparation and Performance Characterization of All-solid-state 
Two-ply WSSs 

Two reduced fibers were immersed in PVA-H3PO4 electrolyte (10 g PVA and 10 g 

H3PO4 dissolved in 100 mL deionized water) for 12 h. Then fibers were stuck together 

with preset overlap lengths after drying in air for 1 h. The reserved electrode heads were 

connected to metal wires by silver (Ag) paste for the following electrochemical tests. The 

performance of these assembled devices was examined by CV and galvanostatic 

charge/discharge methods. The length capacitance (CWSS, L), volumetric capacitance (CWSS, 

V), volumetric specific energy (EWSS), and power (PWSS) of the whole cells were all 

calculated from the charge/discharge curves based on equations 2 through 5. 

𝐶𝑊𝑆𝑆,𝐿 =
𝐼

𝐿𝑊𝑆𝑆
 

∆𝑡𝑑𝑖𝑠

∆𝑉𝑑𝑖𝑠
   (2) 

I is the discharge current. LWSS refers to the effective length of the devices, i.e., the 

overlap length of the two-ply electrodes. (
∆𝑡𝑑𝑖𝑠

∆𝑉𝑑𝑖𝑠
) is the reciprocal of the slope (

∆𝑉𝑑𝑖𝑠

∆𝑡𝑑𝑖𝑠
) of 

the discharge curve, excluding the loss part caused by internal resistance. Specifically, 

ΔVdis is the discharging voltage range and Δtdis is the corresponding discharge time. 

𝐶𝑊𝑆𝑆,𝑉 =
𝐼

𝑉𝑊𝑆𝑆
 

∆𝑡𝑑𝑖𝑠

∆𝑉𝑑𝑖𝑠
              (3) 



 

31 

VWSS is the effective cell volume, equal to twice the volume of a single electrode in 

the overlap zone. 

𝐸𝑊𝑆𝑆 =  
1

2
𝐶𝑊𝑆𝑆,𝑉 

∆𝑉𝑑𝑖𝑠

3600
               (4) 

𝑃𝑊𝑆𝑆 =
3600 ×𝐸𝑊𝑆𝑆

∆𝑡𝑑𝑖𝑠
                   (5) 

3.2 Results and Discussion 

3.2.1 Dispersion of FWNTs in GO Solution 

Unfunctionalized FWNTs with CNT:GO mass ratios of 1:8 to 1:2 can be readily 

dispersed by GO nanosheets in aqueous solution (Figure A.3). The optical micrographs 

in Figure 3.1 show the mixed state of FWNTs and GO in the solution, where the GO 

matrix is a homogeneous brown color and the CNTs are black. The majority of CNTs are 

separated by GO sheets, but some small bundles exist because of the strong interactions 

between pristine FWNTs. At CNT mass fractions of 50% or greater, the CNT bundles 

became large and visible to the naked eye. The presence of many CNT bundles 

decreases the stability of the solutions by interfering with the electrostatic repulsion 

between oxygen-containing groups on GO sheets, eventually resulting in the 

coagulation of GO platelets. For all the well-dispersed CNT-GO composite solutions 

shown in Figure 3.1, nematic liquid crystal features were observed in polarized optical 

microscopy (Figure A.4), suggesting suitability for wet spinning. 
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Figure 3.1: Optical micrographs of a) GO and CNT-GO aqueous solutions with 

FWNT/GO mass ratios of b) 1:8, c) 1:6, d) 1:4, e) 1:3, and f) 1.2. Scale bars: 100 µm. 

3.2.2 Production of GO and CNT-GO Composite Fibers by Wet-
spinning in Chitosan Solution 

GO and CNT-GO composite fibers with CNT:GO mass ratios of 1:8 to 1:2, shown 

in Figure 3.2, were fabricated using a wet-spinning approach as described in 2.1.2. 

However, continuous fibers could not be fabricated from solutions with mass fractions 

of CNTs of 50% or greater, since the amount of unfunctionalized FWNTs was beyond 

the dispersion capability of GO, as discussed above. The as-spun GO and CNT-GO 

composite fibers were reduced in hydroiodic acid aqueous solution to produce the 

corresponding RGO and CNT-RGO composite fibers.  
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Figure 3.2: GO and FWNT-GO fibers made using a wet-spinning approach 

with aqueous chitosan/acetic acid solution as coagulant. A) GO fiber. FWNT-GO 

fibers in b) 1:8, c) 1:6, d) 1:4, e) 1:3, f) 1:2, and h) 1:1 FWNT:GO ratios. Note that with a 

1:1 ratio of FWNT:GO, fibers break spontaneously during the wet-spinning process, 

demonstrating that more than 50% GO content is necessary to adequately disperse 

FWNTs and to allow for formation of continuous fibers. 

3.2.3 Characterization of Fiber Morphology by SEM 

Figure 3.3 shows SEM images of the reduced fibers, with diameters ranging from 

20 to 25 μm. The RGO sheets within the fibers oriented along their axes and stacked 

together tightly. The incorporated CNTs in the fibers were pressed by RGO sheets as 

shown in the cross-section of these composite fibers. Notably, the CNTs were also 

partially aligned along the axial direction, especially in fibers with CNT:GO ratios lower 

than 1:3. It is supposed that the presence of GO induces CNT alignment during solution 

spinning. As a result, a high GO fraction was beneficial for CNT alignment. We also 

deduce that these partially aligned CNTs experienced stretching force during the 

spinning process and shrinkage while solidifying. This phenomenon was reflected in the 
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corrugations along the composite fiber axis (Figure 3.3). Intuitively, the corrugated CNT-

RGO composite fibers were more flexible and elastic than the neat RGO fibers. 

 

Figure 3.3: Typical SEM images of a, b) RGO, c, d) CNT1-GO8, e, f) CNT1-GO6, 

g, h) CNT1-GO4, i, j) CNT1-GO3, and k, l) CNT1-GO2 fibers. Scale bars: 20 µm (a, c, e, g, 

i, k), 10 µm (b, d, f, h, j, l). 

3.2.4 Mechanical Properties of CNT-RGO Composite Fibers 

Stress–strain curves of the prepared fibers were measured (Figure A.5) and the 

calculated mechanical properties are listed in Table 3.1.  
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Table 3.1: Mechanical and electrical properties of RGO and CNT-RGO fibers 

Fiber 
Diameter 

(μm) 

Density 

(g cm-3) 

Modulus 

(GPa) 

Strength 

(MPa) 

Strain 

(%) 

Conductivity 

(S cm-1) 

RGO 20 ± 1 
0.81 ± 

0.01 
19.1 ± 1.5 

193.3 ± 

6.4 

1.6 ± 

0.1 
53.5 

CNT1-

RGO8 
24 ± 2 

0.94 ± 

0.02 
10.5 ± 2.1 

232.2 ± 

11.3 

2.9 ± 

0.3 
89.2 

CNT1-

RGO6 
22 ± 3 

1.01 ± 

0.03 
6.2 ± 0.5 

278.4 ± 

10.5 

6.8 ± 

0.5 
138.6 

CNT1-

RGO4 
24 ± 2 

1.08 ± 

0.03 
5.3 ± 0.5 

385.7 ± 

17.5 

11.4 ± 

0.9 
210.7 

CNT1-

RGO3 
22 ± 1 

1.11 ± 

0.02 
4.2 ± 0.3 

218.1 ± 

15.1 

5.6 ± 

0.1 
275.1 

CNT1-

RGO2 
20 ± 3 — 4.6 ± 0.4 

149.4 ± 

12.6 

4.1 ± 

0.2 
161.0 

 

Compared with GO-based fibers (Table A.1), the reduced ones had enhanced 

strength and elongation, similar to previous results.27 The tensile strength and Young’s 

modulus of the parent RGO fiber were ~193.3 MPa and ~19.1 GPa respectively, 

comparable to those of previously reported RGO-based fibers.7, 16, 22e, 24 The mechanical 

properties of CNT-RGO composite fibers were found to be very sensitive to the CNT 

mass fraction. The tensile strength and strain initially increased and then decreased 

when the ratio of CNT to GO increased. The CNT1-RGO4 fiber had the largest 

elongation, ~11.4%, and the highest tensile strength, ~385.7 MPa. The significantly 
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enhanced ductility likely results from the corrugated structure observed in SEM images 

(Figure 3.3). The improvement on strength and flexibility by addition of CNTs can be 

explained as a synergistic effect generated from the interconnection of RGO sheets and 

partially aligned CNTs.25 For neat CNT fibers, high-quality CNTs with minimal defects 

are necessary for strong fibers.23b Similarly, the unfunctionalized FWNTs, with fewer 

defects than functionalized FWNTs, were helpful in this case, leading to stronger van der 

Waals forces between FWNTs and RGO sheets and thus increased tensile strength. 

However, overloading of CNT fillers produces voids in the RGO matrix due to the 

increased presence CNT bundles, and leading to deterioration of mechanical properties of 

the whole fiber. This is the main reason why the tensile strength and strain of composite 

fibers decreased when the proportion of CNTs was increased to values above 25 wt%. 

The moduli of composite fibers decreased monotonically with increasing CNT content, 

similar to the change in moduli observed in SWNT/RGO/PVA composite fibers.27  

3.2.5 Electrical Properties of CNT-RGO Fibers 

In addition to the mechanical improvement, an appropriate amount of CNTs also 

increased fiber conductivity. For example, the conductivity of the CNT1-RGO4 fiber was 

210.7 S m-1, more than three times higher than that of the RGO fiber (53.5 S m-1) and 

much better than fibers using oxidized SWNTs as the additive.22m  

It is also seen that the conductivity did not always increase with increasing CNT 

proportion. The CNT1-RGO3 fiber had the highest conductivity of 275.1 S m-1, while the 

CNT1-RGO2 fiber had a much lower conductivity of 161.0 S m-1. From the preceding 
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characterization and analysis, it is reasonable to deduce that the lowered conductivity of 

the CNT1-RGO2 fiber is caused by the weakened alignment of these two carbon 

nanomaterials and the possible existence of voids in the fiber. 

3.2.6 Electrochemical Properties of RGO and CNT-RGO Fibers 

The electrochemical properties of RGO and CNT-RGO composite fibers were 

evaluated by cyclic voltammetry (CV) and electrochemical impedance spectroscopy 

(EIS) in 1 M H2SO4 solution using a three-electrode configuration. Figure 3.5a shows the 

CV curve for each fiber at a scan rate of 10 mV s-1. Compared with the small area 

enclosed by CV curve of RGO fiber, the area under the CV curves of the fibers with 

incorporated CNTs increased significantly, suggesting enhanced capacitances. As shown 

in Figure 3.4, the calculated volumetric capacitances of these fibers at different scan rates 

of 2-100 mV s-1 follow the relative order of Celectrode (CNT1-RGO3) > Celectrode (CNT1-RGO4) > 

Celectrode (CNT1-RGO6) > Celectrode (CNT1-RGO2) ≈ Celectrode (CNT1-RGO8) > Celectrode (RGO).  
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Figure 3.4: Relationship between volumetric capacitance and scan rate for 

RGO and CNT-RGO fibers. 

The high capacitance of CNT1-RGO3 and CNT1-RGO4 fibers can be explained by 

their small intrinsic resistance as measured with EIS. The internal resistances were 

obtained from the x-intercept of the Nyquist plot in Figure 3.5b, in which the RGO fiber 

has the largest resistance (4.53 KΩ) and the CNT1-RGO3 fiber has the smallest one (0.69 

KΩ). These correlated well with the conductivity results listed in Table 3.1. Thus the 

addition of unfunctionalized FWNTs effectively reduced the resistance of RGO whether 

in dry or in liquid electrolyte. As is well known, high internal resistance is a common 

problem encountered in wire-shaped electrodes because in this type of configuration, 

electrons need to move from one end to another during charging and discharging 

processes, unlike in films where electrons can transport vertically through the films to 

the current collectors. In addition, the small cross-sectional areas of microfibers also 
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results in a large intrinsic resistance. Therefore one possible strategy to decrease the 

internal resistances of wire-shaped electrodes is to reduce their intrinsic resistances, as 

demonstrated in this case. 

 

Figure 3.5: Electrochemical properties of RGO and CNT-RGO fibers measured 

by three-electrode method in 1 M H2SO4 electrolyte. (a) CV curves at scan rate of 10 

mV s-1 in the potential range from 0 to 0.8 V; (b) Nyquist plots. 

All-solid-state two-ply fiber supercapacitors were assembled by using PVA-

H3PO4 gel as a solid electrolyte. Here CNT1-RGO4 fibers were used as representative 

electrodes based on their combination of good mechanical and electrical properties. The 

effective length of the device was controlled to be 1 cm and the effective volume was 

around ~1.0 × 10-5 cm3. For comparison, a neat RGO fiber WSS was also prepared using 

the same approach. The CV curves of the RGO fiber WSS in Figure 3.6a are spindle 

shaped, especially at scan rates higher than 10 mV s-1, indicating the poor resistance 

behavior of the device. Correspondingly, the galvanostatic charge/discharge curves 

(Figure 3.6b) are not in symmetric triangular shapes and have large voltage drops at the 

beginning of the discharge process, suggesting that the device is not an ideal 
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supercapacitor and its performance is considerably reduced by the large resistance of the 

electrodes. In contrast, for the CNT1-RGO4 fiber WSS, the CV curves (Figure 3.6c) are 

almost rectangular and maintain their shape even at a high scan rate of 100 mV s-1. The 

charge/discharge curves (Figure 3.6d) show near-linear symmetric shapes, indicating 

good charge propagation in the electrodes. The capacitances of the WSSs at different 

charge/discharge current density are given in Figure 3.6e. Clearly, the CNT1-RGO4 fiber 

device had much higher capacitance and better rate performance than the RGO fiber 

device. For the CNT1-RGO4 fiber WSS, the volumetric capacitance (CWSS, V) is 38.8 F cm-3 

at 50 mA cm-3, corresponding to a length capacitance (CWSS, L) of 0.38 μF cm-1 (Figure 

3.6e). Its CWSS, V was maintained at 50% when the discharging current density increased 

by a factor of 30 from 50 to 1600 mA cm-3, indicating its good charge/discharge 

performance. The long-term cycling stability was evaluated using the galvanostatic 

charge/discharge technique conducted at 800 mA cm-3 (Figure 3.6f). The device shows a 

capacitance retention of above 93% over 10,000 cycles, revealing its outstanding 

electrochemical stability. 
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Figure 3.6: Electrochemical performance of two-ply WSSs. (a ) CV curves and 

(b) galvanostatic charge/discharge curves of RGO device; (c) CV curves and (d) 

galvanostatic charge/discharge curves of CNT1-RGO4 devices; (e) Specific capacitance 

at different discharging current densities; (f) Capacitance retention versus cycle 

number at 800 mA cm-3. The inset in (f) displays galvanostatic charge-discharge curves 

over 6000 cycles. 
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To further examine the flexibility of CNT1-RGO4 WSSs, a 3 cm device was 

integrated with a polyester yarn (~100 μm) by using the PVA-H3PO4 gel electrolyte as an 

adhesive (Figure 3.7a). The polyester yarn protected the WSS well during stretching and 

bending. Even while knotted, the device retained its original performance, as reflected 

by the galvanostatic charge/discharge curves in Figure 3.7b. In addition, an interesting 

result is that its CWSS, V (30.6 F cm-3, Figure A.6a) at 50 mA cm-3 is smaller than that of the 

1 cm device. When device length was extended to 6 cm, the CWSS, V was further reduced 

to 24.6 F cm-3 (Figure A.6b). The galvanostatic charge/discharge curves of CNT1-RGO4 

WSSs with different device lengths are given in Figure 3.7c as well as in Figure A.6 a and 

b. At the same volumetric current density, the shorter device had a longer discharging 

time and a larger voltage drop (VIR) at the beginning of the discharge. The internal 

resistances calculated from RWSS = VIR / 2IR at the same discharge current (1 μA) for 1, 3 

and 6 cm devices were 5.0, 9.5 and 13.0 KΩ (Figure A.6). Internal resistance increases 

with increasing device length, mainly due to increased linear resistance of the electrodes. 

This in turn lowers the capacitance of the devices. Ultimately, device length had a 

significant impact on the power and energy density of these devices (Figure 3.7d). The 1 

cm WSS had the highest energy density, 3.4 mWh cm-3, and power density, 0.7 W cm-3; 

these values decreased to 2.8 mWh cm-3 and 0.08 W cm-3 for the 6 cm device. Although 

frequently studied short CNT-RGO-based WSSs likely surpass film-based 

supercapacitors in volumetric capacitance or energy density,22l, 22m these results suggest 
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that the high linear resistances of these fibers needs to be resolved before larger-scale 

devices can be manufactured for practical energy storage applications. 

 

Figure 3.7: (a) Photograph (upper) and micrograph (bottom) of a 3 cm CNT1-RGO4 

WSS integrated onto a polyester yarn; (b) Galvanostatic charge-discharge curves of 

the 3 cm WSS on polyester yarn before and after knotted at current density of ~50 mA 

cm-3; (c) Charge-discharge curves of 1, 3, and 6 cm CNT1-RGO4 WSSs at current 

density of ~50 mA cm-3; (d) Volumetric energy and power densities for CNT1-RGO4 

WSS with device length of 1, 3, and 6 cm. Scale bars: 1 cm (a), 100 μm (b), 0.5 cm (c). 
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3.3 Conclusions 

A wet-spinning process to prepare CNT-RGO composite fibers with 

unfunctionalized FWNTs for the electrodes of WSSs was developed. The pristine 

FWNTs were dispersed in GO without pre-oxidation or surfactants, allowing the 

FWNTs to maintain their high conductivity and perfect structure. The incorporation of 

such FWNTs effectively enhanced the conductivity, tensile stress and strain of RGO 

fibers simultaneously. The WSSs assembled from the composite fibers with optimized 

CNT content showed large volumetric capacity, good rate capability, high stability and 

excellent flexibility. However, the performance of the devices deteriorated with 

increasing length due to the high linear resistance of CNT-RGO fibers, suggesting a 

critical issue that needs to be solved in order for further development of graphene-based 

WSSs to progess. 
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4. Use of Nitrocellulose as a Sacrificial Template for 
Obtaining Porous Composite Films of Graphene, Few-
Walled Carbon Nanotubes, and Manganese Oxide 

This chapter details an approach towards improving the energy density of 

composite films of graphene, few-walled carbon nanotubes, and manganese oxide by 

using a sacrificial template to create a well-controlled porous structure. In general, the 

sacrificial template is a fibrous polymer that can be incorporated into films and later 

removed through heat, dissolution, or other means, leaving behind pores that are well-

controlled in size and position.  

Macroporous graphene structures have been reported by one such approach, in 

which polystyrene was incorporated into a graphene film and removed by heating; 

MnO2 was then deposited on the film’s surfaces.29 An asymmetric supercapacitor based 

on the macroporous films retained 95% of its initial capacitance after 1000 cycles and 

showed significant improvement in specific capacitance over graphene-MnO2 composite 

films, and this increased performance was attributed to faster ionic transport resulting 

from the porous structure.29 

Here, nitrocellulose from filter paper is used as a sacrificial filler material due to 

its low cost and fibrous structure. Porous composite films of graphene, few-walled or 

multi-walled (MWNT) carbon nanotubes, and manganese oxide were obtained by the 

process shown in Figure 4.1, in which a suspension of nitrocellulose is mixed with the 

aqueous composite, a film is made, and the nitrocellulose is later removed by dissolution 
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in acetone. However, contrary to expectations, the electrochemical performance of the 

resultant porous films was found to decrease with increasing porosity. These results 

highlight the need to carefully balance the interplay between factors such as 

conductivity and porosity when designing structures of complex materials.  

 

Figure 4.1: Schematic diagram of use of a sacrificial material to obtain a porous 

film. A) Solution of desired composite mixed with sacrificial material. B) Film 

containing both desired composite and sacrificial material. C) Porous film made by 

removing sacrificial material. 

4.1 Methods 

4.1.1 Addition and Removal of Sacrificial Material to Various 
Composite Solutions 

A nitrocellulose suspension was made by stirring nitrocellulose filter membranes 

in ethanol overnight (Figure 4.2b). The nitrocellulose suspension was then mixed with 

composite solutions of GO/fMWNT/MnO2 and GO/fFWNT/MnO2, made as described in 

2.1.1. Films of these composites are obtained using vacuum filtration and reduced by 

heating for 1 hour at 80 °C in an aqueous solution containing 1 mL NH4OH and 20 µL 

hydrazine (N2H4). The films were then soaked in acetone for 24 hours to dissolve the 

nitrocellulose (Figure 4.2c), removing it from the films.  
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Figure 4.2: Nitrocellulose in a) ethanol after addition of water, in which it is 

insoluble, b) ethanol, in which it forms an opaque white suspension, and c) ethanol 

after addition of acetone, in which it dissolves immediately.  

4.1.2 Characterization of Films 

Scanning electron microscopy (SEM) with a model FEI XL30 SEM-FEG 

instrument was used to image samples. Films were mounted on titanium plates using 

Nafion and their electrochemical properties were characterized by cyclic voltammetry 

(CV) using a three-electrode configuration in 1 M Na2SO4 (sodium sulfate) electrolyte.  
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4.2 Preliminary Results  

4.2.1 GO/fFWNT/MnO2 and GO/fMWNT/MnO2 Films 

 

Figure 4.3: GO/fMWNT/MnO2 composite films with a) 29% and b) 44%  

nitrocellulose content by mass. GO/fFWNT/MnO2 composite films with c) 29% and d) 

44% nitrocellulose content by mass. Note that the GO/fMWNT/MnO2 films are brittle, 

while the GO/fFWNT/MnO2 films are more flexible. 

Figure 4.3 shows the physical appearance of GO/fMWNT/MnO2 and 

GO/fMWNT/MnO2 films with 29% and 44% added nitrocellulose by mass. Films made 

using MWNT were hard and brittle, while films made with FWNT were paper-like and 

flexible enough to roll up without breaking.  
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4.2.2 SEM Characterization 

Figure 4.4a shows the morphology of nitrocellulose after filtration from 

suspension in ethanol. In Figure 4.4b, nitrocellulose similar to that seen in Figure 4.4a 

can be seen distributed throughout the GO/FWNT/MnO2 composite film. After removal 

of nitrocellulose by acetone, a porous morphology is observed, as shown in Figure 4.4c 

and 4.4d. This demonstrates proof of concept for the strategy of making porous films by 

use of nitrocellulose as a sacrificial filler.  

 

Figure 4.4: a) shows the morphology of nitrocellulose filtered after suspension 

in ethanol. GO/FWNT/MnO2 composite film with b) 60% nitrocellulose content by 

mass (arrows indicate regions with morphology similar to that seen in a), c) and d) 

after nitrocellulose is removed by acetone treatment.  
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However, when a lower nitrocellulose content is used, ribbon-like structures 

rather than pores are observed after acetone treatment, as seen in Figure 4.5.   

 

Figure 4.5: GO/FWNT/MnO2 composite film made with 6% nitrocellulose by 

mass, shown after acetone treatment. The ribbon-like structure is nitrocellulose. 

When water is added to the acetone solution used to treat films, similar ribbons 

are obtained (Figure A.7), suggesting that formation of nitrocellulose ribbons results 

from its insolubility in water. Since the GO solutions used in preparing the films are 

aqueous, this would account for the presence of nitrocellulose ribbons in the film shown 

in Figure 4.5. It seems that at higher nitrocellulose content, the ribbons can readily 

escape from the films and into the solution, whereas at low nitrocellulose content the 
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ribbons become embedded within the film. This could be avoided in future work by 

dispersing the GO in ethanol prior to mixing it with the nitrocellulose suspension. 

4.2.3 Electrochemical Properties of Films 

Figure 4.6 shows the CV curve for an RGO/fFWNT/MnO2 control film, made 

without nitrocellulose. The rectangular shape of the curve, even at higher scan rates, is 

indicative of good performance as a supercapacitor. 

 

Figure 4.6: Cyclic voltammetry curve for RGO/fFWNT/MnO2 control film. The 

almost rectangular shape, even at higher scan rates, suggests that the film performs 

well as a supercapacitor. 

Figure 4.7 shows normalized capacitance as a function of scan rate for the control 

film and films with 25% and 40% added nitrocellulose content by volume of solution 

tested after acetone treatment.  Electrochemical performance is seen to decrease 

drastically as the amount of nitrocellulose used increases. This can also be seen in the CV 

curves for the 25% and 40% films (Figures A.8 and A.9, respectively), as the CV curve for 
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the 25% film has a somewhat rectangular shape, whereas the CV curve for the 40% film 

is spindle-shaped, suggesting low conductivity. These results are contrary to what was 

expected and suggest that, while the strategy described in this chapter was effective in 

increasing film porosity, the conductivity of the films deteriorated in the process. 

 

 

Figure 4.7: Comparison of normalized capacitance as a function of scan rate for 

RGO/fFWNT/MnO2 films with 0%, 25%, and 40% added nitrocellulose by original 

solution volume. 

4.3 Conclusions and Future Directions 

These results demonstrate that RGO/fFWNT/MnO2 composite films with well-

controlled macroporous structures can be made by using nitrocellulose as a sacrificial 

template. However, the electrochemical performance of the resultant films was found to 

decrease with increasing porosity. This highlights that when working to control the 
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structures of complex electrodes with the goal of improving performance, care must be 

taken to balance interrelated factors such as conductivity and porosity. Future work 

along these lines could examine the process used here to identify what steps contributed 

to the unexpectedly low performance of the films as electrodes. Such factors to be 

probed may include the effects of different sacrificial templates, such as polystyrene, 

different means of removal of the sacrificial template, and different pore size 

distributions on electrochemical performance of the resultant films.  
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Appendix A.  

A.1 Self-Assembly of GO Fibers 

Following the procedure described by Tian et al.14, a 1000 mL beaker of aqueous 

graphene oxide was sealed with parafilm and left at room temperature for two weeks. 

Fibers were obtained from the surface, sonicated for one hour, and imaged using SEM 

equipped with energy-dispersive X-ray spectroscopy (EDS). The presence of sulfur, as 

well as of carbon and oxygen, was detected in the fiber, indicating that the fibers are not 

purely graphene oxide but somehow include sulfur. The reasons for this remain unclear, 

but the sulfur likely originates from the sulfuric acid used as a solvent during synthesis 

of graphene oxide. The same experiment was attempted using the RGO/FWNT/MnO2 

composite, but no fibers were observed even after one month. 
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Figure A.1: a-c) SEM images of a cluster of fibers obtained through self-

assembly over a two week period. d) EDS mapping of oxygen in sample e) EDS 

mapping of carbon in sample. Carbon is present throughout the sample because the 

sample was attached to the SEM stub using carbon tape. f) EDS mapping of sulfur in 

the sample, indicating that it is only found in the fiber and thus is not something 

found in the carbon tape. 

A.2 SEM Characterization of GO/FWNT/MnO2 Fibers 
Coagulated in Chloroform 

GO/FWNT/MnO2 fibers made by coagulation in chloroform had lengths on the 

order of millimeters. However, this method offered poor control over resultant 

morphology of the resultant solid: note the pieces of GO/FWNT/MnO2 film also visible 

in Figure A.2. 
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Figure A.2: An 11 mm GO fiber with 11 μm diameter made by coagulation in 

chloroform. Note the presence of film in the sample. 

A.3 SEM Characterization of GO Sheets 

Figure A.3 shows a typical SEM image of GO sheets. The GO sheets have single 

or few-layer (2-3) structures with large sizes of over 50 μm. 
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Figure A.3: Typical SEM image of graphene oxide sheets. 

A.4 Characterization of GO and CNT-GO liquid crystal phase 

The polarized optical micrographs (POMs) of GO and CNT-GO dispersions with 

CNT:GO mass ratios of 1:8 to 1:2 are given in Figure S2. The bright brushes came from 

the GO flakes and/or CNTs orientated perpendicular to one of the crossed polarizer axes 

while the dark brushes are those components located at the parallel direction. The 

opaque parts were CNT bundles, whose amount increased with increasing CNT 

proportion. The POM features indicate that the GO and CNT-GO dispersions belong to 

the nematic liquid crystal phase. 
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Figure A.4: Cross-polarized light optical micrographs of GO (a) and CNT-GO 

aqueous solutions with FWNT:GO mass ratios of 1:8 (b), 1:6 (c), 1:4 (d), 1:3 (e) and 1:2 

(f). Scale bars: 100 μm. 

A.5  Mechanical Properties of GO, CNT-GO, RGO, and CNT-
RGO Fibers 

 

Figure A.5: Stress-strain curves of a) GO and CNT-GO and b) RGO and CNT-

RGO fibers. 
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Table A.1: Mechanical properties of GO and CNT-GO fibers 

 

A.6 Effect of Device Length on Supercapacitor Performance 

Figure A.6 a and b show the galvanostatic charge-discharge curves of the 3 cm 

and 6 cm WSSs, whose CWSS, V at a current density of 50 mA cm-3 were calculated to be 30.6 

and 24.6 F cm-3, respectively. The galvanostatic charge-discharge curves of the 1 cm, 3 

cm and 6 cm WSSs at the same discharge current (IR) of 1 μA are given in Figure A.6 c. 

The internal resistances (RWSS) were calculated from RWSS = VIR / 2IR, where VIR is the voltage 

drop as marked in Figure A.6 c. The RWSS for 1 cm, 3 cm and 6 cm WSSs were 5.0, 9.5, and 

13.0 KΩ, indicating an increase in resistance with increasing device length. As is well 

known, an increased internal resistance for a supercapacitor results in lower specific 

capacitance. 
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Figure A.6: Galvanostatic charge-discharge curves of the 3 cm (a) and 6 cm 

WSSs (b) at current density ranging from 50-800 mA cm-3; (c) Charge-discharge curves 

of the 1, 3 and 6 cm WSSs at the same current of 1 μA. 

A.7 SEM Characterization of Nitrocellulose Ribbons 

Figure A.7 shows nitrocellulose ribbons obtained after addition of water to the 

acetone solutions used to treat the composite films. The ribbons display different 

morphologies, with diameters on the order of 15 µm. 
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Figure A.7: Nitrocellulose ribbons obtained from acetone solutions used to 

treat composite films. 

 



 

62 

References 

1. Jost, K.; Stenger, D.; Perez, C. R.; McDonough, J. K.; Lian, K.; Gogotsi, Y.; Dion, G., 

Knitted and screen printed carbon-fiber supercapacitors for applications in wearable 

electronics. Energy Environ. Sci. 2013, 6 (9), 2698-2705. 

 

2. Cai, X.; Peng, M.; Yu, X.; Fu, Y.; Zou, D., Flexible planar/fiber-architectured 

supercapacitors for wearable energy storage. J. Mater. Chem. C 2014, 2 (7), 1184-1200. 

 

3. Simon, P.; Gogotsi, Y., Materials for Electrochemical Capacitors. Nat. Mater. 2008, 7, 

845-854. 

 

4. Wei, W.; Cui, X.; Chen, W.; Ivey, D. G., Manganese oxide-based materials as 

electrochemical supercapacitor electrodes. Chem. Soc. Rev. 2011, 40 (3), 1697-1721. 

 

5. Yu, G.; Hu, L.; Vosgueritchian, M.; Wang, H.; Xie, X.; McDonough, J. R.; Cui, X.; Cui, 

Y.; Bao, Z., Solution-processed graphene/MnO2 nanostructured textiles for high-

performance electrochemical capacitors. Nano Lett. 2011, 11 (7), 2905-2911. 

 

6. Cheng, Y.; Lu, S.; Zhang, H.; Varanasi, C. V.; Liu, J., Synergistic effects from graphene 

and carbon nanotubes enable flexible and robust electrodes for high-performance 

supercapacitors. Nano Lett. 2012, 12 (8), 4206-4211. 

 

7. Xu, Z.; Gao, C., Graphene chiral liquid crystals and macroscopic assembled fibres. Nat. 

Commun. 2011, 2, 571-578. 

 

8. Xu, Z.; Sun, H.; Zhao, X.; Gao, C., Ultrastrong fibers assembled from giant graphene 

oxide sheets. Adv. Mater. 2013, 25 (2), 188-193. 

 

9. Cong, H. P.; Ren, X. C.; Wang, P.; Yu, S. H., Wet-spinning assembly of continuous, 

neat, and macroscopic graphene fibers. Sci. Rep. 2012, 2, 613-618. 

 

10. Sun, J.; Li, Y.; Peng, Q.; Hou, S.; Zou, D.; Shang, Y.; Li, Y.; Li, P.; Du, Q.; Wang, Z.; 

Xia, Y.; Xia, L.; Li, X.; Cao, A., Macroscopic, Flexible, High-Performance Graphene 

Ribbons. ACS Nano 2013, 7 (11), 10225–10232. 

 

11. (a) Zhang, D.; Qi, L., Synthesis of mesoporous titania networks consisting of anatase 

nanowires by templating of bacterial cellulose membranes. Chem. Commun. 2005, 2735-

2737; (b) Huang, J.; Kunitake, T., Nano-Precision Replication of Natural Cellulosic 

Substances by Metal Oxides. J. Am. Chem. Soc. 2003, 125, 11834-11835. 



 

63 

 

12. Aoki, Y.; Huang, J.; Kunitake, T., Electro-conductive nanotubular sheet of indium tin 

oxide as fabricated from the cellulose template. J. Mater. Chem. 2006, 16, 292-297. 

 

13. Qian, C. Q., Hang; Liu, Jie., Effect of Tungsten on the Purification of Few-Walled 

Carbon Nanotubes Synthesized by Thermal Chemical Vapor Deposition Methods. J. 

Phys. Chem. C 2007, 111, 131-133. 

 

14. Tian, Z.; Xu, C.; Li, J.; Zhu, G.; Shi, Z.; Lin, Y., Self-assembled free-standing graphene 

oxide fibers. ACS Appl. Mater. Inter. 2013, 5 (4), 1489-1493. 

 

15. Dayal, P.; Kyu, T., Porous Fiber Formation in Polymer-Solvent System Undergoing 

Solvent Evaporation. J. Appl. Phys. 2006, 100 (043512), 1-6. 

 

16. Jalili, R.; Aboutalebi, S. H.; Esrafilzadeh, D.; Shepherd, R. L.; Chen, J.; Aminorroaya-

Yamini, S.; Konstantinov, K.; Minett, A. I.; Razal, J. M.; Wallace, G. G., Scalable One-Step 

Wet-Spinning of Graphene Fibers and Yarns from Liquid Crystalline Dispersions of 

Graphene Oxide: Towards Multifunctional Textiles. Adv. Func. Mater. 2013, 23 (43), 5345-

5354. 

 

17. Yang, X.; Tu, Y.; Li, L.; Shang, S.; Tao, X. M., Well-dispersed chitosan/graphene oxide 

nanocomposites. ACS Appl. Mater. Inter. 2010, 2 (6), 1707-1713. 

 

18. Samal, S. K.; Dash, M.; Van Vlierberghe, S.; Kaplan, D. L.; Chiellini, E.; van 

Blitterswijk, C.; Moroni, L.; Dubruel, P., Cationic polymers and their therapeutic 

potential. Chem. Soc. Rev. 2012, 41 (21), 7147-7194. 

 

19. Konkena, B.; Vasudevan, S., Understanding Aqueous Dispersibility of Graphene 

Oxide and Reduced Graphene Oxide through pKa Measurements. J. Phys. Chem. Lett. 

2012, 3 (7), 867-872. 

 

20. Tao, J.; Liu, N.; Ma, W.; Ding, L.; Li, Y.; Su, J.; Gao, Y., Solid-State High Performance 

Flexible Supercapacitors Based on Polypyrrole-MnO2-Carbon Fiber Hybrid Structure. 

Sci. Rep. 2013, 3 (2286), 1-7. 

 

21. Gogotsi, Y., Energy storage wrapped up. Nature 2014, 509, 568-570. 

 

22. (a) Lima, M. D.; Fang, S.; Lepró, X.; Lewis, C.; Ovalle-Robles, R.; Carretero-González, 

J.; Castillo-Martínez, E.; Kozlov, M. E.; Oh, J.; Rawat, N.; Haines, C. S.; Haque, M. H.; 

Aare, V.; Stoughton, S.; Zakhidov, A. A.; Baughman, R. H., Biscrolling Nanotube Sheets 



 

64 

and Functional Guests into Yarns. Science 2011, 331, 51-55; (b) Ren, J. B., Wenyu; Guan, 

Guozhen; ; Zhang, Y. P., Huisheng Flexible and Weaveable Capacitor Wire Based on a 

Carbon Nanocomposite Fiber. Adv. Mater. 2013, 25, 5965-5970; (c) Chen, X. Q., Longbin; 

Ren, Jing; Guan, Guozhen; Lin, Huijuan; Zhang, Zhitao; Chen, Peining; Wang, 

Yonggang; Peng, Huisheng, Novel Electric Double-Layer Capacitor with a Coaxial Fiber 

Structure. Adv. Mater. 2013, 25, 6436-6441; (d) Lee, J. A.; Shin, M. K.; Kim, S. H.; Cho, H. 

U.; Spinks, G. M.; Wallace, G. G.; Lima, M. D.; Lepro, X.; Kozlov, M. E.; Baughman, R. 

H.; Kim, S. J., Ultrafast charge and discharge biscrolled yarn supercapacitors for textiles 

and microdevices. Nat. Commun. 2013, 4, 1970; (e) Meng, Y.; Zhao, Y.; Hu, C.; Cheng, H.; 

Hu, Y.; Zhang, Z.; Shi, G.; Qu, L., All-graphene core-sheath microfibers for all-solid-

state, stretchable fibriform supercapacitors and wearable electronic textiles. Adv. Mater. 

2013, 25 (16), 2326-2331; (f) Li, Y.; Sheng, K.; Yuan, W.; Shi, G., A high-performance 

flexible fibre-shaped electrochemical capacitor based on electrochemically reduced 

graphene oxide. Chem. Commun. 2013, 49, 291-293; (g) Cheng, H.; Dong, Z.; Hu, C.; Zhao, 

Y.; Hu, Y.; Qu, L.; Chen, N.; Dai, L., Textile electrodes woven by carbon nanotube-

graphene hybrid fibers for flexible electrochemical capacitors. Nanoscale 2013, 5 (8), 3428-

3434; (h) Xu, P.; Gu, T.; Cao, Z.; Wei, B.; Yu, J.; Li, F.; Byun, J.-H.; Lu, W.; Li, Q.; Chou, T.-

W., Carbon Nanotube Fiber Based Stretchable Wire-Shaped Supercapacitors. Adv. 

Energy Mater. 2014, 4, 1300759; (i) Le, V. T.; Kim, H.; Ghosh, A.; Kim, J.; Chang, J.; Vu, Q. 

A.; Pham, D. T.; Lee, J.-H.; Kim, S.-W.; Lee, Y. H., Coaxial Fiber Supercapacitor Using 

All-Carbon Material Electrodes. ACS Nano 2013, 7, 5940-5947; (j) Choi, C.; Lee, J. A.; 

Choi, A. Y.; Kim, Y. T.; Lepró, X.; Lima, M. D.; Baughman, R. H.; Kim, S. J., Flexible 

Supercapacitor Made of Carbon Nanotube Yarn with Internal Pores. Adv. Mater. 2014, 

26, 2059-2065; (k) Meng, Q.; Wu, H.; Meng, Y.; Ke, X.; Wei, Z.; Guo, Z., High-

Performance All-Carbon Yarn Micro-Supercapacitor for an Integrated Energy System. 

Adv. Mater. 2014, 26, 4100-4106; (l) Kou, L.; Huang, T.; Zheng, B.; Han, Y.; Zhao, X.; 

Gopalsamy, K.; Sun, H.; Gao, C., Coaxial Wet-Spun Yarn Supercapacitors for High-

Energy Density and Safe Wearable Electronics. Nat. Commun. 2014, 5, 3754; (m) Yu, D.; 

Goh, K.; Wang, H.; Wei, L.; Jiang, W.; Zhang, Q.; Dai, L.; Chen, Y., Scalable Synthesis of 

Hierarchically Structured Carbon Nanotube–Graphene Fibres for Capacitive Energy 

Storage. Nature Nanotech 2014, 9, 555-562. 

 

23. (a) Ericson, L. M.; Fan, H.; Peng, H.; Davis, V. A.; Zhou, W.; Sulpizio, J.; Wang, Y.; 

Booker, R.; Vavro, J.; Guthy, C. A.; Parra-Vasquez, N. G.; Kim, M. J.; Ramesh, S.; Saini, R. 

K.; Kittrell, C.; Lavin, G.; Schmidt, H.; Adams, W. W.; Billups, W. E.; Pasquali, M.; 

Hwang, W. F.; Hauge, R. H.; Fischer, J. E.; Smalley, R. E., Macroscopic Neat Single-

Walled Carbon Nanotubes Fibers. Science 2004, 305, 1447-1450; (b) Behabtu, N.; Young, 

C. C.; Tsentalovich, D. E.; Kleinerman, O.; Wang, X.; Ma, A. W. K.; Bengio, E. A.; ter 

Waarbeek, R. F.; de Jong, J. J.; Hoogerwerf, R. E.; Fairchild, S. B.; Ferguson, J. B.; 

Maruyama, B.; Kono, J.; Talmon, Y.; Cohen, Y.; Otto, M. J.; Pasquali, M., Strong, Light, 



 

65 

Multifunctional Fibers of Carbon Nanotubes with Ultrahigh Conductivity. Science 2013, 

339, 182-186; (c) Zhang, M.; Atkinson, K. R.; Baughman, R. H., Multifunctional Carbon 

Nanotube Yarns by Downsizing an Ancient Technology. Science 2004, 306, 1358-1361. 

 

24. Xiang, C.; Young, C. C.; Wang, X.; Yan, Z.; Hwang, C.-C.; Cerioti, G.; Lin, J.; Kono, J.; 

Pasquali, M.; Tour, J. M., Large Flake Graphene Oxide Fibers with Unconventional 100% 

Knot Efficiency and Highly Aligned Small Flake Graphene Oxide Fibers. Adv. Mater. 

2013, 25, 4592-4597. 

 

25. Lu, W.; Zu, M.; Byun, J.-H.; Kim, B.-S.; Chou, T.-W., State of the Art of Carbon 

Nanotube Fibers: Opportunities and Challenges. Adv. Mater. 2012, 24, 1805-1833. 

 

26. (a) Du, J. H.; Pei, S. F.; Ma, L. P.; Cheng, H. M., Carbon Nanotube- and Graphene-

Based Transparent Conductive Films for Optoelectronic Devices. Adv. Mater. 2014, 26, 

1958-1991; (b) Cheng, Y.; Zhang, H.; Lu, S.; Varanasi, C. V.; Liu, J., Flexible asymmetric 

supercapacitors with high energy and high power density in aqueous electrolytes. 

Nanoscale 2013, 5 (3), 1067-1073. 

 

27. Shin, M. K.; Lee, B.; Kim, S. H.; Lee, J. A.; Spinks, G. M.; Gambhir, S.; Wallace, G. G.; 

Kozlov, M. E.; Baughman, R. H.; Kim, S. J., Synergistic Toughening of Composite Fibres 

by Self-Alignment of Reduced Graphene Oxide and Carbon Nanotubes. Nat. Commun. 

2012, 3, 650. 

 

28. (a) Jalili, R.; Aboutalebi, S. H.; Esrafilzadeh, D.; Konstantinov, K.; Moulton, S. E.; 

Razal, J. M.; Wallace, G. G., Organic Solvent-Based Graphene Oxide Liquid Crystals: A 

Facile Route toward the Next Generation of Self-Assembled Layer-by-Layer 

Multifunctional 3D Architectures. ACS Nano 2013, 7, 3981-3990; (b) Qiu, L.; Yang, X.; 

Gou, X.; Yang, W.; Ma, Z.-F.; Wallace, G. G.; Li, D., Dispersing Carbon Nanotubes with 

Graphene Oxide in Water and Synergistic Effects between Graphene Derivatives. Chem. 

Eur. J. 2010, 16, 10653-10658. 

 

29. Choi, B. G.; Yang, M.; Hong, W. H.; Choi, J. W.; Huh, Y. S., 3D Macroporous 

Graphene Frameworks for Supercapacitors with High Energy and Power Densities. ACS 

Nano 2012, 6, 4020-4028. 

 


