
ABSTRACT 

HE, NANFEI. Graphene-Based Functional Fibers and Their Applications in Energy-Storage 

Textiles. (Under the direction of Dr. Wei Gao). 

 

This thesis summarizes our exploration of various strategies to fabricate graphene-based 

fibers with different components and distinct structures from wet-spinning processes, followed by 

the demonstration of these fibers as effective electrodes in one-dimensional (1D) fiber/yarn shaped 

supercapacitors. 1D flexible fiber supercapacitors (FSCs) have recently attracted great interests as 

promising energy-storage units that can be seamlessly incorporated into textiles via weaving, 

knitting or braiding. The major challenge existing in this field is to develop tougher and more 

efficient FSCs with a relatively easy and scalable fabrication process. Graphene, due to its 

attractive intrinsic merits, including large surface area, good mechanical strength, and high 

electrical conductivity, has been extensively studied as electrode materials for electrochemical 

double-layer capacitors (EDLCs). Thanks to the liquid crystalline behavior of graphene oxide 

(GO) dispersions, graphene fibers can be fabricated via solution processing of GO followed by 

chemical reduction or thermal treatment to reduced graphene oxide (rGO) fibers. Among all the 

fiber-extrusion processes, wet-spinning technique is the most feasible and scalable pathway to 

make continuous GO fibers, during which fiber structures and subsequent properties can be easily 

tuned. Wet-spun GO/rGO fibers have been widely investigated in literature, but challenges still 

exist to combine large surface area, high electrical conductivity, and sufficient mechanical 

strength/toughness within an individual fiber. Trade-offs have to be made between the highly 

desired microscale surfaces for energy storage and the satisfactory mechanical and electrical 

properties for real-world applications. To address the above-mentioned dilemma, we first studied 

the effect of solvent and coagulation bath on the morphology, structure, mechanical and electrical 

properties of the resulted rGO fibers. Large surface area and high toughness were realized in rGO 



fibers fabricated from the combination of NMP/ethyl acetate as the dope-solvent/coagulant pair, 

which is superior to the H2O/glacial acetic acid pair for solid-state FSC applications. Later on, in 

order to improve the mechanical strength and electrical conductivity of fibers, we introduced ionic 

cross-linkers into the coagulant by utilizing the solvent-exchange process happening during 

coagulation. Various cations with different charge densities were investigated, including trivalent 

Al3+, Fe3+ and divalent Ca2+. A strong correlation between the charge density of the cations and 

the resulted fiber morphology has been observed, with the higher cation charge density leading to 

more wrinkled surfaces, higher toughness, and thus improved specific capacitance. In addition to 

EDLC, we introduced pseudocapacitive materials, MXene (Ti3C2Tx), into rGO fibers to further 

improve the capacitance and energy density of the final devices. By optimizing the weight ratio 

between GO and MXene, heterostructured rGO&MXene fibers with balanced mechanical and 

electrical properties were obtained. Furthermore, electrolyte mediated rGO&MXene (EM-

rGO&MXene) fibers with H2SO4 incorporated, demonstrated good wettability and excellent 

capacitance, exceeding most of state-of-the-art fiber electrodes. EM-rGO&MXene fibers can be 

further twisted into yarn electrodes, followed by electrolyte incorporation to yarn-shaped 

supercapacitors (YSCs). Our YSCs show good capacitive performance and good bending stability, 

with tunable mechanical/electrochemical features to satisfy various requirements in both textile 

processing and energy-storage applications. 
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Chapter 1 Graphene Based Functional Fibers and Their 

Applications in Energy-Storage Textiles 

Graphene oxide (GO) is a wrinkled two-dimensional (2D) atomic layer of oxidized 

graphite, with the thickness around 1 nm and lateral dimensions varying between a few nanometers 

and tens of microns. On its basal plane and peripheries, there are sp2 carbon-based lattices and 

various oxygen-containing functional groups (epoxy, hydroxyl and carboxyl groups).12-13 GO can 

be produced in large scale from pristine graphite by various wet-chemical processes, and used to 

be considered as an important precursor to graphene.14  

Those reactive oxygenated groups on GO can be further modified or functionalized, 

leading to a variety of GO derivatives, with dramatically different physical and chemical 

properties. In addition, with the oxygenated groups, GO can be dispersed in water or some organic 

solvents through sonicating or mechanical stirring,15-16 exhibiting higher processability as 

compared to graphene. Therefore, solution processing of GO used to be considered as one of the 

most promising pathways to achieve the mass production of graphene. 

Typically, GO is electrically insulating due to the large portion of sp3 hybridized carbon 

atoms bonded with the oxygen-containing groups.17 Upon chemical reduction or thermal 

annealing, the electrical conductivity of reduced GO (rGO) can be improved at varying degrees up 

to several orders of magnitude. However, there is still a big gap between the graphene materials 

derived from GO and their mechanically cleaved counterpart in terms of crystallinity and carrier 

mobility, thus the consequent conductivity.18-20 Since during GO synthesis, the harsh chemical 

oxidation environment creates lots of defects and vacancies within the sp2 carbon lattice, which 

are difficult to recover by subsequent reduction.21 Therefore, to be clear, we will use the term rGO 

for the GO derived graphene in the following discussions.  
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GO can be taken as 2D building blocks to construct macroscopic materials through the 

bottom-up approaches. Upon reduction, homogenous rGO based materials can be formed in a 

macroscopic scale in various dimensions. Since the discovery of lyotropic liquid crystals (LCs) 

behavior of GO dispersion in 2011, the macroscopic one-dimensional (1D) GO fibers and 

subsequent rGO fibers up to meters and kilometers long, have been fabricated through a scalable 

wet-spinning technique.2 Since then, a colossal amount of research activities have been devoted to 

optimizing the performance of the GO and rGO fibers in terms of mechanical, electrical, thermal 

and other properties. Apart from wet-spinning, some other fiber preparation methods, such as 

dimensionally confined hydrothermal strategy and direct film conversion,22-23 have also been 

developed. GO and rGO fibers have shown several promising applications in energy storage, light-

weight conductor, actuator, and so on, which offer great potential to be seamlessly integrated into 

electronic textiles.  

1.1. Fabrication of Graphene Based Fibers 

Traditional fiber extrusion techniques for synthetic fibers include melting spinning from 

polymer melts and solution spinning from polymer solutions.24 The low thermal stability of GO 

excludes its possibility in melt spinning, leaving solution spinning the major option. According to 

the intrinsic properties of spinning dopes and the fiber solidifying mechanisms, solution spinning 

can be further classified into various types, i.e. dry spinning, gel spinning, phase separation wet 

spinning and liquid crystalline wet spinning.  

As the most accessible precursor of graphene, GO possesses good dispersibility in water 

and polar organic solvents, and can form lyotropic nematic LCs, a typical mesophase of highly 

anisotropic colloids, over a critical concentration.14 Inspired by the fabrication of carbon nanotube 

(CNT) fibers and Kevlar fibers from their liquid crystalline spinning dopes through liquid 
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crystalline wet spinning, GO fibers and subsequent rGO fibers were first developed via LC wet-

spinning technique by Gao’s group in 2011.2 The LC wet-spinning technique ensures a continuous 

process to align 2D GO sheets along a uniaxial direction. Besides LC wet-spinning, other 

alternative methods have also been developed to fabricate GO/rGO fibers, such as dimensionally 

confined hydrothermal strategy and film conversion strategy etc.22-23  

In the preparation processes of GO/rGO fibers, initial GO dispersions play a critical role in 

determining the processability and properties of the final fiber products. Thus, in this section, we 

will first discuss the properties of GO dispersions. Afterwards, we will introduce various fiber 

fabrication methods in detail.  

1.1.1. Properties of GO Dispersions 

The rheological nature of GO dispersion plays a critical role in solution assembly toward 

macroscopic fibers, thus the understanding of fluid physics of GO dispersions is of high 

significance. It decides the processability of fibers, such as the spinnability in LC wet-spinning, 

and the multiscale structure of formed macroscopic fibers.  

GO, although synthesized via oxidation of graphite, retains the intrinsic anisotropic nature 

of graphene. GO’s lateral size largely depends on the size of graphite precursor, and the level of 

oxidation, typically ranging from a few nanometers up to tens of micrometers.15, 25 The oxygenated 

functional groups including hydroxyl, carboxyl and epoxy on the sheets basal plane and 

peripheries, enable GO to be uniformly dispersed in water and some polar organic solvents, such 

as N,N-dimethyl formamide (DMF) and N-cyclohexyl-2-pyrrolidone (NMP). The concentration 

of stable GO dispersions in water can reach as high as 80 mg mL-1.14, 16 The high anisotropy and 

good dispersibility of GO in good solvents ensure the formation of LCs.1 According to Onsager’s 

theory, the formation of nematic LC is entropy-driven, originating from the competition between 
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orientational and positional entropy.26 However, this theory was established on rigid rods. In 

contrast, GO is a functionalized superflexible 2D material.27 Other than losing orientational 

entropy during phase transformation, GO also loses considerable configurational entropy. In 

addition, it has been indicated that the electrostatic interactions and steric hindrance as well as the 

effect of solvent molecules among GO sheets should be taken into account for understanding the 

GO LC formation. 28  

 

Figure 1.1 (a-b) typical POM images of nematic (a) and lamellar mesophases of GO LC dispersion 

(adapted from ref. 16);1 (c) schematic illustration of the calculation of aspect ratio (adapted from 

ref. 3);14 (d) chiral mesophase of GO LC dispersion;2 (e) proposed model for one pitch of GO 

chiral LCs (d and e adapted from ref. 11).2 

The lyotropic liquid crystalline behavior of GO was discovered in 2011 by different 

research groups.1, 29-31 The phase transition of GO LC dispersion is largely depending on its 

concentration, which can be observed through polarized optical microscopy (POM). The studies 

by Xu et al.1 showed that the isotropic-nematic transition for GO with a strong anisotropy of 

~~2600 (average lateral size of 2.1 μm and thickness of 0.8 nm) occurred at a low mass fraction 
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of 0.025 wt%. When the concentration was 0.5 wt %, a strong birefringent Schlieren texture with 

dark and bright brushes (Figure 1.1a) spread the whole dispersion, meaning the formation of 

nematic phase. As the concentration increased to 1 wt %, it showed regular lamellar structure 

(Figure 1.1b).  

According to the equation Φ = 4T/W (T the thickness and W the lateral size of GO sheet) 

(Figure 1.1c), the larger the GO sheet, the higher the aspect ratio, thus the lower the critical phase 

transition concentration.26 Aboutalebi et al. synthesized GO sheets with extremely high aspect 

ratio over 30 000, which led to the lowest reported critical concentration for LC transition of 0.1 

wt%.31 In addition, the polydispersibility in the lateral size would cause the broad biphasic 

(isotropic & nematic) region of GO LC.1 With a narrowly polydispersed GO (13% of the 

polydispersity, which is the relative standard deviation of the lateral size distribution),32 a new 

chiral mesophase with a long range helical twist-grain-boundary lamellar ordering was found 

besides normal nematic and lamellar phases, showing a typical fingerprint texture of cholesteric 

phase (Figure 1.1d).2 The unique twisted lamellar structure is driven by the electrostatic repulsion 

between GO sheets boundaries. A model with a twist-lamellar block for the chiral GO LC was 

constructed as shown in Figure 1.1e.  
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Figure 1.2 (a) left: aqueous GO LC dispersion (0.5 wt %); right: 0.01 wt % GO aggregate upon 

adding 50 mM NaCl (adapted from ref. 20);29 (b-c) POM images of GO (b) and GO+KOH (c) 

dispersion, respectively (adapted from ref. 24);33 (d-g) representative POM images of LC GO in 

various organic solvents at a concentration of 2.5 mg mL-1 (adapted from ref. 25).34 

Thanks to the electrostatic repulsion between negative charges on individual GO sheet 

surfaces, GO can form stable dispersions in aqueous media. Meanwhile, it is crucial to remove 

acid and ionic impurities, which could deteriorate the repulsive electrostatic interactions, to ensure 

the long-term stability of GO LC formation.14 It is reported that 50 mM NaCl could induce GO 

sheets aggregate (Figure 1.2a).29 On the contrary, strong bases such as KOH can induce the 

formation of highly oriented LC at a lower concentration, exhibiting an ordered laminar texture 

with highly aligned and continuous bands, as compared to that of pure GO dispersions (Figure 
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1.2b-c).33 This is because the treatment with KOH can partially reduce GO, extending the rigid 

domains of GO sheets and enhancing the electrostatic repulsion between GO sheets, which lead to 

increased fluidity of the GO dispersion.  

Apart from aqueous GO LC dispersion, researchers have also studied the GO LC behaviors 

in organic solvents. Wallace et al. demonstrated the GO LC phase in a wide range of organic 

solvents such as DMF, NMP, tetrahydrofuran (THF), ethanol, and acetone etc. (Figure 1.2d-g).34 

The phase transition concentration strongly depends on the intrinsic properties of solvents, such as 

solvent polarity, surface tension and the major interaction hydrogen bonding. However, they did 

not systematically study the long-term stability of these GO-LC dispersions in organic solvents. 

In order to optimally fabricate GO macroscopic materials through solution assembly 

techniques, especially LC wet spinning, it is critical to understand the rheological behavior of GO 

LC dispersions. The studies from Xu et al. and Yang et al. revealed that the GO LCs exhibited 

shear thinning behavior, with reduced viscosity upon shearing and non-Newtonian flow curves 

with yield values (the threshold stress for the fluid to deform or flow),35 as a result of LC alignment 

along flow direction. 1, 36 Song et al.37 studied the shear thinning behavior of GO LC dispersion 

through the analysis of scalar and biaxiality order parameters, which are the quantifying 

parameters of LC orientational order. They suggested both the ordering of individual GO sheets 

and inter-sheets interactions are the reasons for shear thinning behavior.  

Specifically, for fiber spinning, the processability is referring to spinnability. Wallace et 

al.38 studied the spinnability of GO LC dispersion as a function of concentration with the size of 

GO sheets fixed at ultra-large dimensions (~37 μm). The full nematic phase was formed as the GO 

concentration increased to 0.75 mg mL-1. In this region, its rheological behavior exhibited as a 
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plastic non-Newtonian liquid, which is suitable for wet-spinning.39 The strong cohesion of the 

spinning dope was formed and long lengths of robust gel fibers were produced.40 

Wallace et al. also studied the spinnability of a range of GO dispersions with various GO 

sizes at fixed concentration (2.5 mg mL-1).28 The results showed that large-sized GO LCs (> 1.5 

μm) behaved full nematic phenomenon and non-Newtonian flow curves with yield values, which 

was typical shear thinning fluids suitable for LC wet-spinning (Figure 1.3a). However, the small-

sized GO sheets (< 0.7 μm) exhibited Newtonian flow curve with no yields and no spinnability 

(Figure 1.3b). GO dispersions with intermediate size carry a weak yield value that can only 

produce short length fiber.  

 

Figure 1.3 (a) Upon applying shear stress, nematic domains in large-sized GO LC dispersion are 

sheared and oriented along the direction of shear stress, resulting in continuous fibers via wet 

spinning; (b) in the case of small-sized GO with same concentration, no orientation is induced as 

applied shear force and found to be non-spinnable (adapted from ref. 19).28 



 

9 

 

Other researcher also correlates the spinnability of GO LC dispersions with the GO size 

and concentration. Xu et al. reported that when the GO size was 21 μm, the critical concentration 

of the GO dope for spinning was 4 mg mL-1; and when the size was further reduced to 0.91 μm, 

the concentration increased to 81 mg mL-1.2, 41 

The flexibility and high aspect ratio (> 104) of individual GO sheet, combined with strong 

sheet interactions (van der Waals, hydrogen bonds, etc.) are responsible for the assembly of 

continuous GO fibers. Even when infilled with metal nanowires3, 42 or modified with polymer 

molecules,43-46 GO dispersions still maintain their LC behavior and processability, resulting in 

various multifunctional GO and rGO fibers. 

1.1.2. Wet-Spinning Method 

Generally, wet spinning of GO fibers can be divided into three stages:  

(1) An LC GO spinning dope undergoing shear force along the flow direction is extruded 

through a spinneret into certain coagulation bath.  

(2) Solvent exchange between the spinning dope and coagulation bath, resulting in free-

standing gel GO fibers. Meanwhile, the gel fibers are subjected to elongation stretch by rotating 

the coagulation bath or axial drawing by a collection unit, as shown in Figure 1.4a-b,41 promoting 

higher degree of alignment along fiber axis. 

(3) Drying procedure. The evaporation of liquids in gel fiber brings the radial shrinkage, 

the buckling of GO sheets, and final compact stacking of solid GO fiber with typical wrinkled 

surfaces.  

The subsequent rGO fibers can be produced by chemical or thermal treatment of GO fibers. 

The wet-spun GO fibers and rGO fibers can well inherit the orientational ordering of GO LCs in 

the flowing spinning dopes. 
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Figure 1.4 The schematic of wet-spinning processes from GO LC spinning dope, drawing by (a) 

a rotating coagulation bath and (b) a collection unit (adapted from ref. 32);41 (c) confined 

hydrothermal approach to rGO fibers, where GO was reacted with vitamin C in a PP pipeline for 

1 h at 80°C, and then drying in air (adapted from ref. 12);22 (d) a GO film was cut into long strips 

and twisted into GO fiber (adapted from ref. 13).23 

Many parameters of wet-spinning can be utilized to control the structure and properties of 

GO/rGO fibers, such as solvent and concentration of GO, coagulation bath, draw ratio, the 

diameter of spinneret etc. Among them, the coagulation bath is one of the most important factors 

that determine the spinning process and fiber properties. Here are some coagulation methods: non-

solvent precipitation (acetone, ethanol etc.), dispersion destabilization using acid, base or salt 

solutions (acetic acid, NaOH etc.), ionic cross-linking using multivalent cations (Ca2+, Cu2+ etc.), 

and coagulation by amphiphilic or oppositely charged polymers (chitosan etc.).40 The chosen of 
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coagulation bath is largely depending on the requirement of the final properties (mechanical, 

electrical, specific surface area etc.) of GO/rGO fibers and their applications. For example, the 

coagulation bath should have a balanced exchanging rate with the solvent of GO, in order to get a 

compact structure of GO fibers.47 On the contrary, the rapid coagulation speed could result in 

porous fiber structure.4 In addition, the draw ratio is another important factor in determining fiber 

properties by controlling the orientation degree of GO sheets. By adjusting the ratio of coagulation 

rotation speed or fiber collection velocity to the spinning dope extrusion velocity, GO fibers with 

different draw ratio could be obtained.  

1.1.3. Other Methods 

Aside from the LC wet-spinning method, other strategies have also been developed to 

produce macroscopic GO/rGO fibers. 

One available strategy is dimensionally confined hydrothermal approach.22, 48 Instead of 

extrusion into a coagulation bath, the GO dispersion (with or without chemical reduction agents) 

is injected into and sealed in a tube, then kept under suitable temperature. High temperature or 

chemical reduction can detach the oxygen-containing groups in GO, decreasing the electrostatic 

repulsion of GO sheets and inducing the precipitation to form a gel fiber. Afterwards, dry rGO 

fibers can be obtained by further removing the solvent. Li et al.22 injected GO together with 

reduction agent (vitamin C) dispersions into a polypropylene (PP) tube and heated to moderate 

temperature 80°C for 1h (Figure 1.4c). The GO was simultaneously reduced and assembled into a 

gel-state rGO fiber. After extraction and drying, an electrically conductive rGO fiber was obtained. 

By adjusting the mold structure and GO dispersion composition, this hydrothermal method was 

also used to fabricate hollow and composite rGO fibers.49-50 A certain degree of rGO sheet 

orientation could be observed, due to the capillary-induced shear forces and surface-tension-
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induced sheet interactions. However, the sheet alignment is always inferior as compared to that 

produced via the wet-spinning method.48 In addition, the hydrothermal method are inherently 

limited in scaling up to produce thousands of meters long fibers.  

Film scrolling is another method to fabricate rGO fibers, usually with helical structures 

consisting of uniformly arranged loops. Large-area free-standing and flexible GO film with 

uniform and desired thickness could be easily prepared by coating GO solution onto a plane 

substrate such as PTFE plate or through film wet-spinning.23, 51-52 After cutting into narrow strips, 

GO films were suspended and twisted in a humid atmosphere by using an electrical motor to 

prepare helical GO fibers with tunable diameters (Figure 1.4d).23After reduction, GO fibers turned 

into helical rGO fibers.  

GO LC dispersion is a useful host for various foreign guests, such as metal nanowires, 

nanoparticles and polymers, thus numerous GO based composite fibers with multifunctional 

properties can be fabricated. Confined hydrothermal approach and film converting approach are 

with low production efficiency and unsuitable for large-scale manufacturing. In comparison, wet-

spinning is the most feasible technique for scale-up production of continuous fibers up to 

kilometers long. In addition, by modifying the structure of the spinneret and coagulation bath 

composition, core-shell, hollow, and porous fibers can be produced via wet-spinning protocols.4, 

53-55 The characteristics and properties of GO and rGO fibers vary with the raw materials and 

synthesis method, which will be discussed in the following sections.  
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Table 1.1 Mechanical and electrical conductivity of GO/rGO fibers reported in literature. 

Method 
Fiber 

composition 

Tensile 

strength/

MPa 

Young’s 

modulus

/GPa 

Failure 

strain/

% 

Electrical 

conductivity/

S cm-1 

5 % NaOH/methanol bath, HI 

reduced2 

GO 102 5.4 10.1 --- 

rGO 104 7.7 5.8 250 

5% CaCl2/H2O bath, HI reduced41 
GO 364.4 6.3 6.8 --- 

rGO 501.5 11.2 6.7 410 

GO@DMF, ethyl acetate bath, HI 

reduced9 

rGO 360 --- 10 280 

rGO&Ag 305 --- 5.5 910-930 

0.05% CTAB/H2O bath, HI reduced59 
GO 145 4.2 --- --- 

rGO 182 8.7 --- 35 

Ethyl acetate bath, 1000°C annealed60 
GO 214 47 0.61 --- 

rGO    294 

1% chitosan bath40 GO 442 22.6 3.6 --- 

1M NaOH bath, 220°C overnight40 rGO 115 9 --- 2.8 

GO&NaDC@H2O, Ethanol bath, HI 

reduced61 
rGO 238 --- 2.2 308 

Liquid nitrogen bath, HI reduced55 
GO 6.9 0.27 4.6 --- 

rGO 11.1 0.35 6.2 20 

GO&NaOH@H2O, Acetic acid bath, 

HI reduced62 
rGO 208 10.9 --- 15.3 

5% CaCl2/H2O bath, 1800°C 

annealed63 
rGO 1080 77.6 1.5 1110 

10% CaCl2/H2O bath (dry-jet) 64 GO 135.8 7.9 5.9 --- 

GO@chlorosulfonic acid, ether bath, 

1500°C (dry-jet) 65 

GO 33.2 3.2 1.64 --- 

rGO 383 39.9 0.97 285 

GO@DMF, ethyl acetate bath, 

3000°C annealed66 
rGO 1450 282 0.5 8000 

GO@DMF, ethyl acetate bath, 

3000°C annealed67 
K-doped rGO --- --- --- 2.25*105 

GO@DMF, ethyl acetate&DCM 

bath, 2500°C annealed68 

rGO with Ag 

electrodeposit

ed 

--- --- --- 2.2*105 

GO&phenolic resion@H2O&ethanol, 

2% CaCl2/ethyl acetate&methanol 

bath, 1000°C annealed69 

rGO&phenolic 

carbon (9/1) 
1450 120 1.8 840 

Ionic liquid bath, HI reduced70 
GO 387.3 32.8 1.18 --- 

rGO 412.2 10.7 3.48 181.9 

5% CaCl2/H2O bath, HI reduced44 
GO&HPG 452 8.31 5.4 --- 

rGO&HPG 555 15.9 5.6 32.09 

5% CaCl2/H2O bath, HI reduced45 GO&GMA 500 18.8 --- --- 

Hydrothermal, 230°C 2h48 rGO 180 --- 4.2 ca. 10 

Hydrothermal, 220°C 6h50 

rGO 197 --- 4.2 12 

rGO&CNT 

(1/1) 
84 --- 3.3 102 

Hydrothermal, 80°C 6h22 rGO 150 1.9 20 8 

GO film twisted, 2800°C annealed23 rGO 39.2 3.17 1.5 416 

Note: in wet spinning method, unless other mentioned, the spinning dopes are aqueous pure GO 

dispersions.  
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1.2. Properties of Graphene Based Fibers 

GO fibers consist of stacked and aligned 2D GO sheets, which can be easily turned into 

rGO fibers via chemical or thermal treatments. It is well known that graphene has extraordinary 

properties, such as the highest mechanical performance (tensile strength up to 130 GPa, modulus 

of 1100 GPa)56, incredible electrical conductivity (108 S m-1),57 and the best thermal conductivity 

(5300 W m-1 K-1).58 However, as we mentioned before, rGOs derived from GO sheets have more 

defects, in comparison to their mechanically exfoliated counterparts. Apart from the properties of 

individual rGO sheets, the interaction between rGO sheets and how they are stacked together will 

also greatly influence the properties of final fibers. Therefore, numerous research efforts have been 

devoted to realization of those marvelous properties of pristine graphene with rGO fibers by 

optimizing fiber compositions and structures. Major endeavors include making rGO fibers with 

high mechanical properties, high electrical conductivity, high thermal conductivity and/or high 

surface area. In this section, we will describe these research activities in detail. Table 1 summarizes 

the mechanical and electrical conductivity of GO/rGO fibers reported in literature.  

1.2.1. Mechanical Properties 

GO/rGO fibers are expected to be strong and tough to withstand the processing and 

ultimate daily use. According to different applications, rGO fibers may also need to possess high 

modulus or high elasticity. For conventional polymeric fibers, molecular weight, chain-by-chain 

interaction and entanglement dominate the mechanical performance. In comparison, GO/rGO 

fibers composed of 2D flexible sheets display different interactions between basic constituent 

units. Specifically, the hierarchical and multiscale interactions encompass:44, 71-72  

1) chemical bonding between the GO/rGO sheets and/or the foreign components.  
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2) hydrogen bonding. The oxygen-containing groups on GO sheets can readily form 

hydrogen bonds. Even though the GO was reduced to rGO, there are still some residue oxygenated 

groups.  

3) The van der Waals force.  

4) Physical entanglement that originate from the wrinkles and folds of GO/rGO sheets.  

In addition, according to the Griffith’s criterion,73 the randomly distributed defects in fibers 

and defect sizes influence fiber strength greatly. Thus, defect management is of great significance 

for achieving high strength fibers. Xu et al.66 analyzed the defects in rGO fibers through its 

hierarchical structure, spanning from atomic to macroscopic scales (Figure 1.5), mainly including: 

1) the atomic defects of individual rGO sheets; 2) nanoscale boundaries and voids; 3) 

inhomogeneous core-sheath structure and randomly orientated surface at the microscopic and 

macroscopic scales. 

 

 

 

 



 

16 

 

 

Figure 1.5 (a) Structural model of multiscale defects in rGO fibers, spanning from defective rGO 

sheets derived from GO after mild reduction; nanoscale boundaries and voids; inhomogeneous 

core-sheath structure and randomly orientation at microscale and macroscale; (b) structure model 

of rGO fibers with defects control at all levels (adapted from ref. 59).66 

By analyzing the interaction among basic constituent units and possible defects in GO/rGO 

fibers, several strategies could be applied to strengthen GO/rGO fibers: 1) decrease the boundaries 

and voids among 2D sheets by increasing the size of GO sheets, choosing suitable coagulants in 

wet spinning etc.; 2) enhancing GO/rGO sheets alignment by applying stretching; 3) perfect the 

atomic structure of rGO sheets by high-temperature graphitization; 4) increase interlayer 

interaction by introducing high energy covalent bonds.  

Guided by these ideas, many efforts have been devoted to improving mechanical 

performances of GO/rGO fibers. Xiang et al.60 studied the influence of lateral size of GO sheets 

and draw ratio during wet spinning to the mechanical performance of resulting GO fibers, 

respectively. They reported that the tensile strength of GO fibers spun from large-sized GO (22 
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μm) was 78 % higher than that of GO fiber spun from small-sized GO (9 μm). In this study, they 

also demonstrated that the alignment of GO sheets along fiber axis was optimized as the draw ratio 

increased from 1.09 to 1.45. As a result, GO fiber from draw ratio of 1.45 possessed the highest 

strength, as compared with those from lower draw ratios of 1.27 and 1.09. So far, most of the 

reported wet-spun GO/rGO fibers are fabricated with average GO size in the range of 15 μm - 40 

μm.  

Similarly, in order to achieve high strength fibers, Xu et al. chose GO sheets with average 

lateral size of 18.5 μm as building blocks to reduce defect boundaries and regulated the alignment 

of GO sheets along fiber axis by wet-drawing of GO gel fiber.41 In addition, divalent ions Ca2+ 

was introduced to form ionic bonding with GO sheets. After chemical reduction, as comparing to 

GO fibers, the tensile strength of rGO fibers increased by ca. 14% to 501.5 MPa and the modulus 

increased by ca. 77% to 11.2 GPa. Generally, after reduction, the tensile strength of rGO fibers 

will increase as comparing to GO fibers. Reduction enables most of the oxygen-containing groups 

to be removed, resulting in decreased layer distance and enhanced van der Waals force between 

layers. Thus, both the fiber linear density, tensile strength and modulus increase.65, 74  

Another common pathway to improve the fiber mechanical performance is to incorporate 

foreign molecules or polymer that can form covalent bonding with GO/rGO sheets. Hu et al.44 

grafted hyperbranched polyglycerol (HPG) onto GO sheets, and further used glutaraldehyde (GA) 

to form covalent acetal bridges between -OH groups of HPG and GO sheets, resulting in a high 

tensile strength of 652 MPa. Zhang et al.75 introduced both ionic bonding with Ca2+ and covalent 

bonding with 10,12-pentacosadiyn-1-ol. The resulted rGO fibers exhibited both high tensile 

strength (842.6 MPa) and extraordinary toughness (15.8 MJ m-3). Li et al.69 improved the tensile 

strength of rGO fibers to 1.45 GPa and the modulus to 120 GPa by introducing phenolic carbon as 
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an effective cross-linkers, which could not only densify rGO fibers but also increase interfacial 

interaction among rGO sheets by forming new C-C bonds between rGO backbone and phenolic 

cross-linkers. Other polymers, such as chitosan,76 polyacrylonitrile,77 and poly(vinyl alcohol),78 

etc. have also been used to reinforce GO/rGO fibers. However, some polymers will dissolve or 

melting during the chemical or thermal reduction of GO fibers.  

Recently, Gao’s group demonstrated a full scale synergetic defect engineering protocol to 

minimize the possible defects at all levels from nano-scope to macro-scope:66 1) apply wet-

drawing during wet-spinning process to realize regular orientation of GO sheets along fiber axis; 

2) fabricate ultrafine GO/rGO fibers to submicrometer scale to decrease the probability of forming 

defects and voids; 3) high temperature graphitization at 3000°C to perfect the atomic structure of 

rGO. Under such synergetic defect engineering strategy, the strength of rGO fibers reached 2.2 

GPa, the highest reported value so far. 

1.2.2. Electrical Properties 

The electrical property plays an important role in rGO fibers’ application as flexible 

electrodes. Electrical conductivity of rGO fibers is depending on the following aspects: 1) the 

properties of individual rGO sheet in terms of structural defects and residue oxygenated groups 

which would deteriorate the carrier mobility; 2) the structure of rGO fibers, including the size and 

the alignment of rGO sheets. 3) the foreign components in rGO fibers.  

Generally, rGO fibers are fabricated from GO fibers via a reduction process. Therefore, the 

reductive treatment is of critical importance in restoring the electrical conductivity of rGO sheets. 

There are two primary strategies for GO fiber conversion, i.e. chemical reduction and thermal 

annealing. The electrical conductivity of rGO fibers from chemical reduction was limited to the 

range of 20 to 400 S cm-1, due to structural defects and residue oxygenated groups. Comparing to 
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chemical reduction, thermal annealing can lead to graphitization and remove oxygen-containing 

groups completely, thus giving birth to a significant increase in electrical conductivity up to 2~8 

× 103 S cm-1.63, 66 In addition, the higher the annealing temperature increases, the greater the 

electrical conductivity.23  

With respect to fiber structure, Chen et al. compared the conductivities of rGO fibers 

fabricated from large-size GO (30 μm) and small-size GO (5 μm), respectively. rGO fibers 

assembled from large-size GO had a conductivity 52% higher than that from the small-size GO. 

With respect to alignment, Chen et al. demonstrated that the conductivity of stretched rGO fibers 

was 87% higher than that of non-stretched fibers.62 Xin et al. fabricated a compact “intercalated” 

GO fiber structure by filling the space and voids among large-sized GO with small-sized GO 

(Figure 1.6a). After high temperature annealing, the electrical conductivity reached 2.2 × 103 S 

cm-1.63 

Foreign components will also largely influence the fiber electrical performance. rGO fibers 

with insulated polymer molecules incorporated, generally, exhibit low electrical conductivities (< 

10 S m-1). On the contrary, the introducing of intrinsic conductive components could largely 

improve the electrical conductivity of final rGO fibers. For instance, silver nanowires greatly 

improve the rGO fiber conductivity to 930 S cm-1.3 Gao’s group adopted post doping strategy to 

enhance the carrier density of rGO fibers by intercalating dopant (K, Br2 and FeCl3) into interlayer 

gallery of rGO sheets (Figure 1.6b).67 The rGO fiber doped with K exhibited the highest 

conductivity up to 2.24 × 105 S cm-1, which was even comparable to that of metals like nickel. 

They also doped Ca to prepare a superconducting rGO fiber.79 However, the K- and Ca-doped rGO 

fiber is unstable in air, largely limiting its practical applications. Recently, they applied 

electrodeposition to grow air stable metal (copper, silver, gold, nickel etc.) on thermal reduced 
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rGO fibers with electrical conductivity improved to metallic level (up to 2.2 * 105 S cm-1) (Figure 

1.6c).68 

 

Figure 1.6 (a) Schematics of the “intercalated” structure of the GO and rGO fibers: large-sized 

GO sheets form the well aligned backbone, whereas small-sized GO sheets fill the space and voids 

between LGO sheets (adapted from ref. 33);3 (b) Electrical conductivity of pure rGO fibers and K, 

Br2 and FeCl3 doped rGO fibers. The insert is the photo of K-doped rGO fibers (adapted from ref. 

60);67 (c) the electrical conductivity changes of various metal coated rGO fibers under 100 cycles 

bending. The insert is the copper-coated rGO fibers (adapted from ref. 61).68 
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1.2.3. Thermal Properties 

For macroscopic rGO fibers with rGO sheets stacked, scattering of phonons by external 

boundaries or by large grain boundaries seriously limits the phonon mean free path, meaning the 

phonon-transport resistance increase.80 Thus, in order to improve thermal conductivity of rGO 

fibers, larger GO sheets should be employed to decrease the defect boundaries for better phonon 

transportation. In addition, high-temperature thermal annealing is needed to completely remove 

oxygenated groups and recover the graphitic domain as much as possible, which is beneficial for 

increasing phonon mean free path. 

Xin et al. reported highly thermal conductive rGO fibers with intercalated and compact 

structure by combining small-size and large-size GO.63 After thermal annealing at 2850°C, the 

optimized rGO fibers expressed amazing thermal conductivity up to 1290 W m-1 K-1, about 3 times 

as high as that of copper. This result demonstrates potential applications of rGO fibers in the field 

of thermal management.  

1.2.4. Surface Area 

Due to the superflexibility of GO sheets, they are easily wrinkled during the fiber-assembly 

processes. In addition, by controlling fiber fabrication parameters, various fiber morphologies and 

porous structures can be obtained. Hitherto, hollow, porous, and core-sheath structure have been 

produced successfully.49, 53, 55 Therefore, the surface area of rGO fibers could be tuned by the 

assembly protocols. Usually the attribute of high surface area conflicts with good mechanical and 

electrical properties of rGO fibers due to the lower level of alignment and loosened structure. 

Aboutalebi et al. fabricated porous rGO fibers with extremely high surface area of 2210 

m2 g-1 (measured by methylene blue absorption) by modulating the diffusion rate of the solvent 

and coagulation bath during wet-spinning process (Figure 1.7a).4 By injecting GO dispersion into 
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liquid nitrogen following by freeze dry, Xu et al. fabricated highly porous GO/rGO fibers (Figure 

1.7b).55 Chen et al. used basified GO dispersion as spinning dope to fabricate rGO fibers with a 

willow-bark-like fine microstructure, resulting in ~30 % larger surface area as compared to fiber 

from normal GO dispersion (Figure 1.7c).62 They also demonstrated that fibers with lower draw 

ratio in wet-spinning process possessed more wrinkled morphology and larger surface area. 

However, all the porous and more wrinkled fibers showed inferior strength and electrical 

conductivities.   

 

Figure 1.7 (a) Using an acetone coagulation bath results in the high rate of water extraction from 

the GO gel, leading to higher rate of solidification and porous fiber structure (adapted from ref. 

40);4 (b) Inject GO dispersion into liquid nitrogen then followed by freeze-drying, resulting in 

porous fiber structure (adapted from ref. 48);55 (c) The basified GO dispersion with better 

flowability results in wet-spun fiber with fine bark-like surface morphology (adapted from ref. 

55).62 

Above all, GO/rGO fibers have demonstrated great potential in mechanical, electrical, 

thermal properties and can be tuned in surface area, enabling them in a broad range of practical 
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applications. It is still highly desired to fabricate fibers with large surface area and still maintain 

high mechanical and electrical conductivity. 

1.3. Application in Electronic Textiles 

As multifunctional fibers, GO/rGO fibers exhibit potential applications as electrodes in 

electronic textiles. Enormous research efforts have been focusing on wearable energy-storage 

devices, smart actuators, lightweight conducting wires, among others. In addition, the GO/rGO 

fibers are flexible and can be produced in large-scale, showing great potential to be easily 

integrated into multifunctional fabrics through knitting or weaving. Here, we mainly focus on the 

fibers with GO/rGO as main backbones, leaving alone other fiber substrates (natural fibers, 

synthetic fibers, or metal wires etc.) with GO/rGO coatings on surfaces.  

1.3.1. Wearable Energy-Storage Devices 

Due to flexible mechanical properties, good electrical conductivity, tunable surface area, 

as well as potential scalability, rGO fibers have been extensively explored as electrodes for flexible 

fiber-shaped supercapacitors (FSCs). These 1D FSCs are highly flexible and can be woven or 

knitted into fabrics with great design versatility in terms of shapes and locations.5 

rGO fibers were first employed in supercapacitors by Qu’s group in 2013.81 They 

fabricated a core-sheath rGO fiber (Figure 1.8a-b) consisting of a hydrothermal assembled rGO 

fiber as the core with a sheath of 3D porous rGO network. The twisted FSC with PVA/H2SO4 gel 

electrolyte showed a capacitance of 1.7 mF cm-2 (27.1 μF cm-1, 40 F g-1), which was on the lower 

end. It was mainly due to the inferior electrical conductivity (12 S cm-1) and a relatively small 

surface area (< 100 m2 g-1) of the rGO fibers in their system. 

Since then, many efforts have been devoted to improving the electrochemical performance 

via structure optimization of rGO fibers or pseudocapacitive materials incorporation. Chen et al. 
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fabricated a pure rGO fiber with bark-like fine micromorphology (Figure 1.7c) and tunable porous 

structure by modulating wet-spinning process.62 The assembled solid-state FSC has specific 

capacitance of 226 F cm-3, larger than that from most of the neat rGO fibers. High-crystalline 

graphene flakes tend to stack together densely, offering limited electrolyte accessible surfaces. 

CNTs have shown promises for reducing the stacking of graphene layers. Yu et al.50 fabricated 

nitrogen doped-rGO and CNTs composite fibers (Figure 1.8c), resulting in a capacitance of ca. 

300 F cm-3 for the solid state FSC, among the highest volumetric capacitances for carbonaceous 

materials. 

Three FSC configurations have been demonstrated so far (Figure 1.8d), i.e. parallel, 

twisted, and coaxial.5 Compared with the other two configurations, the coaxial one provides the 

largest and most efficient interfaces between two electrodes, leading to the lowest solution 

resistance in the separation layer of a supercapacitor.82 Zhao et al.6 developed a coaxial FSC 

consisting of a continuously wet-spun rGO fiber, a dip-coated polymer electrolyte layer, and an 

rGO sheath coated subsequently (Figure 1.8e-f). This coaxial FSC had an areal capacitance of 205 

mF cm-2, much higher than the parallel aligned FSC.  

In addition, pseudocapacitive materials have also been incorporated into rGO fibers to 

further improve the capacitance of FSCs, such as metal oxide (MnO2, etc.),83-84 and conductive 

polymer (ppy, etc.).85 Recently, Yang et al. fabricated rGO and MXene composite fiber through 

wet-spinning (Figure 1.8g-h).86 Thanks to the pseudocapacitive performance and high electrical 

conductivity of MXene, superior volumetric capacitance (586.4 F cm-3) of the assembled FSC was 

achieved, exceeding most of those from pure rGO fibers. 
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Figure 1.8 (a) Cross-sectional SEM image of core-sheath rGO fiber showing the core rGO fiber 

surrounding with amorphous rGO sheets;81 (b) schematic of two twisted rGO fibers assembled 

FSC (a and b adapted from ref. 75);81 (c) schematic illustration of the fabrication process of N-

doped rGO and CNT composite fiber and its cross-sectional SEM image (adapted from ref. 43);50 

(d) three typical configurations of FSC: from left to right, parallel, twisted and coaxial (adapted 

from ref. 74);5 (e) schematic illustration of a coaxial FSC with a core rGO fiber and coated rGO 

sheath as electrodes;6 (f) the specific capacitance of FSCs with various structure at different current 

density, demonstrating the coaxial FSC has the highest capacitance (e and f adapted from ref. 77);6 

(g) schematic of wet-spinning process for the MXene incorporated rGO fiber;86 (h) cyclic 

voltammetry (CV) curves, demonstrating good capacitive performance of MXene and rGO 

composite FSC (g and h adapted from ref. 81).86 
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Apart from the use as electrodes in FSCs, rGO fibers can also be used as fiber-shaped 

rechargeable battery. Recently, Hoshide et al. reported a novel fiber-shaped lithium-ion battery 

(LIB) electrode (Figure 1.9a-c),87 which was fabricated by processing the titania into 2D rGO 

sheets through the wet-spinning strategy. The fiber-shaped LIB exhibited superior battery 

performance in terms of linear densities, rate capabilities and cyclic behaviors as well as excellent 

mechanical properties. 

In addition, rGO fibers are also an alternative material for solar cells. Peng’s group 

developed a novel archetype of wire-shaped dye-sensitized solar cell (DSSC).88 The wet-spun rGO 

fiber with electrodeposited Pt nanoparticles was acting as counter electrode and Ti wire with TiO2 

nanotubes as working electrode (Figure 1.9d-f). The energy conversion efficiency of this DSSC 

achieved an amazing level of 8.41% when the Pt content was 7.1%, the highest among the wire-

shaped photovoltaic devices.  
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Figure 1.9 (a) Schematic illustration of the structure for the hybrid fiber of rGO/titania, which 

could be used as electrodes for fiber shaped batteries;87 (b & c) the rGO/titania fibers assembled 

battery can light up 6 LED lamps under bending (a-c adapted from ref. 82);87 (d) schematic of fiber 

shaped DSSC with rGO/Pt fiber as the counter electrode and a Ti wire with TiO2 nanotubes as 

working electrode;88 (e) working mechanism of the rGO fiber based DSSC;88 (f) J-V characteristics 

of the DSSC with different Pt content as the counter electrode (d-f adapted from ref. 83).88 

1.3.2. Actuators 

GO/rGO fibrs have a variety of actuating properties and can undergo deformation or 

mechanical property changes in response to the external stimulus, such as electricity and humidity 

etc. Qu’s group developed a series of GO-based moisture triggered actuators with versatile 

functionalities. They developed a mini-moisture-sensitive actuator, which is a region-asymmetric 

rGO/GO fiber.89 The GO fiber was partially laser reduced, resulting in different wetting behavior 

between the two parts on one fiber, i.e. rGO part and GO part (Figure 1.10a-b). The oxygen 

containing groups on GO sheets and relative larger interlayer distance facilitate the fast 

incorporation or evaporation of water molecules into or out the GO part. When the fiber was 
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exposed in high relative humidity (RH) up to 80 %, it bends rapidly to the rGO side. The fiber will 

recover to its initial state as the RH regressed to 25 %. 

Another study from the same group was about a humidity-triggered GO fiber-based 

electronic switches and electric generators.90 A GO fiber with spiral structure was prepared by 

twisting the freshly wet-spun GO hydrogel fiber (Figure 1.10c-d). When exposed to alternating 

RH conditions, the fiber can be reversibly untwisted or further twisted by water molecules 

diffusing out or in (Figure 1.10e). This special moisture-driven torsional actuation was harnessed 

to be a humidity switch and alternating current generator (Figure 1.10f-g). 
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Figure 1.10 (a) Schematic showing the positioned laser reducing of GO fiber;89 (b) photos of a 

GO/rGO fiber under different RH condition (a and b adapted from ref. 84);89 (c) schematic showing 

the twisting process of GO fiber with spiral structure;90 (d) SEM images of directly GO fiber and 

twisted spiral GO fiber;90 (e) schematic illustrating showing that a spiral GO fiber can be driven 

to rotate by varying RH;90 application of the spiral GO fiber as a humidity switch (f) and electric 

generator (g) (c-g adapted from ref. 85).90  
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1.3.3. Lightweight Conductors 

The electrically conductive rGO fibers due to the much lower density and higher flexibility 

than that of metal wires, hold great promises in lightweight and wearable electronic textiles.  

The electrical conductivity of rGO fibers varies in a large range, strongly depending on the 

reduction method and post-treatment. The chemically reduced rGO fibers with limited electrical 

conductivity of 20-400 S cm-1, which is far less than that of metal wires, can only be connected 

into circuits with limited length, usually at centimeter-scale,72 since its large electrical resistance 

will share a big portion of the applied voltage. As a comparison, the electrical conductivity of rGO 

fibers from thermal annealing can increase by one order of magnitude. In addition, the study from 

Gao’s group showed that the ampacity (2.3 × 1010 A m-2) of such rGO fibers was higher than that 

of pure copper, suggesting its potential usage as electrical cables to carry heavy current.66 In terms 

of density, the linear density of rGO fibers is only 12.5 % of that of coper wire. Recently, Gao’s 

group have raised the electrical conductivity of rGO fibers to 104-105 S cm-1 by means of chemical 

doping or electrodeposition,67-68 making rGO fibers a promising substitute for metal wires for 

lightweight electrical conduction. 

1.3.4. Other Applications 

Besides the above-mentioned applications that are mostly studied, some other interesting 

functions were also explored.  

Recently, Gao’s group modified wet-spinning process to prepare staple GO fibers instead 

of continuous filament, and assembled them into non-woven rGO fabric (Figure 1.11a).91 The rGO 

non-woven fabrics demonstrated porous structure and decent mechanical flexibility, as well as 

good electrical and thermal conductivity, carrying great potential for applications in oil adsorbents, 

porous supercapacitor electrodes and electrochemical heaters.  
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Cruz-Silva et al. demonstrated the application of rGO fibers as field emitters.23 Their rGO 

fiber was made by scrolling dry GO film followed by annealing at 2000°C, which offered superior 

filed-emission properties with low turn-on voltage at 0.48 V μm-1(Figure 1.11b-e), lower than 

those of CVD-grown graphene sheets in few layers (4.7 V μm-1) and electrophoretic-deposited 

single-layer graphene film (2.3 V μm-1). The good field emission properties are due to the well-

oriented rGO sheets along fiber axis and the topological defects at the sheets’ edges, which were 

believed to act as effective emission sites. 

Apart from the application in smart textile as electronics, rGO fiber can also work as a 

good solid-phase microextraction sorbent. Luo et al.92 demonstrated that a hydrothermally 

fabricated rGO fiber had better absorption performance for organochlorine pesticides (OCPs) than 

a commercially used polydimethylsiloxane (PDMS) fiber. 
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Figure 1.11 (a) Schematic illustration of fabrication process of rGO staple fiber based non-woven 

fabric. The inserted is the SEM image of the porous fabric (adapted from ref. 86);91 (b-d) SEM 

images of GO fibers via scrolling dry GO film;23 (e) I-E curve for the thermally reduced film 

scrolled GO fiber (b-e adapted from ref. 13).23  

1.4. Concluding Remarks 

GO as a 2D flexible sheet with rich oxygen containing groups, can be well dispersed in 

water and other organic solvents, which can exhibit liquid crystalline behavior at certain 

concentrations. These intrinsic properties enable GO sheets to be easily assembled into 1D 

macroscopic fibers via solution assembly. Upon chemical reduction or thermal annealing, GO 

fibers can be converted to rGO fibers, imposed with electrical and thermal conductivities. 

In this chapter, we have summarized and discussed the properties of GO LC dispersions 

and fiber fabrication methods. Among all the methods, wet-spinning is the most commonly used 
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strategy to fabricate large-scale continuous GO fibers. By modulating fabrication parameters 

and/or introducing foreign components, such as nanoparticles, polymers etc., the neat or composite 

GO fibers with various structure can be obtained for targeted applications. Many efforts have been 

devoted to make fibers with desired mechanical performance, high electrical conductivity, 

outstanding thermal conductivity, or large specific surface area. The basic understanding of 

structure and properties of GO/rGO fibers are established, and the critical control parameters have 

also been clarified, including the lateral size and alignment of GO sheets, and the interactions 

between them. The applications of GO/rGO fibers have also been categorized and discussed. Due 

to the versatility in structural engineering, GO/rGO fibers can be applied in energy storage devices, 

lightweight conductors, actuators, field emitters, and so on.  

Meanwhile, it is still highly desirable to fabricate GO/rGO fibers with combined properties 

for specific applications. For example, an rGO fiber with high strength, high electrical conductivity 

and large surface area is highly favored as an electrode in FSC, but so far hasn’t been full achieved. 

In addition, fundamental understanding is still missing on the fiber structure evolution during the 

extrusion and coagulation processes, as well as on the deformation of GO sheets in the gel to solid 

transition and the formation of multiscale wrinkles. The structure-property relationship is yet to be 

clarified. Although people have made impressive progresses on GO/rGO fiber applications, 

marketable products and large-scale manufacturing are still far away from occurring. 
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Chapter 2 Graphene-Fiber-Based Supercapacitors Favor N-Methyl-

2-Pyrrolidone/Ethyl Acetate as the Spinning Solvent/Coagulant 

Combination 

2.1. Introduction 

The term “smart-clothes” has been applied over the past few years to refer to the attachment 

of commercial (rigid) electronic devices to an article of clothing with applications mostly in 

performance sports or futuristic fashion shows. An actual smart fabric comprising the seamless 

integration of soft (flexible) electronics within the textile itself is still mainly in the R&D and 

prototyping stages at prohibitively high manufacturing costs. Recently, fiber-based energy-storage 

systems have attracted enormous attention due to their remarkable promises in smart textiles, 

implantable medical devices, portable military equipment, high-tech sportswear etc., mainly as 

more pliable energy-storage units being truly “wearable”.93-95 1D fiber-shaped devices with small 

volumes can be easily assembled into various textile structures through weaving or knitting to 

maximize mechanical flexibility and compliance, comparing to 2D thin-film devices.96-98 As for 

energy-storage devices, supercapacitors (also known as Electrochemical Double-layer Capacitors 

(EDLCs)) are favored over batteries due to their fast charge-discharge rate, long cycling life and 

good stability,99-100 but still need improvements in their energy densities and current leakage.101-

102 

In most fiber-shaped EDLCs (FSCs), metal wires have been adopted as current collectors 

due to their high conductivity.103 However, metal wires are heavy, uncomfortable, and abrasive, 

resulting in low gravimetric/volumetric energy/power density of FSCs.5 Alternatively, conductive, 

lightweight, and flexible carbonaceous fibers can be used as both current collectors and active 
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materials.104-105 Carbon nanotube (CNT) fibers have been demonstrated as fiber electrodes.106 

Nevertheless, CNT is costly and toxic to human body,107 thus will hamper the scale-up of this 

device and its application in direct contact with human bodies. In contrast, cost-effective and 

biosafe graphene fibers (GFs) are more promising for FSCs applications.108 GFs have been 

prepared by scrolling of chemical vapor deposition graphene films,109 hydrothermal assembly of 

graphene oxide (GO) dispersion in a pipelines,48 and wet spinning of GO dispersion followed by 

chemical reduction.2, 47, 66, 91, 110 Among all these protocols, the industrially viable wet-spinning 

process is the most promising pathway to produce continuous and long GFs.72, 79 Reduced GO 

(rGO) has been reported as an excellent electrode material for EDLCs because of its high surface 

area, good electrical conductivity and easy processability.7, 111-113 

GO dispersions have been discovered to form liquid crystals (LCs) at certain 

concentrations.2 Wet spinning from LC dope is a feasible way to make robust fibers, in light of 

strong Kevlar fibers and CNT fibers.114-115 Wet spinning is a process of spinning polymer solutions 

or other LCs (such as GO dispersions) into a liquid bath called the “coagulation bath”.116-117 A 

diffusional interchange, i.e. coagulation, between the freshly formed fluid filament and the bath 

causes the solute to solidify. This spinning dope composition as well as the coagulation bath will 

largely influence the surface morphology and inner structure of the as-spun polymeric fibers, and 

later impact the mechanical, electrical and electrochemical behaviors of these fibers. Therefore, it 

is critical to choose an appropriate solvent for GO dispersions and a good coagulation bath. Chen 

et al. has basified the aqueous GO dispersion into non-LC, and spun it for the production of rGO 

fibers (rGO-Fs), in order to create fine microstructures with enhanced specific capacitance, but it 

also resulted in 80% lower conductivity than that of LC-spun fibers.118 Abouralebi et al.119 found 

that rGO-Fs spun via acetone coagulation bath could give higher capacitance over CaCl2 bath. 
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However, the mechanical properties of acetone-based rGO-Fs were only 49 MPa, almost 10 times 

lower than CaCl2 coagulated rGO-Fs. Ca2+ ions are known to crosslink GO,120 so that it improves 

the mechanical strength of rGO-Fs but also leads to more compact structure with less surface for 

ion adsorption. Till now, challenge remains on scalable fabrication of highly conductive and 

mechanically strong GFs with fine-tuned microstructures as FSC electrodes. 

As we known, GO can be well dispersed in H2O and polar organic solvents, such as N-

methyl-2-pyrrolidone (NMP), N,N-dimethylformamide (DMF), ethylene glycol and 

tetrahydrofuran (THF) and ethylene glycol (EG).15-16 Among these available solvents, water, DMF 

and NMP dispersions possess comparatively larger dispersing capability and long-term stability.16 

In addition, Konios etc. also suggested that NMP with high dipole moments and close surface 

tension to GO surface energy, exhibits the highest solubility and significant long-term stability, 

being the most efficient solvents for the dispersion of GO among organic systems.121 NMP is 

widely used as solvent for polymer wet spinning.122-123 Until now, the most reported wet-spun GO 

fibers are H2O based40, 118, 124-126 and few are DMF based67, 127 and chlorosulfonic acid based128. 

No comparison on the structure, properties and electrochemical performance of rGO-Fs derived 

from various spinning-dope solvents has been explored so far. 

In the present work, we have fabricated continuous rGO-Fs from GO dispersions in NMP, 

with ethyl acetate as the corresponding coagulant. The resulted fibers showed wrinkled 

morphology and porous structure which facilitate the adsorption and diffusion of electrolyte ions. 

Owing to this unique structure, these NMP-based rGO fibers (rGO@NMP-Fs) exhibited twice 

higher toughness at comparable tensile strength (~93 MPa) and electrical conductivity (~60 S cm-

1), as compared to H2O-based rGO fibers (rGO@H2O-Fs). They also demonstrated fivefold higher 

capacitance as compared with H2O-based rGO FSCs (rGO@H2O-FSCs). In addition, the NMP-
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based rGO FSCs (rGO@NMP-FSCs) exhibited good cycling and bending fatigue retention with 

volumetric energy density and power density up to 6.8 mWh cm-3 and 1183 mW cm-3 respectively, 

among the highest values of recently reported FSCs.  

2.2. Experimental Section 

2.2.1. Synthesis of GO 

GO was prepared from the oxidation of graphite powders following a modified Hummers 

method.124, 129 The graphite (500μm, Asbury Graphite Mills, US) were expanded by microwave 

(750 W) irradiation for 90 seconds. Then the expanded graphite powder was pretreated to facilitate 

further oxidation. For the pretreatment, concentrated H2SO4 (50 mL) was heated to 90°C in a 300 

mL flask, and K2S2O8 (10 g) and P2O5 (10 g) were added successively with magnetic stirring of 

the solution. After all reactants were completely dissolved, the mixture was cooled down to 80°C 

and the expanded graphite (12 g) was added into the solution. The mixture was kept at 80°C for 

24 h, after which the heating was stopped, and the mixture was diluted with 2 L of de-ionized (DI) 

water. Then the mixture was vacuum filtered and washed with DI water until the pH was neutral. 

The solid was dried in air at room temperature for two days. For the oxidation step, the pretreated 

graphite powder was added to the flask containing concentrated H2SO4 (460 mL) in an ice bath 

(0°C). KMnO4 (60 g) was added slowly and allowed to dissolve with the aid of stirring. The 

mixture was then allowed to react at 35 °C for 12 hours, after which DI water (920 mL) was added 

slowly in an ice bath. Shortly after that another 2.8 L DI water and 50 mL of 30% H2O2 was added 

to the mixture resulting in a brilliant yellow color along with bubbling. The mixture was settled 

and washed with DI water and 10 % HCl repeatedly until neutral to get the final concentrated GO 

dispersion. The GO dispersion was dried and the solid was collected to prepare the desired spinning 

dope. 
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2.2.2. Fiber Spinning 

For GO@H2O-F, the water-based GO dispersion was injected into glacial acetic acid in a 

rotating plate through a 22 G hollow needle at a rate of 1.5 m min-1. The end of the needle was 

placed tangentially 35 mm away from the center of rotation, and the rotation speed was adjusted 

to form draw ratio at 1.5. The wet fibers were drawn out vertically along the infrared (IR) lamp 

and wound onto a bobbin. For GO@NMP-F, the NMP-based GO dispersion was spun at the same 

condition, except for the use of ethyl acetate as the coagulation bath. In addition, we obtained 

GO@NMP-F at different draw ratios (1.5, 1.75 and 2) for study of fiber orientation. 

The GO fibers were reduced by hydriodic acid (HI) solution (45 wt %) at 80°C for 8 h, 

washed with water and ethanol alternatively 3 times, and dried at 80°C under vacuum for 12 h to 

obtain rGO-Fs. 

2.2.3. Structural Characterizations  

POM images of the GO dispersion were taken with a Nikon polarized light microscope. 

The rheological behavior of GO dispersions was evaluated by an ATS RheoSystems 

STRESSTECH rheometer (TA Instruments, USA) using cone-plate geometry. The morphology of 

GO and rGO fibers were observed on scanning electron microscope (SEM). Mechanical property 

test was conducted with an Instron material testing system at a strain rate of 1 mm/min at a gauge 

of 10 mm. The conductivity was measured by the four-point probe method (Figure 2.1). The fiber 

cross-section area used for calculating mechanical and electrical conductivity properties were 

based on the circle with a diameter equal to the largest diameter of the irregular fiber cross sections.  

The orientation of rGO sheets was measured by polarized Raman spectroscope (BaySpec Nomadic 

Raman Spectrometer) with 532 nm laser excitation. 



 

39 

 

 

Figure 2.1 Fiber four-point probe setup for electrical conductivity measurement. 

The specific surface area (SSA) of rGO-Fs was measured by MB adsorption method.7 A 

known mass of rGO-Fs (~10 mg) was added to the aqueous MB solution with concentration of 1 

mg ml-1. Then the solution was stirred for 24 hours to reach maximum adsorption. The 

concentration of MB in supernatant was measured by UV-vis spectrometer at 665 nm. The SSA 

was calculated by the equation: 𝑆𝑆𝐴 = (
𝑚𝑀𝐵

𝑀𝑀𝐵
)𝐴𝑉𝐴𝑀𝐵(

1

𝑚𝑓𝑖𝑏𝑒𝑟
) , where 𝑚𝑀𝐵  is the mass of the 

adsorbed MB, 𝑀𝑀𝐵  is the molar molecular weight (319.87 g mol-1) of MB, 𝐴𝑉  is Avogadro’s 

number (6.02 × 1023/mol), 𝐴𝑀𝐵 is the area covered by one MB molecule (assumed to be 1.35 nm2) 

and 𝑚𝑓𝑖𝑏𝑒𝑟 is the mass of rGO-F. 

2.2.4. Electrochemical Performance Characterizations 

To assemble a solid-state flexible FSC, two rGO-Fs (1.5 cm in length) were aligned in 

parallel, soaked with a gel electrolyte of H2SO4/Polyvinyl alcohol (PVA)/H2O (1/1/10 in weight), 

and dried at room temperature. CV, GCD, and EIS measurements were performed using an 

electrochemical workstation (Autolab, Metrohm, USA).  
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The specific volumetric capacitance (Cv), mass capacitance (CM), area capacitance (CA) 

and length capacitance (CL)of the electrode in a two-electrode cell was calculated according to 

𝐶𝑉 = 2𝐶/𝑉𝑓𝑖𝑏𝑒𝑟, 𝐶𝑀 = 2𝐶/𝑀𝑓𝑖𝑏𝑒𝑟,  𝐶𝐴 = 2𝐶/𝑆𝑓𝑖𝑏𝑒𝑟, and 𝐶𝐿 = 2𝐶/𝐿 respectively, where C is the 

measured two-electrode configuration FSC capacitance, Vfiber, Mfiber and Sfiber are the volume, mass 

and surface area of the single fiber respectively, L is the overlapped portion of fiber electrodes. C 

could be obtained from CV test: C = (1 2𝑣)⁄ × ∮ 𝐼𝑑𝑈/∆𝑈 , where v is the scan rate, 𝐼  is the 

instantaneous current, ∆𝑈 is the voltage range. C could also be from GCD test: C = 𝑡 × 𝐼/(∆𝑈 −

𝑈𝑑𝑟𝑜𝑝), where t is the discharge time, 𝐼 is the discharge current, ∆𝑈 is the potential window, 𝑈𝑑𝑟𝑜𝑝 

is the voltage drop in the discharge curve.  

For the solid-state FSC, the volumetric capacitance (CV-device) of the device was derived 

from the equation: 𝐶𝑉−𝑑𝑒𝑣𝑖𝑐𝑒 = 𝐶/𝑉𝑑𝑒𝑣𝑖𝑐𝑒, where Vdevice is the volume of two fiber electrodes. The 

volumetric energy density (EV) and power density (PV) of the FSC can be obtained from 𝐸𝑉 =

𝐶𝑣−𝑑𝑒𝑣𝑖𝑐𝑒 × 𝑈2/7200, 𝑃𝑉 = 𝐸𝑣 × 3600/𝑡. 

2.3. Results and Discussion 

Surprisingly, the rGO-Fs developed from the two-distinct wet-spinning recipes are 

dramatically different in their microscopic structure, morphology, electrical and mechanical 

properties. Consequently, they offer great discrepancy in capacitive performance when being 

assembled into a solid-state FSC. The continuous fibers were fabricated from a home-made 

apparatus as illustrated in Figure 2.2a. The details of the characterizations and analysis are 

presented in the following sections.  
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Figure 2.2 (a) A schematic of our benchtop wet-spinning setup for GO-fiber fabrication; (b) a 

POM image of 20 mg ml-1 dispersions of GO@NMP; (c) a POM image of 20 mg ml-1 dispersions 

of GO@H2O; (d) rheological characterization of the two GO dispersions: dependence of the 

dispersion viscosity on shear rate. 

NMP and DMF have both been reported as polar organic solvents capable of dispersing 

GO.16, 121 However, GO-sheet size and the level of oxidation will also influence its dispersibility.130 

The average lateral size of GO sheets used for our wet spinning was estimated to be ca.16 μm 

(Figure 2.3). To characterize the level of oxidation in our GO samples, a Fourier Transform 

Infrared (FTIR) spectrum of GO (Figure 2.4) shows prominent peaks around 1035 cm-1 ( C-O), 

1225 cm-1 ( phenolic), 1362 cm-1 ( O-H bending in tertiary alcohol), 1622 cm-1 ( HOH bending in water), 1730 cm-

1 ( C=O) and a broad peak at 2430-3722 cm-1( O-H stretching),
131-132 confirming the chemical structure 

and the level of oxidation in our GO samples. Thus, good dispersibility of GO was observed in our 

experiments. As shown in Figure 2.5, at concentration of 20 mg ml-1 (the concentration used in 

our wet-spinning experiments), GO formed stable dispersions in both H2O and NMP for seven 

days, but many GO flakes precipitated in DMF after one day. Therefore, in this study, we adopted 

water and NMP as the dope solvents for wet spinning. The solvents with different chemical 

structures will have different interactions with GO sheets, influencing the rheological properties 
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of GO dispersions. According to “Hansen solubility parameters”,133 the ability of these solvents to 

form hydrogen bonds (hydrogen bonding cohesion parameter, 𝛿𝐻) is different. Water shows higher 

hydrogen bonding capability (𝛿𝐻 = 42.3), while 𝛿𝐻 of NMP is merely 7.2. In addition, NMP as 

an aprotic solvent cannot form hydrogen bonds with itself since it’s not a hydrogen-bonding donor. 

As a result, the hydrogen-bonding effect in the GO-NMP (GO@NMP) system is less dominating, 

leading to distinct rheological behaviors of the dispersion and the unique properties of the resulted 

wet-spun fibers.  

 

Figure 2.3 Size distribution of Graphene Oxide (GO) sheets. (a) an SEM image of GO sheets drop-

casted onto a silica wafer; (b) the corresponding size distribution of the GO sheets. The average 

size of GO sheets is calculated to be ca.16 μm.  
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Figure 2.4 An FTIR spectrum of GO powders used in our experiments. Spectrum was measured 

in Attenuated Total Reflectance (ATR) mode using Ge crystal-plate under nitrogen (N2) purging. 

Figure 2.2b&c show the polarized optical microscope (POM) images of 20 mg ml-1 GO 

dispersion in NMP and water, respectively. Both of them showed vivid colors, indicating the 

formation of LC phase.2 Rheological behaviors of the spinning dope strongly affect its spinnability, 

which depends on the size of GO sheets, the concentration of the GO dispersion, and the GO-

solvent interactions. Figure 2.2d shows the rheological behavior of GO dispersions in NMP and 

water at the same concentration (20 mg ml-1). The flow curve of LC GO dispersion is similar to 

that of plastic fluids.134 The relationship between viscosity () and shear rate (γ̇) of GO@NMP 

and GO@H2O were  ~ (γ̇)-0.873 and  ~ (γ̇)-0.941 respectively. The theoretical exponent for plastic 

materials is -1 and viscous character shows a value between 0 and -1. Therefore, in both NMP and 

H2O systems, the slight deviation from -1 represents the existence of viscous component and 

confirmation of dominant plastic behavior.40 This feature enables the shear-induced alignment of 
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the LC GO dispersion during spinning. Thus, the large size of GO sheets and high concentration 

used in both NMP and H2O systems ensure their good spinnability.   

 

Figure 2.5 Digital pictures of GO dispersions in H2O, NMP and DMF after being mechanically 

stirred for 48 h. Left: immediately after stirring stopped; Middle: one day after stirring stopped; 

Right: seven days after stirring stopped. GO formed stable dispersions in both H2O and NMP for 

seven days, but many GO flakes precipitated in DMF after one day. 

 rGO-Fs were made by wet spinning of a LC GO dispersion into a coagulation bath 

followed by chemical reduction with HI. Apart from solvent, coagulation bath is another vital 

parameter in wet spinning and will influence fiber morphology and structure greatly, since the 

molecular structure and the diffusion rate of the coagulant matter significantly.135 Until now, the 

coagulants used for GO dispersions can be divided into three categories, non-solvent precipitation, 

dispersion destabilization (via base or salt solutions, such as NaOH etc.), and cross-linking via 

divalent cations (such as CaCl2) or amphiphilic or oppositely charged polymers (such as 

chitosan).40 Among these, cross-linking agents and dispersion destabilization will introduce 

impurities and have negative side effects on the electrochemical performance of rGO-Fs.119 Thus, 

non-solvents of GO (e.g. acetone, acetic acid, and ethyl acetate etc.)118-119, 127  are expected to be 

the proper coagulants for supercapacitor applications. In addition, solvent and coagulation bath 

should match each other to ensure successful coagulation. For example, ethyl acetate is a good 

coagulant for GO@NMP but cannot be used for GO@H2O dispersions, because water and ethyl 
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acetate are immiscible, which hinders the dual diffusion process. When acetic acid was used as the 

coagulation bath for GO@NMP, GO fibers were floating in the bath requiring longer coagulation 

time and resulting in lower fiber strength. This made the fiber collection difficult and inhibited 

further processing. However, acetic acid works well when using GO@H2O as the spinning dope, 

and stronger fibers are usually obtained. Acetone-coagulated fibers with inner porous structures 

are much weaker mechanically than those coagulated from other non-solvents in both water and 

NMP systems. Therefore, we chose non-solvent ethyl acetate and acetic acid as the proper 

coagulation baths for GO@NMP and GO@H2O systems, respectively, in order to ensure efficient 

fiber processing and to obtain desired rGO-Fs in both systems. The solvent together with the non-

solvent coagulant will result in distinct rGO-F morphologies which will be discussed later. In 

addition, we kept all the other wet-spinning parameters (i.e. spinneret, draw ratio 1.5, drying etc.) 

and GO reduction processes the same, for the purpose of direct comparison between these two 

systems.  
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Figure 2.6 SEM images of rGO@NMP-F (a, b, c) and rGO@H2O-F (d, e, f). 

 

 

Figure 2.7 SEM images of fiber cross-sections of (a) GO@H2O-F; (b) GO@NMP-F; (c) 

rGO@H2O-F; (d) rGO@NMP-F. 

The surface and cross-sectional morphologies of GO-Fs/rGO-Fs are revealed by SEM 

(Figure 2.6 and Figure 2.7). The diameters (the largest width of cross-section) of rGO@NMP-F 
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and rGO@H2O-F are ~40 μm and ~45 μm respectively. The rGO@NMP-Fs are obviously rougher 

and more wrinkled with porous structure on the surface (Figure 2.6b & c). In comparison, the 

surface of rGO@H2O-Fs was rather smooth with few grooves. As shown in Figure 2.7, GO@H2O-

Fs present irregular multi-armed structure (Figure 2.7a), whereas higher circularity was observed 

in the cross-sections of GO@NMP-Fs (Figure 2.7b). In addition, GO sheets in both GO-Fs are 

compactly packed and well aligned along the longitudinal direction, but are with more microscale 

wrinkles in GO@NMP-Fs. After chemical reduction, the highly aligned structure is well 

maintained in both rGO-Fs, and microvoids are generated between graphene sheets (Figure 2.7c 

& d), resulting in higher porosity. The much more wrinkled rGO sheets in rGO@NMP-Fs exhibit 

more disturbed stacking throughout the transverse section. Methylene blue (MB) adsorption SSA 

measurement showed that the rGO@NMP-F with SSA of 803 m2 g-1 was almost twice than that of 

rGO@H2O-F (445 m2 g-1). Obviously, the rough and wrinkled morphology of rGO@NMP-Fs 

favors the diffusion and adsorption of ions in gel-state electrolyte, thus improving the 

electrochemical performance of the corresponding FSCs.  
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Figure 2.8 A proposed mechanism for the formation of rGO@H2O-F and rGO@NMP-F. 

Comparing to water, NMP molecules carry fewer hydrogen bonding sites and cannot form 

hydrogen bonding with themselves. In the coagulation process, ethyl acetate diffuses into GO 

sheets, the larger size of ethyl acetate and weaker hydrogen bonding between GO and ethyl acetate 

lead to larger distance between GO sheets. After the evaporation of ethyl acetate, the larger inter-

sheet distance would shrink more, and result in rougher and more wrinkled morphology in both 

longitudinal and transverse directions. In addition, rGO@H2O-Fs present irregular multi-armed 

structure with less wrinkles, while the contour of rGO@NMP-Fs is more regular but with much 

more microscale wrinkles on sheet surfaces.  
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Usually in a solvent-nonsolvent coagulation system, to enable the wet-spinning process, 

the imbibition rate (see supplementary for details) of coagulant should be higher compared to the 

solvent, i.e. the ratio should be higher than 1.119 The imbibition rate of a liquid is in proportion to 

k(𝜎 𝜇)⁄ 1/2
, where k is a constant, 𝜎 is the surface tension of the spreading liquid and 𝜇 is the 

viscosity of the spreading liquid.119 The imbibition rate ratio of ethyl acetate/NMP is 1.44, ensuring 

the successful coagulation. However, in acetic acid/water combination, this ratio is 0.54, 

highlighting the acidity of the coagulant apart from its non-solvent nature. For GO@H2O, once 

the GO@H2O spinning jet gets in contact with acetic acid, the hygroscopic property of acetic acid 

promotes the dehydration and the formation of hydrogen bonds between the GO sheets, inducing 

an immediate precipitation of GO at the interface. The larger volumes of acetic acid molecules 

will retard their diffusion into the spinning dope, resulting in a lower coagulation rate and a higher 

difference in mass-transfer rate.135 These factors together facilitate the formation of the irregular 

multi-armed fiber structure. As for GO@NMP, the exchange of NMP and ethyl acetate is more 

balanced around the contour of the spinning jet, due to the weaker interaction between GO sheets 

and NMP/ethyl acetate, as well as smaller difference in molecular sizes between the dope solvent 

and the coagulant, resulting in more regular cross-section structure. On the other hand, the much 

rougher and more wrinkled morphology of rGO@NMP-Fs may be subject to larger molecular size 

of ethyl acetate and weaker hydrogen bonding between GO sheets and ethyl acetate, which leads 

to larger distance between GO sheets. When the trapped coagulant molecules evaporate during the 

drying process, the fiber with larger sheets distance would shrink and result in a rough surface, 

inducing GO-sheet stacking with more wrinkles in both longitudinal and transverse directions and 

being well maintained after reduction, as illustrated in Figure 2.8.  
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Figure 2.9 (a) Typical strength-strain curves of rGO-F. The inset shows a highly flexible rGO-F. 

(b) conductivity and toughness of rGO-F. (c) CV curves at scan rate 40 mV s-1. Inset is a photo of 

a FSC assembled from two parallel single fibers (scale bar, 2mm). (d) Nyquist plots from the EIS 

tests of rGO@NMP-FSC and rGO@H2O-FSC.  

Both rGO@NMP-F and rGO@H2O-F have rGO sheets highly aligned along the 

longitudinal direction and well packed with micro-scale delamination along the transverse 

direction, leading to reasonable mechanical strength and electrical conductivity. Figure 2.9a shows 

the typical stress-stain curves of rGO@NMP-F and rGO@H2O-F respectively. The tensile strength 

of rGO@H2O-F (107 MPa) is slightly higher than that of rGO@NMP-F (93 MPa). It is comparable 

to the reported values of chemically reduced rGO fibers. For example, the coaxial rGO sodium 
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carboxymethyl cellulose (CMC) composite fiber has a tensile strength of 73-116 MPa136 and rGO-

F coagulated by NaOH/methanol solution shows a tensile strength of 140 MPa2. Notably, in terms 

of breakage elongation, rGO@NMP-F (~14%) is almost twice of that of rGO@H2O-F (~7.8%), 

and much higher than that of the reported rGO fiber spun from GO water dispersion (~6.6%) with 

comparable tensile strength of ~104 MPa,2, 118 indicating good flexibility and higher toughness 

(Figure 2.9b) against fracture under tensile stress. This robustness is suitable for the applications 

in woven or knitting fabrics.136 The higher elongation is mainly attributed to the wrinkled structure 

of rGO sheets existing in the rGO@NMP-F along fiber axis. This also suggests that the tensile 

strength of rGO-Fs could further be improved by optimizing spinning process. The electrical 

conductivities were calculated to be ~60 and 71 S cm-1 for rGO@NMP-F and rGO@H2O-F 

respectively (Figure 2.9b), which was comparable to that of rGO-Fs reported in literatures.136-137 

The lower conductivity of rGO@NMP-F may be ascribed to the lower level of alignment of rGO 

sheets along the fiber axis and fewer edge-to-edge contacts in between. 
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Figure 2.10 Polarized Raman spectra of an rGO@NMP-F with the incident laser beam parallel 

and perpendicular to the fiber axis, respectively. The Raman ratio, which is determined from the 

ratio between the G peak intensities of the two spectra (parallel vs. perpendicular), provides a 

useful probe for the relative degree of alignment. 

 

Figure 2.11 SEM images of rGO@NMP-Fs with draw ratio of (a) 1.5, (b) 1.75 and (c) 2 

respectively.  
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Table 2.1 Mechanical and electrical properties of rGO@NMP-Fs as a function of draw ratio 

applied in the wet-spinning processes 

Draw 

ratio 

Orientation 

degree 

(𝑰∥ 𝑰⊥⁄ ) 

Linear 

density/

dtex 

Tensile 

strength/ 

MPa 

Elongation 

/% 

Modulus/ 

GPa 

Electrical 

conductivity/ 

S cm-1 

1.5 3.75 3.33 93.4±6 14.1±0.8 2.4±0.2 59.2±1.1 

1.75 4.21 2.92 121.8±5 11.8±0.5 6.1±0.3 75.2±1.5 

2 4.78 1.52 163.4±6 10.2±1 10.7±0.5 86.3±0.7 

 

In this context, we also studied the mechanical properties and electrical conductivity of 

rGO@NMP-Fs as a function of rGO-sheet orientation obtained at different draw ratios (from 1.5 

to 2), by controlling the rotation speed of the coagulation bath. Polarized Raman spectroscopy has 

been used to probe the degree of rGO-sheet alignment from the ratio of G-band intensities between 

the parallel and perpendicular directions.74 Figure 2.10 shows polarized Raman spectra of 

rGO@NMP-F (draw ratio at 1.5) along the parallel direction and perpendicular directions, 

respectively. As shown in Table S1, the relative degree of orientation increased monotonically 

along with the increment in the draw ratio. Correspondingly, in SEM images (Figure 2.11), the 

fiber with higher draw ratio has smaller diameter and less wrinkled structure. Consequently, the 

tensile strength, modulus and conductivity of rGO@NMP-Fs exhibited monotonic change along 

with the degree of orientation, with highest values of ~163 MPa, ~10.7 GPa and ~86 S cm-1, 

respectively, at the highest draw ratio of 2. These results indicate the impact of rGO-sheet 

orientation on the fiber properties.  

The structures and properties of the wet-spun fibers largely depend on the wet-spinning 

parameters. The fiber morphology and electrical conductivity have great influence on the 

electrochemical performance of the fiber electrodes in energy-storage devices. The 
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electrochemical performance of the FSCs was tested in a two-electrode system in a parallel 

configuration (Figure 2.9c inset). Two rGO-Fs were fixed in parallel with an effective length of 

1.5 cm on a glass slide, and the distance in between them is ca. 1 mm. PVA/H2SO4 was used as 

both the gel electrolyte and the separator.  

 

Figure 2.12 Cyclic voltammetry (CV) curves of rGO@NMP-FSCs with rGO@NMP-Fs at 

different draw ratios (1.5, 1.75 and 2). Among these, rGO@NMP-F at draw ratio of 1.5 exhibited 

the highest specific capacitance.  

Among all the rGO@NMP-Fs with different degrees of orientation, the fibers prepared at 

draw ratio of 1.5 demonstrated the highest specific capacitance (Figure 2.12), mainly due to the 

highest surface roughness maintained at the lowest draw ratio. The comparison of rGO@NMP-

FSC and rGO@H2O-FSC are shown in Figure 2.9 with both draw ratios of 1.5. The cyclic 
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voltammetry (CV) curves of both FSC (Figure 2.9c) are close to rectangular, indicating that the 

FSCs behave the same as typical carbon-based EDLCs. The area of rGO@NMP-FSC CV curve is 

obviously larger than that of rGO@H2O-FSC, indicating that the rGO@NMP-FSC offers much 

higher capacitance, owning to the wrinkled surface structure and the larger electrolyte-ion 

accessible surface area. The calculated specific capacitance CA and CL of rGO@NMP-FSC reaches 

98.6 mF cm-2, 0.92 mF cm-1 at 40 mV s-1 (99.7 mF cm-2 and 0.94 mF cm-1 at current density of 

2.83 mA cm-2), almost ~5 folds higher than that of rGO@H2O-FSC (19 mF cm-2, 0.24 mF cm-1 at 

40 mV s-1), and also higher than the reported wet-spun rGO fiber FSC with rGO@H2O-F 

coagulated in CaCl2 solution (5.1 mF cm-2 or 0.036 mF cm-1 at 0.1 mA cm-2)138 and non-LC spun 

rGO@H2O-F coagulated in acetic acid (67.7 mF cm-2 or 0.88 mF cm-1 at 0.21 mA cm-2 )118. 

 

Figure 2.13 Equivalent circuit for fitting Nyquist plots in the high frequency region by Z-view. 
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Table 2.2 Z-view fitting results for Nyquist plots in Figure 2.9c and d with the equivalent circuit 

shown in Figure 2.12. 

Fitting 

Parameters 
Rs/Ω Rct/Ω 

CPEct Wo CPEdl 

Y0 /mF α RW/Ω TW/s α Y0/F α 

NMP 1267 1210 0.097 0.51 1350 20.13 0.53 0 0.92 

H2O 624.2 4000 0.077 0.54 33791 299 0.99 0 0.65 

 

Figure 2.9d shows the Nyquist plot from the electrochemical impedance spectroscopy 

(EIS) test with frequency from 0.01 Hz to 0.1 MHz with amplitude of 10 mV. For quantitative 

analysis, an equivalent circuit (Figure 2.13) was adopted to fit the Nyquist plots. From high 

frequency on the real axis, we can see the series resistance (Rs) of rGO@NMP-FSC and 

rGO@H2O-FSC are ca. 1.26 kΩ and 0.62 kΩ respectively (Table 2.2). The series resistance 

includes electrode resistance, solution resistance and contact resistance in the FSC. Considering 

we used the same electrolyte and FSC structure, the Rs difference between these two FSC is 

originated from the electrodes and this is consistent with the conductivity results of these two kinds 

of fibers. Comparing to rGO@H2O-FSC, there is an obvious semi-circle in rGO@NMP-FSC, 

which could be attributed to much more accessible rGO sheets of rGO@NMP-F and thus more 

exposed residual oxygen-containing groups. In addition, rGO@NMP-FSC showed obvious short 

45° Warburg region, and a more vertical line at low frequency, suggesting much better EDLC 

performance. 

Figure 2.14a shows the CV curves of rGO@NMP-FSC from 10 to 100 mV s-1 scan rates. 

At low scan rate, it exhibits good quasi-rectangular shape. However, as scan rate increases, it turns 

to fusiform shape as observed in most FSCs, with the specific capacitance dropped. The highest 

CV (Figure 2.14b) of rGO@NMP-FSC was 196.7 F cm-3 (147.5 mF cm-2) at scan rate of 10 mV s-

1, which is among the best values reported in the literature. The linear density of rGO@NMP-F 
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was 3.33 dtex (1 dtex = 1 g km-1), and the mass capacitance (CM) of rGO@NMP-FSC was 69.5 F 

g-1. The CV decayed to 48% of its initial capacitance at 100 mV s-1. Similar as the situation reported 

in literatures, Zhao et al. reported that the specific volumetric capacitance decayed to 50% of its 

initial capacitance at 100 mV s-1 in PVA/H2SO4 electrolyte.139 This capacitance decay at high scan 

rate was most likely due to the insufficient ionic transport in the charge/discharge process.140 The 

galvanostatic charge-discharge (GCD) curves at different current densities (Figure 2.14c) exhibits 

triangular shapes with a columbic efficiency of ca. 92%, suggesting good reversibility of the FSC 

and good charge propagation between the two fiber electrodes. Compared with other solid-state 

metal wires and/or carbonaceous-fiber based FSCs, the specific capacitance of rGO@NMP-FSCs 

(149.5 mF cm-2, 199.4 F cm-3 at 0.35 mA cm-2) is higher than that of the CNT coated carbon FSC 

(86.8 mF cm-2 at 0.38 mA cm-2),82 almost two times the value of the non-LC spun rGO-FSC (78.7 

mF cm-2 at current density of 0.085 mF cm-2),118 and much higher than mesoporous carbon/CNT 

composite FSC (39.7 mF cm-2 at 0.08 mA cm-2),141 core-shell rGO FSC (1.7 mF cm-2 at 0.02 mA 

cm-2),96 and even FSCs with pseudocapacitive materials incorporated, such as rGO/polyaniline 

(PANi) composite FSC (66.6 mF cm-2 at 0.1 mA cm-2),138 CNT/poly(3,4-ethylenedioxythiophene) 

(PEDOT)/Pt wire composite FSC (179 F cm-3 at 10 mV s-1),142 and MnO2/CNT fiber composite 

FSC (69.3 mF cm-3 at 0.1 A cm-3)97. The detailed comparison has been listed in Table 2.3 in the 

supporting information. 
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Figure 2.14 Electrochemical performance of rGO@NMP-FSC. (a) CV curves at different voltage 

scan rates. The current is normalized by the scan rates. (b) CA and CV at different scan rates; (c) 

GCD curves at different current density; (d) Capacitance retention as a function of bending cycles. 

The inset is capacitance stability during bending from 0° to 180°. The inset photo in (e) shows the 

180° bending state. (e) cycling stability for 5000 cycles. (f) Ragone plot of different FSCs and 

some commercial devices. Commercially available 4 V/500 μAh Li thin-film battery,143 2.75 

V/44mF commercial AC-EC,7 3.5 V/25 mF SC140 and some published experimental data (A) a 

non-LC spinning pure rGO FSC,118 (B) a CNT/rGO@CMC hybrid FSC136 and (C) a MnO2 

incorporated carbon fiber SC144.  

In order to measure the flexibility of FSC, we used a nonwoven fabric to replace the glass 

slide (Figure 2.14e inset). Figure 2.14d inset shows a capacitance retention of rGO@NMP-FSC 

under different bending angles from 0° to 180°. The capacitance retention was tested by CV at 20 

mV s-1 and it exhibited less than 5% fluctuation during the bending. In addition, it also retained 

90% after 1000 bending cycles (Figure 2.14d), demonstrating excellent flexibility and bending 
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stability of the rGO@NMP-FSC device. A capacitance retention rate of 88% was observed after 

5000 charge-discharge cycles (Figure 2.14e) at 1 A g-1. The small capacitance loss may be 

attributed to the evaporation of water in the gel electrolyte.  

The Ragone plot of rGO@NMP-FSC derived from the CV curves is presented in Figure 

2.14f at various power densities. The volumetric energy density and power density of the FSCs 

are more meaningful parameters for evaluating the energy-storage performance of the device. It 

can be seen that the EV and PV of our rGO@NMP-FSC are at the upper corner of the Ragone plot. 

The maximum EV of the rGO@NMP-FSC is 6.8 mWh cm-3 (at a power density of 120.4 mW cm-

3), which is approximately sevenfold higher than that of 2.75 V/44 mF commercial AC-EC7 and 

30-fold higher than that of 3.5 V/25 mF SC,140 and is even comparable to that of 4 V/500 μAh Li 

thin-film battery (0.3-10 mWh cm-3)143. This EV is among the highest values of recently reported 

FSCs. The power densities (120.4-1183 mW cm-3) are also among the best value compared with 

the other reported data.  
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Table 2.3 Comparison of specific capacitance (based on a single electrode) and energy density 

(based on device) of solid-state FSC. 

Electrode  

material 

Electrolyte CA 

(mF cm-2)        

CV 

(F cm-3)        

CM 

(F g-1)        

CL 

(mF cm-1)        

EA 

(μWh 

cm-2)        

EV 

(mWh 

cm-3) 

rGO@NM

P-F 

This work 

H2SO4-

PVA 

149.5 

@0.15A 

g-1, 0.35 

mA cm-2 

199.4 69.5 

@10 

mV s-1 

1.4 5.12 6.8 

NLC-spun 

rGO 

fiber118 

H2SO4-

PVA 

78.7 

@0.2 A g-

1, 0.085 

mA cm-2 

226 

@0.2 A 

g-1, 

0.085 

mA cm-2 

185 

@0.2 

A g-1, 

/ / 7.26 

rGO+CNT

@CMC 

fiber136 

H3PO4-

PVA 

177 

@0.1 mA 

cm-2 

158 

@0.1 

mA cm-2 

/  / 3.5 

rGO+PANi 

fiber138 

H3PO4-

PVA 

66.6 

@0.1 mA 

cm-2 

76.1 

@0.1 

mA cm-2 

/ 0.7 

@0.1 mA 

cm-2 

/ / 

CNT 

coated 

carbon 

fiber82 

H3PO4-

PVA 

86.8 

@0.38 

mA cm-2 

14.1 

@5 mV 

s-1 

11.1 

@5 

mV s-1 

/ / 0.14 

N-doped 

rGO+CNT 

fiber106 

H3PO4-

PVA 

/ ~200 

@0.267 

A cm-3 

/ /  ~6.3 

Mesoporou

s 

carbon+CN

T 

composite 

fiber141 

H3PO4-

PVA 

39.7  

@0.08 

mA cm-2 

/ / 150 

@0.125 A 

g-1 

/ / 

PEDOT+C

NT 

fiber+Pt 

wire142 

H3PO4-

PVA 

73@10 

mV s-1 

179 

@10 

mV s-1 

/ 0.46@10 

mV s-1 

/ 1.4 

MnO2+PPy

@CNT 

fiber97 

H3PO4-

PVA 

/ 69.3 

@0.1 A 

cm-3 

/ / / / 

Core-shell 

rGO fiber96 

H3PO4-

PVA 

1.7 

@0.02 

mA cm-2 

/ 38 

@0.2 

A g-1 

/ / / 
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2.4. Conclusion 

In summary, we fabricated continuous wet-spun rGO-Fs with large surface area and high 

toughness from the combination of NMP/ethyl acetate as the dope-solvent/coagulant pair, which 

is favored over the H2O/glacial acetic acid pair for solid-state FSC applications. These fibers 

possessed wrinkled morphology and porous structure which could facilitate the adsorption and 

diffusion of electrolyte ions. The specific capacitance of rGO@NMP-FSC was up to 196.7 F cm-

3 (147.5 mF cm-2), almost five times higher than that of rGO@H2O-FSC and higher than existing 

pure or hybrid rGO-Fs and CNT fibers. The energy density of this rGO@NMP-FSC was 6.8 mWh 

cm-3, which was comparable to that of 4 V/500 μAh Li thin-film battery. The power density was 

1183 mW cm-3, among the highest values of recently reported FSCs. This approach opens a new 

avenue to design and fabricate conductive, mechanical strong and high surface area rGO-Fs and 

its application in FSCs and paves the way for the production of low cost, flexible, biosafe and high 

electrochemical performance wearable electronic energy storage devices. 
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Chapter 3 Mordant Inspired Wet-Spinning of Graphene Fibers for 

High Performance Flexible Supercapacitors 

3.1. Introduction 

Graphene, due to its extraordinary molecular-level properties, such as large surface area, 

excellent mechanical strength, good optical transparency, and high thermal and electrical 

conductivities,145-147 has been extensively studied as electrode materials for electrochemical 

double-layer capacitors (EDLCs).148-149Various macroscopic structures, including one-

dimensional (1D) fibers,150 two-dimensional (2D) films151 and three-dimensional (3D) frameworks 

have been assembled.152 Among these architectures, fiber-shaped supercapacitors (FSCs) have 

attracted enormous attention, mainly due to their high flexibility which enables them to be 

manually woven or knitted into fabrics with excellent wearability/breathability, working as 

energy-storage yarns or fabrics in smart textiles.9, 153-156 More importantly, fiber-shaped energy-

storage devices can become attractive power sources for miniaturized electronic devices such as 

microrobots, physiological sensors, and even implantable medical devices, since they can have 

small volumes and could be easily integrated into all kinds of shaped structures.5, 157-158   

Solution-processing of graphene oxide (GO) followed by chemical or thermal reduction is 

a well-established protocol to synthesize large quantities of graphene-like structures.159 Owing to 

the abundant oxygen-containing groups (OCGs) on the basal planes and edges, GO can be well 

dispersed in water. The excellent dispersibility together with its large aspect ratio renders the 

formation of lyotropic lamellar liquid crystals (LCs) of GO sheets in water with orientational 

orders, enabling their wet spinning into continuous GO fibers,2 and subsequent reduced GO (rGO) 

fibers via either chemical or thermal treatments.  
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Coagulation bath in wet-spinning process is one of the most important factors that 

influences the structures and properties of the as-spun fibers.117 So far, alkaline baths (such as 

KOH and NaOH), divalent cations (CaCl2 and CuSO4), positive charged polymer and small 

molecules (chitosan, CTAB, and diamine), and non-solvents (acetone and glacier acetic acid)9, 119, 

125, 137, 160 have all been used as coagulants. Among those, insulating polymers or macromolecules 

will improve the mechanical properties of the resulted fibers but would inevitably compromise the 

electrical conductivity. In contrast, small metal cations (e.g. Ca2+) can diffuse into the as-spun 

fibers in wet state, crosslink GO sheets in-situ, and result in improved mechanical strength and 

unaffected electrical conductivity of final rGO fibers. However, these Ca2+ cross-linked fibers are 

typically made of dense packing of GO/rGO flakes, which is unfavorable for capacitive energy 

storage. On the other hand, Abouralebi et al.119 found that rGO fibers from acetone coagulant 

generated more porous structure with higher specific surface area (SSA), offering higher 

capacitance over that of the fibers from Ca2+ bath. However, the mechanical and electrical 

properties of acetone-based rGO fibers were almost one order of magnitude lower than that of the 

Ca2+-coagulated fibers, mainly due to weak interactions among rGO sheets. Therefore, a trade-off 

between SSA and mechanical strength/electrical conductivity has to be made for these rGO fibers 

as supercapacitor electrodes. Hitherto we are still waiting for rGO fibers that can offer excellent 

energy-storage capability while being compatible with machine weaving and/or knitting. 

Historically, mordants (alum/tannin, or aluminium acetate) are widely used in dyeing 

industry to improve color efficiency and wash fastness of natural dyes such as Alizarin and Saffron. 

A mordant is basically a chemical binding reagent that helps the adhesion between polymeric 

fibers (cotton, silk, and wool) and dye molecules. Traditional mordants used include alum 

(AlK(SO4)2∙12 H2O), cuprous sulfate (CuSO4∙5 H2O), ferrous sulfate (FeSO4), and aluminum 
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acetate (Al(OOCCH3)3, all of which are environmentally friendly and cost-effective.161 To our 

knowledge, the binding effect of mordants mainly comes from the interactions existing between 

the multivalent cations and the local chemical moieties in the dye/polymer molecules. Also, 

according to the classic Schulze-Hardy rule,162-163 the higher valence the cations have, the stronger 

charge screening the cations can provide. Therefore, trivalent cations (Al3+ and Fe3+) are the most 

widely used inorganic coagulants in wastewater treatment.164 With regard to GO, trivalent cations, 

such as Al3+, have been reported to be an effective cation for stabilizing GO membranes in 

water.165, 166 In aqueous dispersions, cations with different charges and electronegativity have 

different adsorption affinity with GO, leading to transformation and aggregation of GO sheets into 

various sphere-like flocculation, as reported by Yang et al.167 In addition, trivalent cations have 

been reported as better cross-linkers for alginate gel than divalent cations for mechanical 

performance.168  

GO sheets typically carry various OCGs on their basal planes and the edges, resulting in 

small sp2-C domains isolated within the sp3-C matrix.169 These functional moieties could offer 

different interactions with the intercalated ions in between GO sheets, leading to the deformation 

or corrugation of the GO sheets and thus distinct fiber morphologies.167 All these interactions are 

strongly depending on the intrinsic physiochemical properties of the cation, such as its electron 

configuration, size, valence number etc. So far, to our knowledge, no report has used trivalent 

cations as a coagulant for wet spinning of GO/rGO fibers. Inspired by the prominent differences 

brought by the application of trivalent cations in GO membranes, GO dispersions and alginate 

gels, we have applied trivalent cations in the coagulating process of GO to target enhanced fiber 

mechanical and morphological features, which are of the primary demands for fiber electrodes in 

FSC applications.  
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In our experiment, two types of trivalent metal cations, Al3+ and Fe3+, were used as 

coagulants for rGO fibers (rGOF-Al3+ and rGOF-Fe3+) for the first time. In comparison, Ca2+ cross-

linked and acetic-acid coagulated rGO fibers (rGOF-Ca2+ and rGOF-Acetic acid) were also 

prepared as control systems. rGOF-Al3+ fibers, owing to their compact and well-aligned structure, 

offered the highest electrical conductivity, superior to most of rGO fibers reported in literature 

prior to thermal annealing. Meanwhile, trivalent cations, especially Al3+, have led to more wrinkled 

fiber morphology with at least 20.5 % higher toughness and 4.8 times higher volumetric 

capacitance, as compared to that of Ca2+ and acetic acid coagulated rGO fibers.  

3.2. Experimental Section 

3.2.1. Materials 

Natural graphite flakes (300 μm) were obtained from Asbury Graphite Mills USA. KMnO4, 

HI acid (55%), CaCl2, AlCl3, and FeCl3 were purchased from Sigma-Aldrish and used as received. 

Concentrated H2SO4 (98%), HNO3, HCl (36.5%), glacier acetic acid, ethanol and H2O2 (30%) 

were purchased from Fisher Chemical. 

3.2.2. Synthesis of GO 

 GOs were prepared from graphite powders following a modified Hummers’ method.129, 

170 Graphite powder (2 g) was added to a H2SO4 (98%, 100 mL) and HNO3 (33 mL) mixture, 

stirring for 24 hours at room temperature. Then, the mixture was poured slowly into 1 L de-ionized 

(DI) water, followed by filtration to collect the solid. The solid was washed using DI water to 

neutralize pH and dried at room temperature to obtain the intercalated graphite compounds.  

The intercalated graphite compounds were thermally expanded using a microwave (750 

W) for 5 seconds to obtain worm-like expanded graphite (EG). EG was added to a 500 mL flask 

containing H2SO4 (98%, 267 mL) in an ice bath (0°C). KMnO4 (10 g) was then added slowly to 
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the mixture under continuous stirring. After the introduction of KMnO4, the mixture was kept at 

room temperature and stirred for 12 hours. 1.5 L water was then added slowly to an ice bath (0°C). 

Shortly after the dilution with DI water, 30 mL H2O2 (30%) was added to the mixture, resulting in 

a bright yellow, bubbling solution.  

We left the mixture to settle for 2 days after we decanted the clear supernatant. The 

remaining mixture was washed with HCl solution (10 %) and DI water successively until neutral, 

followed by dialysis for 2 weeks.  

3.2.3. Fabrication of rGO Fibers 

With a lab-scale, home-built wet-spinning apparatus, a GO spinning dope (15 mg mL-1) 

was extruded through a spinneret (24 gauge) into the rotating coagulation bath, yielding a draw 

ratio of 1.3. The coagulation baths tested include 0.5 M AlCl3, 0.5 M FeCl3, 0.5 M CaCl2 in 

H2O/ethanol (3/1 v/v), and glacier acetic acid, respectively.  

Subsequently, as-spun wet-state GO fibers from AlCl3, CaCl2, and FeCl3 coagulation baths 

were washed with DI water. The reduced GO (rGO) fibers were prepared with hydroiodic acid 

(HI) reduction at 80°C for 12 hours, followed by cleansing with water and ethanol, and drying at 

60 °C in vacuum for 8 hours.  

3.2.4. Structure Characterizations  

The morphology of rGO fibers were characterized using a scanning electron microscope 

(SEM). Electrical conductivity of rGO fibers were measured by standard four-probe method. 

Mechanical properties were measured using a Q-test system with 1 mm/min extension rate and 1 

cm gauge distance. All the electrical conductivity and mechanical properties were the average 

results of at least 5 samples.  
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The SSA of rGO fibers were measured by methylene blue adsorption method.119, 171 

Generally, around 10 mg of rGO fibers were put into a flask and 100 μL of 1 mg/mL of MB 

solution were added at regular time. Then the remnant concentration of MB was measured by UV-

Vis spectrophotometer at 664 nm. The SSA was calculated by the equation: 𝑆𝑆𝐴 =

(𝑚𝑀𝐵 𝑀𝑀𝐵⁄ )𝐴𝑉𝐴𝑀𝐵(1 𝑚𝑓𝑖𝑏𝑒𝑟⁄ ), where 𝑚𝑀𝐵 is the mass of the adsorbed MB, 𝑀𝑀𝐵 is the molar 

molecular weight (319.87 g mol-1) of MB, 𝐴𝑉 is Avogadro’s number (6.02 × 1023/mol), 𝐴𝑀𝐵 is 

the area covered by one MB molecule (assumed to be 1.35 nm2) and 𝑚𝑓𝑖𝑏𝑒𝑟 is the mass of rGO 

fibers. 

3.2.5. Electrochemical Performance Characterizations 

Electrochemical measurements, including the CV, GCD, and EIS were conducted in the 

solid state using electrochemical workstation (Autolab, Metrohm, USA). Two rGO fibers were 

aligned in parallel, soaked with gel electrolyte of H2SO4/polyvinyl alcohol (PVA)/H2O (1/1/10 in 

weight), and dried at room temperature.  

The specific volumetric capacitance (Cv), and area capacitance (CA) of the electrode in a 

two-electrode cell was calculated according to 𝐶𝑉 = 2𝐶/𝑉𝑓𝑖𝑏𝑒𝑟, and 𝐶𝐴 = 2𝐶/𝑆𝑓𝑖𝑏𝑒𝑟, respectively, 

where C is the measured two-electrode configuration FSC capacitance, Vfiber and Sfiber are the 

volume, mass and surface area of the single fiber respectively. C could be obtained from CV test: 

C = (1 2𝑣)⁄ × ∮ 𝐼𝑑𝑈/∆𝑈, where v is the scan rate, 𝐼 is the instantaneous current, ∆𝑈 is the voltage 

range. C could also be from GCD test: C = 𝑡 × 𝐼/(∆𝑈 − 𝑈𝑑𝑟𝑜𝑝), where t is the discharge time, 𝐼 

is the discharge current, ∆𝑈 is the potential window, 𝑈𝑑𝑟𝑜𝑝 is the voltage drop in the discharge 

curve.  

For the solid-state FSC, the volumetric capacitance (CV-device) of the device was derived 

from the equation: 𝐶𝑉−𝑑𝑒𝑣𝑖𝑐𝑒 = 𝐶/𝑉𝑑𝑒𝑣𝑖𝑐𝑒, where Vdevice is the volume of two fiber electrodes. The 
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volumetric energy density (EV) and power density (PV) of the FSC can be obtained from 𝐸𝑉 =

𝐶𝑣−𝑑𝑒𝑣𝑖𝑐𝑒 × 𝑈2/7200, 𝑃𝑉 = 𝐸𝑣 × 3600/𝑡. 

3.2.6. Density Functional Theory Calculations 

The revised Perdew-Burke-Ernzerhof (RPBE)172 generalized gradient approximation 

(GGA)173 functionals in conjunction with the projector augmented wave (PAW)174 

pseudopotentials were employed in our density functional theory (DFT)175-178 calculations using 

the Vienna Ab Initio Simulation package (VASP)179-182. The plane-wave cutoff energy was set as 

500 eV. The atomistic structures in our calculations were allowed to relax to the tolerance of 

atomic force at 0.01 eV/Å. Our graphene-oxide (GO) model was constructed from a perfect 

graphene structure (Figure 3.1). A GO layer was placed in a simulation cell with a size of 12.82 Å 

× 12.34 Å in the basal plane and with at least 13 Å vacuum in the normal direction. A 3×3×1 

Monkhorst-Pack grid183 was used to sample the Brillouin zone in our calculations. 

The binding energy of hydrated cation on GO surface (𝐸𝑏) was calculated as: 

𝐸𝑏 = 𝐸𝑡𝑜𝑡 − 𝐸𝑀−𝑂𝐻 

where, 𝐸𝑡𝑜𝑡 is the DFT calculated energy of the optimized structure with metal hydrated 

cation adsorbed on GO and 𝐸𝑀−𝑂𝐻 is the DFT calculated energy of an isolated hydrated cation 

(i.e., ion chelated by two OH groups).  

To evaluate the strength of the cross-link formed by Al, Fe, and Ca between two GO layers, 

we calculated the energies of breaking the crosslink through removal of the bonds linked to either 

the upper or the lower GO layer. Namely, we performed the following two calculations for each 

crosslink. 

𝐸𝐵𝐷−𝑢𝑝 = 𝐸𝑀−𝐺𝑂−𝑑𝑜𝑤𝑛 + 𝐸𝐺𝑂−𝑢𝑝 − 𝐸𝑡𝑜𝑡 

𝐸𝐵𝐷−𝑑𝑜𝑤𝑛 = 𝐸𝑀−𝐺𝑂−𝑢𝑝 + 𝐸𝐺𝑂−𝑑𝑜𝑤𝑛 − 𝐸𝑡𝑜𝑡 
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where, 𝐸𝐵𝐷−𝑢𝑝 and 𝐸𝐵𝐷−𝑑𝑜𝑤𝑛 denote the energies for breaking the bonds with the upper 

and lower GO layer, 𝐸𝑀−𝐺𝑂−𝑑𝑜𝑤𝑛 and 𝐸𝑀−𝐺𝑂−𝑢𝑝 are the DFT calculated energies of the relaxed 

lower and upper GO layer with metal atom adsorbed on, and 𝐸𝐺𝑂−𝑢𝑝 and 𝐸𝐺𝑂−𝑑𝑜𝑤𝑛 are the DFT 

calculated energy of the relaxed upper and lower GO layer, respectively. Thus, the activation 

energy to break the crosslink is defined as the lower value of 𝐸𝐵𝐷−𝑢𝑝 and 𝐸𝐵𝐷−𝑑𝑜𝑤𝑛. 

 
 

Figure 3.1 Atomistic structure of (a) single-layer graphene and (b) optimized structure of single 

layer graphene oxide (GO). In the figure, carbon, oxygen and hydrogen atoms are plotted as the 

black, red and white balls, respectively. 

Figure 3.2 Top view (top) and lateral view (bottom) of metal cations adsorption configuration on 

a graphene layer through cation- interaction and optimized by DFT method.  

3.3. Results and Discussion 

According to the wet-spinning protocol reported in our previous work (Figure 3.3),9 an 

aqueous dispersion of GO sheets, with average lateral dimension around 16 μm (Figure 3.4), was 
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extruded into a coagulation bath to form continuous GO fibers at room temperature. The GO sheets 

can be viewed as a 2D carbon lattice consisting of clustered nano-sp2 regions and sp3 carbon 

matrices.184 In terms of coagulation mechanism, the interactions between multivalent metal cations 

and OCGs on GO sheets are believed to be responsible for the fiber formation and stabilization. In 

addition, due to the presence of abundant sp2 clusters, the cation-π interactions between the cations 

and the π-ring electrons might also play a role for the fiber formation. With the shear stress applied 

during spinning and the wet-drawing applied during coagulation, GO sheets could be easily 

aligned along the fiber axis with multivalent cations bridged among them in our processes. The 

collected as-spun wet-state GO fibers were then washed with DI water to remove physically 

trapped cations, and then chemically reduced with hydroiodic acid (HI), during which the 

remaining OCGs were removed and the π-conjugation was partially restored for electrical 

conductivity. 
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Figure 3.3 Schematic illustration of the formation of rGO fibers from divalent and trivalent cations 

in coagulation baths, respectively. After solvent evaporation and chemical reduction, rGO fibers 

with different cation cross-linking resulted in dramatically different morphologies.  
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Figure 3.4 Size distribution of Graphene Oxide (GO) sheets. (a) an SEM image of GO sheets drop-

casted onto a silica wafer; (b) the corresponding size distribution of the GO sheets. The average 

size of GO sheets is calculated to be ca.16 μm.  

The SEM images as shown in Figure 3.5 are highlighting the morphological disparity 

among the rGO fibers made from different coagulation baths. The trivalent cations (Al3+ and Fe3+) 

coagulated rGO fibers are obviously much more wrinkled with macroscale pores on their surfaces. 

In comparison, the surfaces of rGO fibers from divalent cation Ca2+ and acetic acid are much 

smoother with only a few grooves aligned along the fiber axis direction. During the coagulation 

process, the hydrated cations (Al3+, Fe3+ or Ca2+ ions) diffuse into the spaces in between the GO 

sheets (Figure 3.3) and form chemical bonding with the negatively charged OCGs on the GO 

surfaces. Meanwhile, these multivalent cations can also bind to the aromatic region through cation-

π interactions.166, 169 To gain understanding of the interaction between cations and GO, we have 

performed the first-principles density functional theory (DFT) calculations (computational details 

are given in SI) to quantitatively investigate the interaction between cations and OCG abundant 

regions in GO, which we believe is the primary interaction existing in our system. DFT prediction 

of the structure and energy of partially hydrated Al3+, Fe3+ or Ca2+ cations adsorbed on GO surface 

was first developed. A 78-atom GO model proposed by Shi-Tu166, 185 and Klinowski186 et al. was 
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used with a formula of C10O1(OH)1 and with OCGs, which are hydroxyl (-OH) and epoxy (-O-), 

randomly distributed on both sides of the GO sheet (Figure 3.1). Partial hydration of the cations 

was modeled as an ion chelated by two -OH groups. Figure 3.6a shows the optimized adsorption 

of the hydrated cations on GO surface. Our DFT results indicate that the cations prefer to be 

adsorbed on GO through the formation of ionic bonds with two adjacent epoxy groups at an 

average bond length of 1.87 Å for Al3+-O, 1.90 Å for Fe3+-O, and 2.38 Å for Ca2+-O. Moreover, 

our DFT calculation predicted the binding strength of the partially hydrated cations on the GO 

surface to be 4.39 eV for Al3+, 2.52 eV for Fe3+, and 1.24 eV for Ca2+, respectively. Consequently, 

our DFT results suggest that hydrated Al3+ has the highest tendency to form strong bonding with 

OCGs followed by Fe3+, whereas hydrated Ca2+ has the lowest affinity among the three. Moreover, 

DFT method was used to calculate the binding energy between Al, Fe and Ca and the sp2 carbon 

region via cation- interaction (Figure 3.2)169. It was predicted that the cation- interaction with 

graphene were 0.73 eV for Al, 0.23 eV for Fe, and 0.24 eV for Ca, respectively. Hence, the cation-

OCG interaction is dominantly stronger over the cation- interaction in our DFT models. 

Meanwhile, the binding strength between the cation and the OCGs really depends on the 

physiochemical characteristics of the employed cations (Table 3.1), with higher charge density, 

leading to stronger cation-OCG interaction.  
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Figure 3.5 Morphologies of rGO fibers. SEM images of (a) acetic-acid coagulated rGO fiber; (b) 

Ca2+ coagulated rGO fiber; (c) Al3+ coagulated rGO fiber; (d) Fe3+ coagulated rGO fiber. 

 

Figure 3.6 Atomic structures of hydrated cations adsorption on a single layer GO surface (a) and 

intercalated atoms between two GO layers (b). In the figure, the black, red, white, and blue balls 

represent carbon, oxygen, hydrogen, and cations (Al3+, Fe3+, or Ca2+), respectively. 
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Table 3.1 Physicochemical Properties of the Cations187-188  

Metal cations Ionic radius 

(Å) 

Hydration 

shell thickness 

(Å) 

electronegativity Charge density 

(C mm-3) 

Ca2+ 1.00 1.71 1.01 52 

Fe3+ 0.65 2.88 1.83 349 

Al3+ 0.50 3.24 1.61 770 

 

As interlayer water molecules evaporate during drying process, the hydration shells of 

cations shrink gradually. As cations dehydrate (i.e., releasing the two OH groups) and GO sheets 

approach each other, cations that are intercalated between two GO layers start to bind with two 

epoxy groups of the other GO layer (Figure 3.6b). In this case, the two GO layers are distorted 

around the intercalated cations, forming large wrinkles and pillars. According to our DFT 

calculation, it requires 3.97 eV, 2.77 eV, and 2.15 eV activation energy to break such a crosslink 

formed by Al3+, Fe3+, and Ca2+, respectively. Therefore, the local pinning of the GO layers by Al3+ 

and Fe3+ is very difficult to break once it is formed, leading to the corrugated assembly of GO 

layers. In the case of Ca2+, we believe that its low binding strength on the single layer GO (Figure 

3.6a) has led to much less adsorption density on GO surface in the first step. Combining with 

relatively weak crosslinks between two neighboring GO layers, Ca2+ cations favor the formation 

of face-to-face stacking of GO sheets with less out-of-plane distortion comparing to Fe3+ and Al3+ 

cations.  

After HI reduction, OCGs are partially removed and graphitic lattice is somewhat restored 

in rGO fibers. Al3+ cations, remaining in the rGO sheet galleries (Figure 3.7), possessing the 

strongest binding with the residue OCGs and graphitic lattice, give rise to the most buckling 

structure as observed in rGOF-Al3+ (Figure 3.5c). Regarding the bulking direction, due to the 

external force that applied along fiber axis during fibers formation, the wrinkles are mostly formed 
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throughout the cross-section of rGO fibers and perpendicular to fiber axis (Figure 3.8). Meanwhile, 

along the fiber axis, most of the rGO sheets have less prominent wrinkles and still maintain high 

level of orientation (calculation details are given in SI, Figure 3.9 and Table 3.2). From XRD 

patterns, Ca2+ cations with large radius leads to interrupted sheets stacking and broad XRD signal 

(Figure 3.10). Because of relative smaller radius of Al3+, rGOF-Al3+ has a narrower peak with 

slightly lower inter-sheet spacing of 0.375 nm, as compared to that of rGOF-Ca2+ (0.377 nm). 

Comparing within trivalent cations, Fe3+ with lower charge density possesses weaker interaction 

with rGO sheets, resulting in less compact structure with larger inter-layer spacing (0.382 nm) 

(Figure 3.10) than that of rGOF-Al3+. The SSA measurement results through methylene blue (MB) 

adsorption are (Table 3.2) in agreement with the morphological observations of rGO fibers. The 

rGOF-Al3+ gives the highest value of 685.8 m2 g-1, ~14 % higher than that of rGOF-Fe3+ (601.1 

m2 g-1) and ~51 % higher than that of rGOF-Ca3+ (454.7 m2 g-1) and rGOF-Acetic acid (445.9 m2 

g-1). 
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Figure 3.7 TOF SIMS secondary ion images of (a) Ca2+, (b) Al3+ and (c) Fe3+ acquired from 

corresponding rGO fibers along fiber axis direction, confirming the existing of cations in rGO 

fibers. TOF-SIMS measurements were conducted with an ION-TOF TOF-SIMS V instrument with 

bismuth beam for analysis and cesium beam for sputtering. 

 
Figure 3.8 (a) Schematic illustration of the wrinkling direction of rGO sheets in each rGO fibers. 

(b) Cross-sectional SEM images of rGO fibers. rGOF-Al3+ has the most wrinkled structure through 

fiber cross-section (perpendicular to fiber axis), but still maintain good alignment along fiber axis.   
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Figure 3.9 Typical polarized Raman spectroscopy of rGOF-Al3+ fiber with the incident laser beam 

parallel and perpendicular to the fiber axis, respectively. The Raman ratio, which is determined 

from the ratio between the G peak intensities of the two spectra (parallel 𝐼∥ vs. perpendicular 𝐼⊥), 

provides a useful probe for the relative degree of alignment. 
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Table 3.2 SSA, mechanical, electrical and alignment properties of rGO Fibers. Fiber alignment 

was calculated from the ratio of G peak intensities (parallel 𝑰∥ vs. perpendicular 𝑰⊥) of rGO fibers. 

The ratio is the average of five measurements made over different positions of each fiber. 

Sample 
SSA/ 

m2 g-1 

Tensile 

strength/ 

MPa 

Breakage 

elongation/ 

% 

Toughness/ 

MJ•m-3 

Electrical 

conductivity/ 

S•cm-1 

𝑰∥/𝑰⊥ ratio 

GO-Al3+ 685.8 164.9 ± 2.1 10.3 ± 2.1 10.0 ± 2.1 171.3 ± 9.1 2.36±1.03 

rGO-Fe3+ 601.1 154.7 ± 5.5 11.2 ± 3.5 8.7 ± 2.5 110.6 ± 5.7 1.80±0.97 

rGO-Ca2+ 454.7 240.9 ± 32.5 6.2 ± 0.9 8.3 ± 1.2 128.0 ± 6.2 1.67±0.37 

rGO-

Acetic 

acid 

445.9 145.6 ± 11.8 6.9 ± 0.8 4.1 ± 0.8 85.7 ± 0.9 1.92±0.45 

 

 
Figure 3.10 XRD patterns of rGO fibers. Fixed Time mode, step size 0.05 degree, dwell time 4 

second. Wavelength to compute d-spacing 1.54059 Å, Cu/K-alpha 1.  
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Representative stress-strain curves of rGO fibers are depicted in Figure 3.11a and the 

mechanical properties along with the electrical conductivities of rGO fibers are summarized and 

compared in Table 3.2. It is evident that the composition of coagulation bath significantly 

influences the mechanical properties of the resulted rGO fibers. As expected, rGO fibers prepared 

by ionic cross-linking displayed higher tensile strength and toughness as compared to the non-

solvent coagulation bath (acetic acid) where the cross-linking effect is absent. For rGO fibers 

coagulated from acetic acid, the lateral cohesion of adjacent rGO sheets can be assigned as van der 

Waals interactions as well as some residual hydrogen-bonding. For fibers coagulated from metal 

cations, in addition to van der Waals interactions, the interaction between cations with residue 

OCGs and aromatic planes also contributes to improve the fiber mechanical performance. 

 

 



 

81 

 

 

Figure 3.11 Comparison on the mechanical, electrical and electrochemical properties of rGO 

fibers coagulated from trivalent cation baths (Al3+ and Fe3+), divalent cation baths (Ca2+), and non-

crosslinker acetic acid. (a) Representative stress-strain curves of rGO fibers prepared using various 

coagulation baths. (b) Typical I-V curves of rGO fibers with the length of 2 cm. The inset shows 

a schematic of our four-probe apparatus for the electrical conductivity measurements. (c) CV 

curves at 40 mV s-1. (d) Nyquist plot from the EIS test. 

Generally, Al3+ and Fe3+ cross-linked fibers exhibited medium tensile strength, but larger 

breaking elongation, resulting in higher toughness than that of Ca2+ and acetic acid coagulated 

fibers. Specifically, rGOF-Al3+ has a tensile strength of 164.9 ± 2.1 MPa at breaking elongation of 

10.3 ± 2.1 %, resulting in a toughness value of 10.0 ± 2.1 MJ m-3, 20.5 %, and 144.6 % higher than 
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that of rGOF-Ca2+ and rGOF-Acetic acid. High toughness against fracture under tensile stress 

indicates good flexibility which is favored for textile processing, such as twisting, weaving and 

knitting. Toughness of rGO fibers can be divided into two parts, i.e. the strain energy stored in the 

in-plane tensile deformation of rGO sheets and the one in the shear deformation of interlayer 

crosslinks189. As compared to divalent Ca2+ and acetic acid coagulated rGO fibers, Al3+ and Fe3+ 

coagulated fibers have more wrinkled rGO sheets along the fiber axis, which can contribute more 

to the in-plane tensile deformation. Within rGO fibers coagulated from trivalent ions, rGOF-Al3+ 

with more compact structure exhibits higher tensile strength and slightly lower breaking strain as 

comparing to rGOF-Fe3+ with larger layer spacing.  

The electrical conductivity of rGO fibers was measured by the four-probe method (Figure 

3.11b inset) rather than two-probe method, mainly to eliminate the effect of contact resistance that 

originates from the contacting interfaces of electrical leads and connections.190 Figure 3.11b shows 

the typical I-V curves of these rGO fibers. The rGOF-Al3+ shows the highest electrical conductivity 

(171.3 ± 9.1 S cm-1) in comparison with other rGO fibers, mainly due to its compact structure and 

well-aligned rGO sheets along fiber axis. The capacitive performance of these rGO fibers is mainly 

ascribed to double-layer capacitance, which is proportional to electrolyte accessible surface area. 

rGO fibers coagulated from various chemicals were assembled into symmetrical parallel FSCs and 

evaluated based on their cyclic voltammogram (CV) responses at 40 mV s-1 (Figure 3.11c). All 

FSCs showed a quasi-rectangular CV curve representative of good double-layer formation. 

Obviously, fibers coagulated from trivalent ions exhibited much higher capacitance. For example, 

rGOF-Al3+ FSC exhibited a capacitance of 148.5 mF cm-2 (213.7 F cm-3), ~ 4.8 times and 6.8 times 

higher than that of rGOF-Ca2+ and rGOF-Acetic acid based FSCs, respectively. This originated 

from the more wrinkled surfaces of trivalent cation-crosslinked rGO fibers as observed in Figure 
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3.5, offering much larger accessible area to electrolyte, and favoring the diffusion and adsorption 

of electrolyte ions.  

 
Figure 3.12 Equivalent circuit for fitting Nyquist plots in the high frequency region by Z-view. 

Table 3.3 Z-view fitting results for Nyquist plots in Figure 3.8 d with the equivalent circuit shown 

in Figure 3.9. 

Fitting 

Parameters 

Rs/ 

Ω 

Wo CPEdl 

RW/Ω TW/s α Y0/F α 

rGOF-Al3+ 227 889 20.13 0.53 0.51 0.92 

rGOF-Fe3+ 349 1046 50.18 0.47 0.49 0.89 

rGOF-Ca2+ 285 3379 299 0.99 0.14 0.65 

rGOF-acetic acid 424 3890 357 0.99 0.08 0.59 

 

In addition, electrochemical impedance spectroscopy (EIS) characterization was applied to 

evaluate the equivalent series resistance (ESR) of all the FSCs. Figure 3.11d shows the Nyquist 

plot with frequency ranging from 0.01 Hz to 0.1 MHz with amplitude of 10 mV which is analyzed 

by the equivalent circuit model (Figure 3.12). As presented in this model, Rs is the series resistance, 

which is related to both the electron conductivity and ion mobility.132 Since the same electrolyte 

used in all these FSCs, the Rs is in the same sequence as that of the electrical conductivity of the 
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corresponding fiber electrode. The charge transfer resistance (Rct) represents the faradaic processes 

at the electrode and electrolyte interfaces. All the FSC systems here are absent of a semicircle in 

high frequency region, indicating that there are negligible Rct between the electrolyte and 

electrodes. Warburg impedance (W0) is associated with the diffusion of electrolyte ions within 

electrodes. CPEdl represents the straight line, parallel to imaginary axis in the Nyquist plots at 

lower frequency, and it is proportional to the capacitance of these FSCs. As we can see, FSCs 

assembled from trivalent ions coagulated fibers have obviously shorter Warburg region (lower 

W0), indicating better ion transport in the porous network. The shorter and more vertical line at 

lower frequency domain, imply the larger double layer capacitance in trivalent ion fibers. 

Accordingly, trivalent ion coagulated fibers exhibited much better EDLC performance comparing 

to the other rGO fibers. For comparison within trivalent ions coagulated fibers, rGOF-Al3+ 

exhibited 28% larger specific capacitance and 20% lower ESR than that of rGOF-Fe3+, mainly 

owing to the higher electrical conductivity of rGOF-Al3+.  
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Figure 3.13 Electrochemical characterization of rGOF-Al3+ FSC in PVA/H2SO4 electrolyte. (a) 

CV curves at different scan rates and (b) Galvanostatic charge/discharge curves at different current 

density. (c) Capacitance retention as a function of bending cycles, the inset is capacitance stability 

upon bending from 0° to 180°. (d) Ragone plot of rGOF-Al3+ FSC compared with some 

commercial devices and other reported FSCs, including commercially available 4 V/500 μAh Li 

thin-film battery,191 3.5 V/25 mF SC,192 2.75 V/44mF commercial AC-EC7 and (A) hierarchically 

porous sheath-core graphene based FSC,8 (B) rGO/cellulose hybrid FSC,193 (C) non-LC spinning 

pure rGO FSC,171 (D) rGO@NMP-FSC.9 
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To fully understand the performance of solid-state rGOF-Al3+ assembled FSC, we 

characterized its electrochemical behavior using CV and galvanostatic charge/discharge (GCD) 

measurements. As shown by the CV curves at different scan rates in Figure 3.13a, the FSC almost 

presents quasi-rectangular shape and can maintain their shape at the scan rate of 100 mV s-1. The 

GCD curves exhibit nearly linear symmetrical shapes with coulombic efficiency of ~94%, 

implying the good reversibility of the FSC and good charge propagation between two rGOF-Al3+ 

electrodes (Figure 3.13b). The specific area capacitance of rGOF-Al3+ FSC calculated from 

discharge curve is showed in Figure 3.14. Clearly, rGOF-Al3+ FSC displays a large specific 

capacitance of 286.59 mF cm-2 at a current density of 0.53 mA cm-2. When the current density 

increases to as high as 10.62 mA cm-2, the specific capacitance decreased to 106.51 mF cm-2. This 

capacitance decay at high current density was most likely due to the insufficient ionic transport in 

the charge/discharge process. 

 

Figure 3.14 The calculated specific capacitance of rGOF-Al3+ FSC at different current density. 
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Table 3.4 Comparison of specific capacitance (based on a single electrode) and energy density 

(based on device) of solid-state FSC. 

Fiber electrode CA 

(mF cm-2)        

CV 

(F cm-3)        

CM 

(F g-1)        

CL 

(mF cm-

1)        

EA 

(μWh 

cm-2)        

EV 

(mWh 

cm-3) 

GO@H2O, AlCl3 bath, HI 

reduced (this work) 

286.59 @0.53 

mA cm-2 

382.12  2.7  13.26 

GO@NMP, ethyl acetate 

bath, HI reduced9 

149.5 

@0.15A g-1, 

0.35 mA cm-2 

199.4 69.5 

@10 

mV s-1 

1.4 5.12 6.8 

NL GO@H2O, acetic acid 

bath, HI reduced 171 

78.7 

@0.2 A g-1, 

0.085 mA cm-2 

226 

@0.2 A 

g-1, 

0.085 

mA cm-2 

185 

@0.2 A 

g-1, 

/ / 7.26 

GO&CNT@H2O, CaCl2 

bath, HI reduced53 

177 

@0.1 mA cm-2 

158 

@0.1 

mA cm-2 

/  / 3.5 

CNT coated carbon fiber by 

spray coating82 

86.8@ 0.38 

mA cm-2 

14.1@5 

mV s-1 

11.1@5 

mV s-1 

/ / 0.14 

GO@H2O, CaCl2 bath, 

800°C annealed followed 

by dip coating & 

carbonization8 

391.2 @0.1 

mA cm-2 

   
8.7 

 

GO&CNC@H2O, AA bath, 

HI reduced193 

 
155.8@

0.126 A 

cm-3 

123.3 @ 

0.1 A g-1 

  
5.1 

GO@H2O, CaCl2 bath, 

800°C annealed, plasma194 

36.25 @0.1 

mA cm-2 

   
0.8 

 

GO&PEDOT:PSS, VC 

reduced156 

115 @0.1 mA 

cm-2 

46 
  

4.55 

@0.02 

mA cm-2 

1.8 

GO&CNT, chitosan/AA 

bath, HI reduced195 

 38.8 @ 

mA cm-3 

 0.35  1 

GO&PPy&CNF, 

FeCl3&HCl bath, HI 

reduced196  

218 @0.1 mA 

cm-2 

334  4.2 7.4 7.4 

GO&Mn3O4@DMF, ethyl 

acetate bath197  

      

GO@H2O, NaOH/methanol 

bath, 650°C reduced, 

coating MnO2
198 

16.7 @ 1 A g-1  245    

GO&MnO2@H2O, acetic 

acid bath, hydrazine 

reduction199 

82.6 @60 mA 

cm-3 

66.1    5.8 

Note: in wet spinning method, unless other mentioned, the spinning dopes are aqueous pure GO 

dispersion.  
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The fiber-shaped solid-state FSC also exhibited high flexibility, and is robust enough to 

undergo the one thousand bending cycles, which is a key requirement for wearable electronics 

applications. We measured the capacitance retention of the FSC under various bending angles (0°, 

45°, 90°, 135° and 180°) (Figure 3.13c inset). An improved capacitance is observed upon bending 

and peaked at 90° (improved by 19%). This improvement might be due to the enhancement of 

electrolyte penetration within the unfolded wrinkles in the stretched region. In addition, high 

bending durability is observed with less than 10% decrease in capacitance after 1,000 bending 

cycles at 180° bending angle (Figure 3.13c).  

The volumetric energy density (EV) and power density (PV) of the FSCs are more 

meaningful parameters for evaluating the energy-storage performance of the device. Figure 3.13d 

presents the Ragone plot of rGOF-Al3+
 FSC, showing its EV and PV compared with commercially 

available supercapacitors and other FSC systems. It can be seen that the EV and PV of our rGOF-

Al3+
 FSCs are at the upper corner of the Ragone plot. The EV of the rGOF-Al3+ (based on device) 

is up to 13.26 mWh cm-3 at the current density of 0.71 A cm-3 (corresponding to a power density 

of 250.87 mW cm-3), better than that of the 2.75 V/44 mF commercial activated carbon (AC)-

electrochemical capacitor (EC) (0.7 mW h cm-3 at 590 mW cm-3),7 and 3.5 V/25 mF SC,192 and 

higher than that of 4 V/500 μAh Li thin-film battery (0.3-10 mWh cm-3).191 Moreover, this value 

also outperforms the recently reported various graphene and carbon fiber based FSCs (Table 3.4), 

such as hierarchically porous sheath-core graphene based FSC (2-3.4 mWh cm-3),8 rGO/cellulose 

hybrid FSC (5.1 mWh cm-3 at 30.7 mW cm-3),193 non-LC spinning pure rGO FSC (7.03 mWh cm-

3 at 57.7 mW cm-3),171 and our previously work: a FSC assembled from pure wet-spun rGO fiber 

originated from NMP based spinning dope (rGO@NMP-FSC) (6.8 mWh cm-3 at 120.4 mW cm-

3).9 The maximum volumetric power densities of our rGOF-Al3+
 FSC was as high as 2109 mW 
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cm-3 at the current density of 5.7 A cm-3, holding an obvious advantage over most of the reported 

systems.  

3.4. Conclusion 

In summary, we have demonstrated the use of Al3+ cations as a novel coagulant in the wet-

spinning of GO/rGO fibers, which leads to higher toughness, superior electrical conductivity, and 

improved capacitance density of resulted rGO fibers as compared to that of other rGO fibers. As a 

trivalent cross-linker for GO fibers, Al3+ has an advantage over divalent cations (e.g. Ca2+) in terms 

of generating much more wrinkled morphologies in the fibers, which facilitate the adsorption and 

diffusion of electrolyte ions. DFT modeling results have indicated the highest binding energy of 

Al3+ among the three cations with GO, providing a reasonable explanation of high wrinkling 

resulted in the Al3+-based fibers. When compared to Fe3+ cations, Al3+ cations with much larger 

charge density, lead to more compact structure, and thus stronger and more conductive rGO fibers. 

The specific area capacitance of solid-state FSCs assembled with rGOF-Al3+ was up to 148.5 mF 

cm-2 at 40 mV s-1, 1.4, 4.8 and 6.8 times higher than that of FSCs from rGOF-Fe3+, rGOF-Ca2+ and 

rGOF-Acetic acid, respectively. It also shows excellent stability upon bending at various angles 

and good long-term bending durability. Furthermore, the maximum energy density of 13.26 mWh 

cm-3 at 0.71 A cm-3 and the maximum power density of 2109 mW cm-3 at 5.7 A cm-3 of rGOF-

Al3+ FSC are much higher than those of the reported rGO and carbon based FSCs. The 

investigation of trivalent ions as coagulation reagents for wet-spun GO fibers has shed light to the 

design and fabrication of conductive, flexible and high surface area rGO fibers for applications in 

wearable technologies.  
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Chapter 4 Graphene/MXene Supercapacitor Yarns as Weaveable 

Energy-Storage Units 

4.1. Introduction 

Nowadays, more and more flexible electronic units have shown their potentials in a variety of 

wearable applications, such as high-performance sportswear, functional military uniforms, and 

biomedical garments, etc.200-201 Researchers are currently trying to incorporate these pliable 

electronic components into fabrics, wherein they can function as sensors, actuators, 

communication devices, etc., leading to smart fabrics that are of high demand in both civilian and 

military applications. However, one of the major obstacles in smart-textile (or e-textile) 

technologies, is the development of light-weight, wearable, and flexible power sources. The 

existing technologies such as pouch lithium batteries, coin cells, or hard “battery packs”, are bulky 

and rigid, and they consequently fail to meet the flexibility requirements of e-textiles.202-203 Thus, 

the development of wearable energy-storage devices exhibiting high mechanical flexibility, 

competitive performance and long-term stability is crucial to the widespread of applications of 

smart textiles.  

Over the last decade, although some progress have been made on 2D film-based energy-

storage devices using solid-state electrolytes (including polymer based and inorganic based solid-

state electrolytes),204 sweat and vapor permeation are the major limiting factors when it comes to 

wearable applications, leading to inferior wearability and comfortness for e-textiles.203, 205 To 

mitigate these issues, one-dimensional (1D) devices such as fiber/yarn shaped 

batteries/supercapacitors, have emerged as an important alternative.53, 206-208 1D devices with 

diameters ranging from micrometers to millimeters, are generally small in size, light-weight, and 

highly flexible. They can be woven or knitted into breathable fabrics with excellent wearability. 
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In addition, such unique 1D architectures also render them great design versatility since they can 

be conformed into desired shapes and can be placed at different locations compared to their 2D 

counterparts.209-210 Furthermore, 1D devices have great potential to be easily integrated with other 

electronic fabrics, such as energy harvesting devices or sensors, to form integrated multifunctional 

systems.203  

Supercapacitors (SCs), with fast charge-discharge and long cycling capabilities, are one of the 

promising power sources for portable and wearable applications.211 They can fill the gap between 

batteries and conventional capacitors, possessing a higher power density than batteries and fuel 

cells, and a higher energy density than conventional capacitors. For electrochemical double layer 

capacitors (EDLCs), carbonaceous materials such as activated carbon (AC), carbon nanotubes 

(CNTs), graphene etc., being electrically conductive and retaining high specific surface areas 

(SSA), have been the dominating choices for electrode materials of supercapacitors.212 Among 

these materials, graphene (oxide) offers high wet-chemical processability, which can be easily wet-

spun into fibers and yarns adopting traditional solution-spinning recipes, thus graphene has been 

selected as the basic building blocks for 1D wearable devices, via the solution processing of its 

chemical precursor, i.e., graphene oxide (GO). Many researchers have focused on fabrication of 

high-performance graphene-based fiber-shaped SCs (FSCs) by improving the SSA or wettability 

of graphene fiber electrodes.9, 118, 193, 213-214 

However, due to the nature of EDLC, the specific capacitance originated from the pure 

graphene fiber is still limited. As compared to EDLC, pseudocapacitor is another sub-class of SCs, 

utilizing both faradic redox reactions and double-layer capacitance, which can potentially provide 

much higher energy densities.215 Thus, introducing pseudocapacitive materials into graphene-

based fibers is a feasible and an attractive way to improve the capacitance and energy density 
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within limited fiber volumes.  Commonly used pseudocapacitive materials include metal oxides 

and sulfides, such as MnO2,
216-217 Mn3O4,

197 MoS2,
218 NiCo2S4

219 etc. all of which have been 

introduced into graphene fibers to explore its potential. However, because of their low electrical 

conductivity, these materials led to compromised power density in FSCs.  

In recent years, a new family of 2D early transition metal carbides, “MXene”, have attracted 

enormous attention as a new group of 2D functional materials.220 MXene with a general formula 

of Mn+1XnTx, (M = transition metal, X = C, n = integer between 1 and 3, and Tx = surface functional 

groups), possess good electrical conductivity, good redox function, and high capacitance.221 So 

far, Razal’s222 and Gao’s223 groups have reported the successful incorporation of MXene (Ti3C2X) 

flakes into graphene fibers through direct wet-spinning processes, which led to higher capacitance 

of the resulted fiber electrodes, as compared to their pure graphene fibers counterparts.  

In order to achieve practical application towards energy-storage fabrics, individual fiber 

electrodes need to be assembled into SCs in yarn structures (YSCs), which can then be converted 

into fabrics through textile processing (weaving or knitting). So far, researches in this field have 

been dedicated to fabricating individual fibers but their processability into YSCs and ultimate 

fabrics remain largely unexplored. Besides the twisting of wet-spun fibers, another strategy 

towards YSCs is to start with existing yarns, such as cotton yarns, Nylon, PET or carbon yarns 

etc.192, 202, 224-226 and coat or electrochemically deposit active materials onto the fiber surfaces 

within the yarns. This method has a few disadvantages: 1) it does not provide enough crock 

fastness, since the coated materials can easily fall off upon friction; 2) those natural yarns 

contribute to the weight and volume as structural materials, but do not store energy or offer 

electrical conductivity. On the contrary, YSCs made of individual GO/MXene fibers exhibit more 
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stable and adjustable structure, offering higher volumetric/gravimetric densities, since no extra 

supporting framework was involved.  

In this study, we report the fabrication of heterostructured fibers of titanium carbide (Ti3C2Tx) 

MXene and graphene (oxide) via wet-spinning. More importantly, liquid electrolyte mediation has 

been employed in our system to improve the electrolyte diffusion in each fiber electrodes, via the 

incorporation of the H2SO4 electrolyte in between graphene and MXene layers, thus leading to 

excellent linear and areal energy and power performance of our YSCs. The scalable fabrication of 

YSCs is also demonstrated by twisting certain number of fibers together. The capacitance of 

ultimate YSCs can be adjusted by controlling fiber numbers that are incorporated in one yarn. In 

addition, here we evaluate the bending stability of the YSCs and their feasibility for further textile 

processing.  

4.2. Experimental Section 

4.2.1. Synthesis of GO and MXene (Ti3C2Tx)  

GO was prepared from graphite flakes (~ 300 μm) by a modified Hummers’ method 

according to our previous published paper. Multilayered Ti3C2Tx was synthesized through etching 

of Ti3AlC2 powders. Specifically, 2.4 g of LiF was dissolved in 30 mL of 9 M HCl. Then 1.5 g of 

Ti3AlC2 powders was added gradually into the above mixture solution and kept at 23°C for 24 h 

while stirring. Afterword, the solid residue was washed with deionized (DI) water and then 

centrifuged until the pH of the supernatant was 6~7, followed by vacuum filtration and drying 

under vacuum to obtain multilayered Ti3C2Tx. 

4.2.2. Fabrication of Fibers 

 Ti3C2Tx solution with certain concentration was prepared by adding multilayered Ti3C2Tx 

in DI water, followed by sonication for 1 h. A given amount of GO aqueous dispersion was added 
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to Ti3C2Tx solution according to various weight ratio between GO and MXene. The mixture was 

magnetically stirred for 24 h at 200 rpm.  

 

Figure 4.1 Fabrication of rGO & MXene based fibers and corresponding YSCs. (a) Schematic 

illustration of wet-spun GO & MXene fibers. (b) Fabrication of electrolyte mediated rGO&MXene 

fibers. (c) Fabrication of rGO&MXene fibers-based yarn electrodes and supercapacitors.   

The GO&MXene mixture was loaded into a 10 ml plastic syringe with a spinneret (24 

gauge) and injected into the trough-shaped coagulation bath (glacier acetic acid), followed by 

collecting on a bobbin (Figure 4.1a). Then, the dried GO&MXene fibers were reduced by HI at 

85°C for 12 h. After washing with ethanol and drying in vacuum, final rGO&MXene fibers were 

obtained.  

For electrolyte mediation to fabricate hydrogel EM-rGO&MXene fibers, the as-reduced 

wet-state rGO&MXene fibers were put in a 1 M H2SO4 solution and stirred continuously at a rate 

of 200 rpm for 24 h, allowing water in wet-state fibers to be fully exchanged with the mixture 

solution, i.e. miscible mixture of volatile (H2O) and nonvolatile liquids (H2SO4); afterwards, the 
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fibers were moved to a vacuum oven. Thus, the volatile liquid (H2O) inside the gel fiber would 

evaporate and be selectively removed. The non-volatile part (H2SO4) in the gel fiber would remain.  

4.2.3. Fabrication of YSCs 

Continuous EM-rGO&MXene yarn electrode was prepared by introducing twists 

automatically in assistance of the mechanical motor. The direction of twist and degree of twist 

were controlled by the rotation direction and rotation speed of the turntable, respectively. Certain 

fibers were twisted with 5 twists per centimeter. The prepared yarns were soaked with PVA-H2SO4 

solution (1/1/10 in weight) for 5 mins, and then allowed to solidify at room temperature for 10 

mins. The coating was repeated for three times to get the yarn electrode. Then two yarn electrodes 

were plied and inserted with twists to get the ultimate YSCs.   

4.2.4. Structural Characterizations  

The structure and morphology of fibers were characterized by SEM (FEI Verios 460L). 

The XRD patterns were recorded on Rigaku SmartLab X-ray diffractometer (40 kV, 44 mA, Cu 

Kα radiation) at room temperature. Raman spectra were recorded using a Nomadic Raman 

Microscope with a 50× objective lens and a 532 nm He-Ne laser beam at room temperature. 

Electrical conductivity of fibers was measured by standard four-probe method. The tensile and 

cyclability tests were performed on the Q-test system. For fibers, the test conditions were 1 mm 

min-1 extension rate and 1 cm gauge distance. For yarns, the test conditions were 10 mm min-1 

extension rate and 10 cm gauge distance. In tensile cyclic test, the yarns were stretched to certain 

elongation at a rate of 10 mm min-1 and repeated for certain cycles. The final measurement of 

electrical conductivity and mechanical properties were derived from the average results of 5 

samples.  
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4.2.5. Electrochemical Performance Characterizations  

Electrochemical performance, including cyclic voltammetry (CV), galvanostatic 

charge/discharge (GCD) measurement was conducted using electrochemical workstation 

(Autolab, Metrohm, USA). For FSCs, two fibers were aligned in parallel, soaked with gel 

electrolyte of H2SO4/Polyvinyl alcohol (PVA)/H2O (1/1/10 in weight), and dried at room 

temperature. 

The specific gravimetric capacitance (CM), areal capacitance (CA) and length capacitance 

(CL) of the electrode in a two-electrode cell was calculated according to 𝐶𝑀 = 2𝐶/𝑀𝑓𝑖𝑏𝑒𝑟, 𝐶𝐴 =

2𝐶/𝐴𝑓𝑖𝑏𝑒𝑟 and 𝐶𝐿 = 2𝐶/𝐿𝑓𝑖𝑏𝑒𝑟 respectively, where C is the measured two-electrode configuration 

FSC capacitance, Mfiber, Afiber and Lfiber are the mass, surface area and length of the single fiber, 

respectively. C could be obtained from CV test: C = (1 2𝑣)⁄ × ∮ 𝐼𝑑𝑈/∆𝑈, where v is the scan 

rate, 𝐼 is the instantaneous current, ∆𝑈 is the voltage range. C could also be from GCD test: C =

𝑡 × 𝐼/(∆𝑈 − 𝑈𝑑𝑟𝑜𝑝), where t is the discharge time, 𝐼 is the discharge current, ∆𝑈 is the potential 

window, 𝑈𝑑𝑟𝑜𝑝 is the voltage drop in the discharge curve.  

For the YSC, the areal capacitance (CV-device) and length capacitance (CL-device) of the device 

was derived from the equation: 𝐶𝑉−𝑑𝑒𝑣𝑖𝑐𝑒 = 𝐶/𝑉𝑑𝑒𝑣𝑖𝑐𝑒, and 𝐶𝐿−𝑑𝑒𝑣𝑖𝑐𝑒 = 𝐶/𝐿𝑑𝑒𝑣𝑖𝑐𝑒,where C is the 

measured capacitance of the YSC, Vdevice and Ldevice is the volume and length of the YSC, 

respectively. The energy density (E) and power density (P) of the FSC can be obtained from E =

𝐶_𝑑𝑒𝑣𝑖𝑐𝑒 × 𝑈^2/7200, 𝑃 = 𝐸 × 3600/𝑡.  
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4.3. Results and Discussion 

4.3.1. Fabrication of Graphene & MXene Heterostructured Fibers 

 
Figure 4.2 SEM images of graphene oxide sheets (a) and MXene sheets (b). 

 
Figure 4.3 XRD pattern of MAX (Ti3AlC2) and MXene (Ti3C2Tx) powder. 

Among all the synthetic techniques used to produce MXene, the one that involves etching 

the MAX phase (Ti3AlC2) in LiF-HCl have been known to offer the most promising 
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electrochemical performance.221, 227 Herein, we synthesized MXene (Ti3C2Tx) according to this 

method, with sizes ranging from hundreds of nanometers to several micrometers (0.2 - 3 μm) 

(Figure 4.2b). The X-ray diffraction (XRD) pattern revealed the characteristic peaks (000l) of 

MXene and the disappearance of MAX peaks (Figure 4.3), indicating the successful synthesis of 

MXene. Together with GO (1- 30 μm, Figure 4.2a), 2D heterostructured graphene oxide 

(GO)&MXene fibers were fabricated through the wet-spinning process (Figure 4.1a). The 

corresponding reduced graphene oxide (rGO)&MXene fibers were obtained via hydroiodic acid 

(HI) reduction.  

 

Figure 4.4 Characterization of fibers. (a) The relation between the mass ratio of incorporated 

MXene with the electrical conductivity, tensile strength and toughness of fibers. (b) SEM images 

of the surface of rGO fibers (0 wt% MXene), rGO&MXene fibers (60 wt% MXene) and EM-

rGO&MXene fibers (60 wt% MXene) (from left to right). (c-e) Raman spectra (c), XRD spectra 

(besides fibers, the spectra of MXene was collected in particles) (d), and typical stress-strain curves 

(e) of rGO fibers, rGO&MXene fibers and EM-rGO&MXene fibers.  
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Thanks to the formation of liquid crystals (LCs), which originates from the large aspect 

ratio of GO sheets, GO dispersion can be successfully wet-spun into continuous fibers.2, 28 

Comparing to atomic layers of GO, the LiF-HCl synthesized MXenes are multilayered and each 

layer of MXene is five-atom thick. Also, the lateral size of MXene ranges from hundreds of 

nanometers to several micrometers, which brings relative low aspect ratios and high bending 

rigidity, making them difficult to be wet-spun into continuous fibers. Therefore, the ratio between 

GO and MXene in the spinning dope would influence its spinnability and the properties of 

corresponding heterostructured fibers.  

Both GO and MXene have negative zeta potential,228 their mixture in water can easily form 

a stable dispersion. By comparing the rGO & MXene heterostructured fibers that spun from 

spinning dopes with different weight ratios between GO and MXene (with MXene content 0%, 

30%, 50%, 60%, 70%, and 90%), we identified a trade-off between mechanical properties and 

electrical conductivity of the final fibers. The 60 wt% of MXene gives a balanced performance of 

rGO & MXene fibers, which exhibit high electrical conductivity (743.1 S cm-1), while maintaining 

reasonable mechanical strength (110.7 MPa) and toughness (3.8 MJ m-3) (Figure 4.4a). The 

heterostructured fibers originated from MXene mass loading of 60 wt% was further investigated 

and compared with pure rGO fibers. In the following sections, the term rGO&MXene fibers refer 

to the fibers with 60 wt% MXene. We carefully evaluated the fabrication scalability of 

rGO&MXene fibers via wet-spinning technique. Tens of meters long continuous GO&MXene 

fibers have been prepared using the wet-spinning setup in Fig 1a from a 10 ml spinning dope. This 

process can be easily scaled up to get longer fibers by increasing the volume of spinning dope.  
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Figure 4.5 SEM images of fiber cross-sections of (a,d) rGO fiber; (b, e) rGO&MXene fiber; (c, f) 

EM-rGO&MXene fiber. 

Scanning electron microscope (SEM) (Figure 4.4b) analysis revealed that the 

heterostructured rGO&MXene fibers have a more wrinkled surface morphology as comparing to 

pure rGO fibers which show much smoother surface. This trait can be attributed to the stacking of 

rGO and MXene sheets with a variety of lateral sizes and thicknesses, leading to distinct thermal 

fluctuations and elastic strains.229-230 Due to a negative thermal coefficient and lower in-plane 

stiffness of rGO sheets, upon interaction with MXene, out-of-pane deformations can be readily 

formed.229 The cross-sectional SEM images of pure rGO fibers (Figure 4.5 a&d) show irregular 

shape with well-aligned, layered structure. With the introduction of MXene sheets, the 

rGO&MXene fibers (Figure 4.5 b&e) maintain the layered structure but exhibit more crumpled 

and porous structure, due to more grain boundaries that are brought by the smaller-sized MXene.   

Raman spectra (Figure 4.4c) of rGO&MXene fibers exhibited the signatures of the 

Ti3C2Tx-MXene. Specifically, the mode at 198 cm-1 are A1g symmetry out-of-plane vibrations of 

Ti and C atoms, while the modes at 284, 366, and 624 cm-1 are the Eg group vibrations, including 

in-plane (shear) modes of Ti, C, and surface functional group atoms.231 With the existence of rGO 
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sheets, two broad bands appear at 1312 and 1588 cm-1 for all kinds of fibers, which are 

characteristics for the D and G bands of graphitic carbon, specifically.232 Compared with those of 

pure rGO fibrs, the G band of rGO&MXene fibers redshift by 16 cm-1, which is probably caused 

by the interaction between MXene and rGO layers, generating tensile strains of rGO sheets.231, 233 

The D band is due to defects and is related to zone boundary k-point phonons with Ag symmetry.234-

235 The G band corresponds to collective symmetric stretching of sp2 carbon lattice with Eg 

symmetry.234 The ratio of D-band intensity to G-band intensity (ID/IG) increase from 0.56 of pure 

rGO fibers to 1.04 of fibers with 60 wt% MXene incorporated. This indicates that MXene has 

disturbed the out-of-plane stacking order of rGO sheets. 

XRD pattern (Figure 4.4d) provides further evidence of intercalation. rGO fibers displayed 

a peak at around 24.5°, corresponding to a d002 distance of 3.6 Å. After intercalated 60 wt% of 

MXene in between rGO sheets, the characteristic peak of rGO at 24.5° becomes non-prominent, 

however, the (000l) peaks originated from MXene become dominant. But comparing to pure 

MXene films, the peaks are weak and shifted to lower 2ϴ angles, as a result of an increase in the 

c lattice parameter (c-LP) from 23 Å to 28 Å.  

In order to qualify as efficient textile fibers, the mechanical performance of individual fiber 

is critical for textile processing and ultimate application. The typical stress-strain curve (Figure 

4.4e) of rGO&MXene fibers, like other wrinkled graphene-based films,236 exhibits three regions 

of deformation: straightening region (Ⅰ), almost linear elastic region (Ⅱ), and followed by a yield 

point and a region of plastic deformation (Ⅲ). Firstly, the high level of wrinkling and waviness of 

2D sheets in the rGO&MXene fibers at various length scales are being extended. As the flattening 

continued, the wrinkles stored strain energy  was released, partially canceling out the increment of 

strain energy that from the stretching of interaction among rGO and MXene sheets, therefore, 
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resulting in a lower modulus.237 After the sheets were effectively unfolded and aligned along fiber 

axis, a noticeable increase in modulus was observed and the elastic deformation became dominant 

in the second region due to the stretching of the interaction among rGO and MXene sheets. As the 

strain keep increasing, until the yield point at which the stress is enough to break the interaction, 

rGO and MXene sheets shear with each other under modest tensile stress, dissipating energy 

through viscous friction. By comparison, pure rGO fibers contain more flattened rGO sheets that 

interlocked/tiled in a near-parallel fashion, resulting in mostly linear behavior upon stretching. 

rGO sheets are stacked at a more compact structure in rGO fibers, resulting in more uniform and 

strong interaction among each other. These allow for a highly effective load distribution across the 

entire macroscopic fibers, resulting in higher tensile strength. Because of the heterostructure of 

rGO&MXene fibers, they are much porous and less-ordered through the cross-sectional direction, 

leading to more grain boundaries. In addition, interlayer interaction among rGO sheets and MXene 

sheets are less uniform as comparing to the interaction among pure rGO sheets, interrupting the 

stress transfer. Therefore, the rGO&MXene fibers have lower tensile strength.  

We have also evaluated the electrochemical performance of rGO&MXene fibers and 

compared with rGO fibers by assembling them into FSCs with PVA-H2SO4 electrolyte, 

respectively. As expected, FSCs from rGO&MXene fibers showed much larger capacitance 

(342.59 mF cm-2) (Figure 4.6a & c), seventeen times higher than that of FSCs from pure rGO 

fibers (19.16 mF cm-2). The improved capacitance mainly originated from the pseudocapacitive 

performance of MXene and the wrinkled surface morphology of rGO&MXene fibers. In addition, 

electrochemical impedance spectroscopy (EIS) test was applied to evaluate the equivalent series 

resistance (ESR) of these two systems. Figure 4.6b shows the Nyquist plots with frequency from 

0.01 Hz to 0.1 MHz with amplitude of 10 mV. Due to the high electrical conductivity of 
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rGO&Mxene fibers and better capacitive performance, its corresponding FSCs exhibit seven times 

lower ESR (0.58 kΩ) than that of rGO FSCs (4.35 kΩ), suggesting the potential to deliver high 

power.  

It is worth noting that although capacitive performance of rGO&MXene fiber demonstrates 

an extent to which performance of fiber electrodes can be improved, the electrolyte diffusion is 

still limited at the fiber electrode and electrolyte interface. We address realization of the enhanced 

electrochemical performance in the sections below.  
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Figure 4.6 Electrochemical performance of FSCs. (a, b) CV curves at 20 mV s-1 (a) and Nyquist 

plots (b) of rGO FSCs, rGO&MXene FSCs and EM-rGO&MXene FSCs. (c) Linear, areal and 

gravimetric capacitance of rGO fibers, rGO&MXene fibers and EM-rGO&MXene fibers. (d) A 

plot of CA versus v-1/2, indicating the separation of diffusion-controlled capacitance from 

capacitive-controlled capacitance. (e) Capacitance retention of the EM-rGO&MXene FSCs 

performed by galvanostatic cycling at 5 mA cm-2. The inset depicts galvanostatic cycling profiles 

collected at different current density. (f) Comparison of the areal and gravimetric capacitance of 

EM-rGO&MXene fiber electrode with other reported fiber electrodes, including hollow rGO 

fibers,238-239 non-LC wet-spun rGO fiber,118 rGO&MnO2 fiber,217 fibrous CNT aerogel,10 

rGO&MXene (88%) fibers,222 and rGO&MXene (90%) fibers.223  

4.3.2. Electrolyte Mediated Fiber Electrodes for High Capacitive Performance 

In order to reduce the interface resistance at the electrode/electrolyte interface, as well as 

improve the diffusion of electrolyte and the utilization of fiber electrodes with compact layered 

rGO and MXene sheets, we pre-incorporated the non-volatile liquid (H2SO4) into small-size 
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channels in between the layered structure through electrolyte mediation (EM), forming highly 

compact EM-rGO&MXene fiber electrodes with a continuous ion transport network (Figure 4.7).  

This help ions in accessing the interplanar space rather than stay at the fiber surface. This approach 

was previously used to enhance performance of graphene films in aqueous electrolytes240 and also 

to enable access of bulky ionic liquid ions to electrochemically active sites of MXene.221, 241  

 

Figure 4.7 Schematic illustration of EM-rGO&MXene fibers preparation procedure.  

After electrolyte incorporation, the diameter of fibers was increased from ~ 30 μm of dry 

rGO&MXene fibers to ~ 50 μm of EM-rGO&MXene fibers (Figure 4.4b), with linear density 

increasing from 2.8 g/km to 7.8 g/km (including the mass of electrolyte incorporated). The trapped 

nonvolatile liquids in between rGO and MXene layers make the wrinkles smooth away, resulting 

in less wrinkled surface morphology (Figure 4.4b). Raman spectroscopy (Figure 4.4c) showed 

similar characteristic peaks that originate from MXene and rGO as comparing to rGO&MXene 

fibers. XRD analysis (Figure 4.4d) showed the EM-rGO&MXene fibers displayed a nearly 

amorphous structure. Only small and broad peak at 6.4°, corresponding to a c-LP of 27Å. This 

indicated that the majority of rGO and MXene sheets do not restack compact. Upon stretching, the 

electrolyte working as sliding agents, rGO and MXene sheets can slip past each other, dissipating 

energy through viscous friction, resulting in 28 % lower tensile strength but 24 % larger elongation 

(Figure 4.4e), as comparing to rGO&MXene fibers. As expected, a single linear stress-strain 

relationship was observed, indicating good homogeneity and elasticity of the EM-rGO&MXene 

fibers. In addition, they can be tied into tight knot, exhibiting good bending stability. 
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Due to the pre-incorporated electrolyte, the CV curve of FSC from EM-rGO&MXene 

fibers showed quasi-rectangular shape rather than a more fusiform shape displayed by the 

rGO&MXene FSC (Figure 4.6a), indicating better diffusion of electrolyte in EM-rGO&MXene 

FSCs. The EIS analysis was also performed to further ascertain the role of the pre-incorporated 

electrolyte (Figure 4.6b). The plot of EM-rGO&MXene FSC featured a more vertical curve at low 

frequency, indicating a better capacitive behavior. At high-frequency regions, it also presented a 

shorter Warburg region followed by a small semicircle, indicating better diffusion of electrolyte. 

The above results show that pre-incorporation of electrolytes in the EM-rGO&MXene fibers 

ensures better electrolyte accessibility, resulting in larger capacitance and lower ESR. FSCs from 

EM-rGO&MXene fibers possess larger areal and linear capacitance (550.96 mF cm-2, 4.4 mF cm-

1), 1.6 times 2.6 times higher than that of rGO&MXene FSCs (Figure 4.6c), respectively, due to 

the higher utilization of inner layers of rGO and MXene. However, due to the increase of linear 

density, the gravimetric capacitance of EM-rGO&MXene fibers is ~ 3% lower than that of 

rGO&MXene fibers. In addition, as the electrolyte became integrated within the fibers from the 

start of the preparation process, there was no subsequent wettability issue for these EM-

rGO&MXene fibers, which remained a serious problem for the dried rGO based fibers (Figure 

4.8).193, 214 
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Figure 4.8 SEM images of cross-sectional PVA coated yarn electrode. (a) Cross-sectional SEM 

image of rGO&MXene fiber based yarn electrode; (b) Cross-sectional SEM image of EM-

rGO&MXene fiber based yarn electrode.  (c) Surface SEM image of PVA based electrolyte coated 

yarn electrode.  

In order to investigate the nature of the charge storage process, the electrochemical kinetics 

of EM-rGO&MXene FSCs were evaluated. The relationship between capacitance and scan rate 

can establish the rate-limiting step of a charge-storage mechanism. In a plot of C versus 𝑣-1/2, 

regions that are linear represent capacitance limited by semi-infinite linear diffusion whereas 

capacitance contributions are independent of the scan rate. At scan rate below 20 mV s-1, the 

extrapolated y-intercept yields the infinite scan rate capacitance. Figure 4.6d shows the plot of 

normalized capacitance versus 𝑣-1/2 for EM-rGO&MXene FSC from 1 to 500 mV s-1, which can 

be divided into two regions. In the region at scan rate < 20 mV s-1 (charging times larger than 50 
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s), the capacitance is mostly independent of scan rate, since the electrolyte diffusion is not the rate-

limiting step for charge storage. There is no indication of diffusion limitations and this 

intercalation-based system behaves in a fully capacitive manner. However, as increasing scan rate 

from 40 to 500 mV s-1, the capacitance decreases linearly with 𝑣-1/2. This indicates that charge 

storage is mainly diffusion-controlled at high scan rates with charging time < 25 s. At such short 

charging period, diffusion is limited, and the response is due to surface capacitive effects, whether 

electrostatic or pseudocapacitive. This behavior is similar to most traditional pseudocapacitive and 

battery electrodes.  

The long-term cycling stability of EM-rGO&MXene FSCs was evaluated by repeating the 

GAL test at current density of 5 mA cm-2 for 10,000 cycles. The FSCs exhibits good cycling 

stability with 15 % deteriorate after 10, 000 cycles (Figure 4.6e). Furtherly, both areal and 

gravimetric capacitances of EM-rGO&MXene fiber electrodes were evaluated by comparing with 

some reported typical carbon-based fiber electrodes (Figure 4.6f). The capacitance of single fiber 

electrode in a two-electrode cell with PVA/H2SO4 electrolyte was measured to be 550.96 mF cm-

2 and 110.89 F g-1 at 20 mV s-1, respectively. It outperforms most of the pure carbonaceous 

materials-based fiber electrodes, such as hollow structured rGO fibers (304.5 mF cm-2 and 63.1 F 

g-1 at 0.08 mA cm-2, 2-181 127.4 mF cm-2 and 76.1 F g-1 at 1 A g-1),238 coaxial rGO fibers (205 mF 

cm-2 and 182 F g-1 at 10 mV s-1),139 non-LC (NLC) wet-spun rGO fibers with large surface area 

(78.7 mF cm-2 and 185 F g-1 at 0.2 A g-1),118 fibrous CNT aerogel (6.9 mF cm-2 and 27.3 F g-1 at 

0.1 mA).10 It is also superior to that with pseudocapacitive materials, such as rGO&MnO2 fibers 

(16.7 mF cm-2 and 65 F g-1 at 0.05 mA cm-2),217 rGO&MXene (88%) fibers (85.5 mF cm-2 and 

94.4 F g-1 at 6.83 mA cm-2).222 Yang et al.223 reported higher capacitance (372.2 mF cm-2 and 327.5 

F g-1 at 10 mV s-1) of rGO&MXene fibers with larger amount (90 wt %) of MXene incorporated, 
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but this will largely compromise the mechanical performance (~12.9 MPa in strength, ~87% 

weaker) of the ultimate fiber electrodes, making them difficult for subsequent textile processing.  

EM-rGO&MXene fibers with electrolyte pre-incorporated in between layers show 

reasonable strength and flexibility. Also, with improved electrolyte accessibility, EM-

rGO&MXene fiber electrodes possess high capacitance, good rate capability, rendering them a 

good candidate for further processing into YSCs.  

4.3.3. Assemble YSCs Towards Real Energy Storage Application 

 

Figure 4.9 Fabrication and electrochemical performance of EM-rGO&MXene YSCs. (a) 

Schematic illustration of YSC fabrication process. (b) Typical stress-strain curves of yarn 

electrodes (with various degree of twists) and YSCs. (c) Areal and linear capacitance of EM-

rGO&MXene YSCs at different scan rates. (d) Correlation between the linear capacitance of YSCs 

and the number of EM-rGO&MXene fibers incorporated. 

To fully establish the real application of 1D energy storage devices, they are supposed to 

be processed into fabrics through textile techniques, such as weaving or knitting. In textile 



 

110 

 

industry, yarns which are the continuous strands of staple fibers (spun yarn) or filaments (filament 

yarn, either monofilament or multifilament), are usually the suitable form to be processed into 

fabrics.242 Filament yarns are assembled from multifilaments, by simply grouping filaments 

together, insert twist in single strand, or multiple strands (plied yarns), to meet desired performance 

requirement. Multifilament yarns are stronger, more flexible, and more uniform compared to spun 

yarns. Due to the continuity of the filaments, their yarns can be produced in very low linear density. 

Spun yarns must have much more number of fibers, which are twisted together, in the cross section 

since their integrity relay on the inter-fiber-friction resulting in higher linear density. Here, in order 

to ensure the successful fabrication and function of rGO fibers based energy storage fabric, we 

adopted twisted filament yarns as our fundamental structure for yarn electrodes.  

Yarn properties are defined by individual filament from which they are made and yarn 

structure which is the result of the yarn twisting conditions.243 In consideration of the composition 

of yarn electrodes, EM-rGO&MXene filaments are working as electrochemical active materials. 

In addition, in order to ensure good electron transfer inside yarn electrodes, stainless steel (SS) 

filaments are incorporated as current collectors. Regarding the yarn structure, to ensure good 

contact between each EM-rGO&MXene filaments with SS filaments, as well as the fully usage of 

each EM-rGO&MXene filament as active material, we chose compound yarn structure which has 

SS filament as core and EM-rGO&MXene filaments covering outside. The SS filaments are with 

diameter of 60 μm. The two kinds of filaments were assembled together by inserting twists to form 

compound multifilament yarn (EM-rGO&MXene & SS yarn). The amount of inserted twist in 

turns per centimeter (tpc) can be tuned by controlling the rotational speed (VR) and yarn linear 

speed (VF) in fabrication process (Figure 4.9a step 1). We studied the influence of twist on the 

mechanical properties of the compound yarns. Yarns with different levels of twist (1 tpc 
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(negligible), 5 tpc (low) and 10 tpc (moderate)) were fabricated, respectively. Figure 4.9b shows 

the typical stress-strain curves of EM-rGO&MXene & SS compound yarn with three levels of 

twist. The yarn with low twist level (5 tpc) exhibited comparable strength but higher breaking 

strain and toughness as compared to that of negligible twist level yarn (1 tpc). As the twist level 

increases furtherly to tpc of 10, the strength decreases obviously, due to filament obliquity to the 

yarn axis. This demonstrates that low twist level is reasonable for the mechanical properties of 

EM-rGO&MXene & SS compound yarn. Then, compound yarn was coated with PVA-H2SO4 

electrolyte to get what we refer to as single yarn electrode (Figure 4.9a step 2). Two such single 

yarn electrodes were then plied together to get ultimate YSCs (Figure 4.9a step 3). We tested the 

electrochemical performance of the YSCs with eight EM-rGO&MXene filaments incorporated in 

one yarn electrode. Figure 4.10a shows the CV curves of the YSC at scanning rates ranging from 

10 mV s-1 to 100 mV s-1. At low scan rate, it exhibits good quasi-rectangular shape. As scan rate 

increases to 100 mV s-1, it turns to fusiform shape as observed in most YSCs, due to the insufficient 

ionic transport in the solid electrolyte during the charge/discharge process. The galvanostatic 

charge-discharge (GCD) curves at different current densities (Figure 4.10b) exhibits triangular 

shapes with a columbic efficiency of ca. 90%, suggesting good reversibility of the FSC and good 

charge propagation between the two yarn electrodes. Specific capacitances normalized to area (CA) 

and length (CL) of the YSC were calculated using CV curves at different scan rates (Figure 4.9c). 

With eight EM-rGO&MXene filaments, the capacitance of YSC can reach 32.5 mF cm-1 (188.6 

mF cm-2@ 20 mV s-1), which is among the highest reported values. The overall capacitance of the 

assembled YSCs increases linearly with the number of EM-rGO&MXene filaments incorporated 

(Figure 4.9d), showing good scalability of our YSCs. The ultimate assembled YSC with eight EM-

rGO&MXene filaments incorporated has a diameter of ~600 μm. Comparing to other scalable 
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YSCs with comparable thickness reported in literature, our YSCs are superior in linear 

capacitance. For example, Zhai et al. fabricated a hybrid carbon yarn including carbon fiber as 

current collector and deposited activated carbon as active material, exhibiting a capacitance of 

~14.3 mF cm-1 (@ CV, 20 mV s-1) with the diameter of the final YSC > 1 mm.244 Jost et al. applied 

cotton fiber and SS plied yarn as current collector and substrate for welding activated carbon.202 

The resulted two yarn electrodes with diameter of ~500 μm each were assembled into 

supercapacitor in a parallel structure (~ 1 mm in diameter), exhibiting a capacitance of 13.1 mF 

cm-1 (@ CV, 20 mV s-1). Our YSC has a capacitance of 49.8 mF cm-1 (@ CV, 20 mV s-1) at the 

same diameter (~ 1mm) when twelve EM-rGO&MXene filaments were incorporated in each 

electrode (Figure 4.9d).  

 
Figure 4.10 (a) CV curves of YSC at different scan rates from 5 mV s-1 to 100 mV s-1. (b) GAL 

charge-discharge curve of YSC at different current.  

After coating polymer electrolyte, filaments are bound together to prevent separation and 

entanglement, and to prevent individual filament breakage from peeling back along its length. 

Filaments are well integrated and as such they withstand mechanical complex field of stresses 

(abrasion, tension, bending, and impact) that they experience during integrating them into knitted 

or woven structures (Figure 4.9b). From the standpoints of large-scale manufacturing, other 
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advantages of polymer electrolyte coating include improving smoothness of yarn electrodes and 

YSC (Figure 4.8c). Since yarns are in  contact with other yarns and various machine parts, such as 

the web roller, drop wires, heddle wires and reed wires in weaving process low friction that benefit 

from smoothness of yarns are good for the efficient production.245. Furthermore, since carbon-

based fiber dusts may cause shorting or arcing in power distribution lines and other electrical 

equipment, the coated insulator layer do not pose such issue.246 

 
Figure 4.11 (a) Schematic illustration of the warp distribution per-segments on the loom. (b) 

Schematic illustration of the loop formation in knitting process. 

 

 
Figure 4.12 (a) Typical load-strain curve of YSCs. (b) Cycling stress-strain curves of EM-

rGO&MXene YSCs with 4% (b) and 6% (c) elongation, respectively. 

Weaving and knitting are the two foremost textile techniques for manufacturing fabrics. 

The weaving process converts two perpendicular sets of yarns namely warp and weft threads, by 

interlacing them according to desired weave design (Figure 4.11a). The ability of yarns to 
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successfully withstand the stresses imposed is an important determinant of operating efficiency. 

The criteria for evaluation warp yarns include the tensile strength, elongation at break and cyclic 

stability under constant strain/stress to simulate what the yarns are experiencing during weaving. 

Generally, the warp yarns are subjected to various conditions of cyclic extension as it travels from 

loom beam to the woven fabric (Figure 4.11a). From the typical stress-strain curve of one YSC 

(Figure 4.9b), we can see that the plastic deformation  reaches 6% strain. Depending on weaving 

parameters and woven fabric structure, the strain levels during processing can be calculated 

through warp yarns pathways. 247 Generally, its extension can be controlled at less than 4%. Thus, 

we evaluated the loading-unloading cyclic performance by setting the elongation to 4%. It can be 

seen from Figure 4.12b that there was a permanent strain (about 1%) in the first cycle but remained 

almost constant with further loading-unloading cycles. This occurrence of plasticity of first cycle 

can be explained by the yarn structure, where the fibers within the yarn are rearranged under the 

action of stretching. We also evaluated cyclic stability of yarns upon stretching to 6% for 10 cycles. 

The YSC can also maintain good cyclability. In knitting, the yarns are knit together by interloping 

(Figure 4.11b). Besides tensile strength and frictional properties, the knittability of a yarn also 

depends on its bending ability.248 Here, we demonstrated it can be hand-knitted into fabric as seen 

in Figure 4.13. 

 
Figure 4.13 Optical image of hand knitted fabrics from EM-rGO&MXene fibers based YSCs.  

Weaving and knitting have various requirements on yarns. Comparing to other YSCs that 

made from coating, one advantage of our yarn is that it is flexible to be designed into different 
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structures and properties, enabling them to be manufactured into various woven or knitted fabrics. 

For example, by incorporating different numbers of filaments into one yarn electrode, we can get 

ultimate YSC with different thickness and achieve required level of tensile strength, flexibility and 

capacitance etc. It is also possible to fabricate individual EM-rGO&MXene filaments with various 

diameter by modifying wet-spinning parameters and electrolyte mediation conditions. In addition, 

the SS filaments can be replaced with SS spun yarn and the multifilament yarn structure with 

numerous variations if so desired based on target performance requirements (energy-storage 

capacity and mechanical properties) dictated by the weaving/knitting process and the final 

performance of the resultant woven/knitted fabric.  
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Figure 4.14 (a) Ragone plot of areal (filled red) and linear (unfilled blue) energy density versus 

power density of EM-rGO&MXene YSCs and some reported YSCs: (A) biscrolled 

MXene@CNT/RuO2@CNT asymmetric YSC;249 (B) MnO2/PPY/rGO@SSY YSC;250 (C) 

AC@CF YSC;244 (D) NiCoO2@SSY YSC;251  (E) MXene/Ag@Nylon YSC;224 (F) MnO2@CNT 

YSC;11 (G) PPY/CNT@PU/Cotton YSC.252 (b) Capacitance retention of YSC in different bending 

conditions. Inset: optical images of YSCs in different bending conditions. (c) Capacitance 

retention at different bending cycles with bending angle of 180°. (d) Schematic illustration of three 

YSCs in series and CV curves of single, two and three YSCs in series. (e) Schematic illustration 

of three YSCs in parallel and CV curves of single, two and three YSCs in parallel. (f) Optical 

image of a red LED powered by two charged YSCs connected in series.   

The Ragone plot is a meaningful way to evaluate the energy storage performance of SCs 

comprehensively. Figure 4.14a demonstrated the excellent both areal and linear energy and power 

densities of the YSCs compared to literature reports. These values were calculated on the basis of 
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the total surface area of the YSCs, including coated gel electrolyte. The YSCs deliver an areal 

energy density of 52.4 μWh cm-2 at a power density of 943.2 μW cm-2 (10.7 μWh cm-1 at 192.5 

μW cm-1). Even at a higher power density of 3267.7 μW cm-2, the YSC has an energy density of 

15.13 μWh cm-2 (3.1 μWh cm-1 at 666.9 μW cm-1). Our YSCs outperformed most of the previously 

reported YSCs, which were all made from coated yarn electrodes. We also summarized the related 

YSCs performance values along with the employed fabrication methods, active electrode materials 

in Table 4.1.  

In order to simulate wearing conditions, we also measured the bending stability of the 

YSCs. Figure 4.14b shows the capacitance retention of the YSC under different bending conditions 

as illustrated in the inset photos. The capacitance retention was tested by CV at 20 mV s-1 and it 

exhibited less than 5% fluctuation during most of the bending conditions and only exhibited a 

small decrease (< 10%) when the whole device was intertwined. In addition, it also retained 90% 

after 1,000 bending cycles (Figure 4.14c), demonstrating excellent flexibility and bending stability 

of the YSCs. 

The single YSC show good electrochemical performance, which makes it promising for 

wearable electronics. However, the current and potential range offered by a single YSC fail to 

meet the power and energy requirement of practical electronics. This issue can be well resolved 

by connecting YSCs in series, or in parallel. Compared with the single YSC that operates at 1 V, 

three YSCs connected in series (Figure 4.14d) exhibited a 3-V voltage window. In the parallel 

assembly (Figure 4.14e), the output current was increased by a factor of the number of YSCs that 

connected in parallel with the same voltage window of 0 to 1 V. The serially connected YSCs can 

be readily used to power up a light-emitting diode (LED) that operates at a minimum voltage of 

1.7 V. The YSCs can be charged by a conventional battery, and then provide adequate energy to 
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light up the LED. For example, the two 2.5-cm-long YSCs connected in series (Figure 4.14f) were 

able to power up a red LED for > 40 s.  
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Table 4.1 Comparison of the fabrication method, specific capacitance, energy density and power density of various YSCs.  

 

Note:  * values were normalized to single electrode, otherwise, normalized to YSC device. 

            CNT is short for carbon nanotube; SSY is short for stainless steel yarn; AC is short for activated carbon; CF is short for    

carbon fiber. 

Material 
Fabrication 

method 

CA 

(mF  

cm-2) 

CL 

(mF 

cm-1) 

CV 

(F  

cm-3) 

EA 

(μWh 

cm-2) 

PA 

(μW 

cm-2) 

EL 

(μWh 

cm-1) 

PL 

(μW 

cm-1) 

Test  

condition 

MXene@CNT/RuO2 

@CNT249 
biscrolling 554 27.8 203 168 975 8.4 48.8 2 mA cm-2 

MnO2/PPY/rGO 

@SSY250 
electrodeposition 411 31 68.52 9.2 1330 2.8 400 11 mA cm-3 

AC@CF244 drop-casting  14.3    6.5 27.5 20 mV s-1 

MXene/PEDOT:PSS 

@CF253 
coating 658.5 126.3 54.7     2 mV s-1 

MoO3/CNT/NiCo2O4 

@PET225 
hydrothermal   28.8     0.17 A cm-3 

rGO/Ni@Cotton yarn192 electrodeposition  110  68.2     

AC/SS@Cotton yarn202 weld  13.1      20 mV s-1 

Ni-Co oxides@SSY251 hydrothermal 69.01 21.67  12.4-8.5 90-430 3.9 134 0.06 mA cm-1 

PPY@SSY254 electropolymerization 586.8 101.5 42.7 52.2 5340 9.02 920 0.21 A cm-3 

MXene/Ag 

@Nylon yarn224 
drop-casting 328 50  7.3 132   2 mV s-1 

NiCoO2@CF226 hydrothermal  1.68      0.05 mA cm-1 

MnO2 

@CNT yarn11 
biscrolling 888.7 60.6 154.7 35.8 1080   2 mA cm-2 

PPY/CNT 

@PU/Cotton252 
drop-casting  20.68  6.13 133 1.84 40  

rGO/MXene fiber/SS 

yarn (our work) 
wet-spinning 

1089.88* 154* 96.88*     
5 mV s-1 

377.3 77 23.2 26.2 1886 5.3 385 
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4.4. Conclusion 

In summary, we have demonstrated how individual graphene-based functional fibers can 

be fabricated into high-performance YSCs for real applications via. textile manufacturing 

processes. With 60 wt % MXene incorporated, rGO&MXene fibers possess balanced mechanical 

properties and electrical conductivity. Also, rGO&MXene FSCs show capacitance of 342.59 mF 

cm-2, seventeen times higher than that of FSC from pure rGO fibers (19.16 mF cm-2). In addition, 

EM-rGO&MXene fibers with H2SO4 incorporated, demonstrated good wettability and excellent 

capacitance up to 550.96 mF cm-2, exceeding most of state-of-the-art fiber electrodes. EM-

rGO&MXene fibers can be furtherly twisted into yarn electrodes, followed by electrolyte 

engineering to get YSCs. Our YSCs show good capacitive performance, with energy density of 

52.4 μWh cm-2 at a power density of 943.2 μW cm-2. It also exhibits good bending stability upon 

thousands of bending cycles and various bending angles. This study also indicated that MXene is 

an effective material for high-performance fiber electrodes in YSCs. Importantly, through our 

findings here, we confirm that the individual functional fibers are the proper units to be assembled 

into YSCs for the real wearable energy-storage fabrics.  
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