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ABSTRACT: Recently, graphene fibers derived from wet-spinning of graphene oxide (GO) 

dispersions have emerged as viable electrodes for fiber-shaped supercapacitors (FSCs) and/or 

batteries, wherein large surface area, high electrical conductivity, and sufficient mechanical 

strength/toughness are desired. However, for most fiber electrodes reported so far, 

compromises have to be made between energy-storage capacity and mechanical/electrical 

performance, whereas a graphene fiber with high capacity and sufficient toughness for direct 

machine weaving or knitting is yet to be developed. Inspired by the alum mordant used for 

natural dyes in traditional textile dyeing industry, our research group have wet-spun GO fibers 

and coagulated them with different multivalent cations (e.g. Ca2+, Fe3+, Al3+), where 
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dramatically different fiber morphologies and properties have been observed. The first 

principles density functional theory has been further employed to explain the observed 

disparities via cation-GO binding energy calculation. When assembled into solid-state FSCs, 

Al3+-based reduced GO (rGO) fibers offer excellent stability against bending, and a specific 

capacitance of 148.5 mF cm-2 at 40 mV s-1, 1.4, 4.8, and 6.8 times higher than that of the rGO 

fibers based on other three coagulation systems (Fe3+, Ca2+ and acetic acid), respectively. The 

volumetric energy density of Al3+-based FSC is up to 13.26 mWh cm-3, while a high power 

density of 250.87 mW cm-3 is maintained.  

 

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,1-3 has been extensively studied as electrode materials for electrochemical 

double-layer capacitors (EDLCs).4, 5 Various macroscopic structures, including one-

dimensional (1D) fibers,6 two-dimensional (2D) films7 and three-dimensional (3D) 

frameworks have been assembled.8 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.9-13 In addition, fiber-shaped 

energy-storage devices can become attractive power sources for miniaturized electronic 

devices such as microrobots, physiological sensors, and even implantable medical devices, 
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since they can have small volumes and could be easily transformed into all kinds of shaped 

structures.14-16 Moreover, the FSC based textiles can be made into multifunctional composites 

that act as both structural and energy-storage materials, simultaneously. For example, the 

energy-storage textiles can be configurated into a solid-state framework as the composite 

structural materials for the application in electric vehicles, the electric power grid etc.17, 18 The 

transition of supercapacitors (SCs) into textile fibers addresses a growing technological need 

for “on-demand” energy in the e-textile systems, self-powering miniaturized electronics, or 

multifunctional composites etc.19 

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.20 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,21 and subsequent reduced GO 

(rGO) fibers via either chemical or thermal treatments.  

Coagulation bath in wet-spinning process is one of the most important factors that influences 

the structures and properties of the as-spun fibers.22 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)13, 23-26 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 
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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.24, 27 However, these Ca2+ cross-linked 

fibers are typically made of dense packing of GO/rGO flakes, which is unfavorable for 

capacitive energy storage.23 On the other hand, Abouralebi et al.23 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.28 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 acetate (Al(OOCCH3)3, all of which are environmentally friendly and cost-

effective.29 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.29, 30 Also, according to the classic Schulze-Hardy rule,31, 32 the higher 
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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.33 With regard to GO, trivalent cations, such as Al3+, have been reported to be an 

effective cation for stabilizing GO membranes in water.34, 35 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.36 In addition, trivalent cations have been reported as better cross-linkers 

for alginate gel than divalent cations for mechanical performance.37  

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.38 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.36 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.  

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+ 
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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.  

RESULTS AND DISCUSSION 

According to the wet-spinning protocol reported in our previous work (Fig. 1),13 an aqueous 

dispersion of GO sheets, with average lateral dimension around 16 μm (Fig. S1), was 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.39 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 1. 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 2. Morphologies of rGO fibers. SEM images of (a) acetic-acid coagulated rGO fiber; 

(b) Ca2+ coagulated rGO fiber; (c) Fe3+ coagulated rGO fiber; (d) Al3+ coagulated rGO fiber. 

The SEM images as shown in Fig. 2 and Fig. S2 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 
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coagulation process, the hydrated cations (Al3+, Fe3+ or Ca2+ ions)40-42 diffuse into the spaces 

in between the GO sheets (Fig. 1) 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.35, 38 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-Tu35, 43 and Klinowski44 et al. was 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 (Fig. S3). Partial hydration of the cations was modeled as an ion chelated by two 

-OH groups. Fig. 3a 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 (Fig. S4)38. It was predicted that the cation- interaction with graphene were 0.73 
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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 involved cation (Table S1), where the higher the charge density of the 

cation, the stronger the cation-OCG interaction.  

 

Figure 3. Atomic structures of hydrated cation 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. 

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 (Fig. 3b). 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 
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assembly of GO layers. In the case of Ca2+, we believe that its low binding strength on the 

single layer GO (Fig. 3a) 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 (Fig. S5), possessing the 

strongest binding with the residue OCGs and graphitic lattice, give rise to the most buckling 

structure as observed in rGOF-Al3+ (Fig. 2d). Regarding the bulking direction, due to the 

external force that applied along fiber axis during fibers formation, the wrinkles are mostly 

formed throughout the cross-section of rGO fibers and perpendicular to fiber axis (Fig. S6). 

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, Fig. S7 and Table S2). 

From XRD patterns, Ca2+ cations with large radius leads to interrupted sheets stacking and 

broad XRD signal (Fig. S8). 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) (Fig. S5) than that of rGOF-Al3+. The SSA measurement results 

through methylene blue (MB) adsorption are (Table 1) 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 
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m2 g-1) and rGOF-Acetic acid (445.9 m2 g-1). 

 

Figure 4. 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. 
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Table 1. Mechanical and Electrical Properties of rGO Fibers. 

Sample SSA/ 

m2 g-1 

Tensile 

strength/ 

MPa 

Breakage 

elongation/ 

% 

Toughness/ 

MJ•m-3 

Electrical 

conductivity/ 

S•cm-1 

rGO-Al3+ 685.8 164.9 ± 2.1 10.3 ± 2.1 10.0 ± 2.1 171.3 ± 9.1 

rGO-Fe3+ 601.1 154.7 ± 5.5 11.2 ± 3.5 8.7 ± 2.5 110.6 ± 5.7 

rGO-Ca2+ 454.7 240.9 ± 32.5 6.2 ± 0.9 8.3 ± 1.2 128.0 ± 6.2 

rGO-Acetic acid 445.9 145.6 ± 11.8 6.9 ± 0.8 4.1 ± 0.8 85.7 ± 0.9 

Representative stress-strain curves of rGO fibers are depicted in Fig. 4a and the mechanical 

properties along with the electrical conductivities of rGO fibers are summarized and compared 

in Table 1. 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. 
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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 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 crosslinks45. 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 (Fig. 4b 

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.46 Fig. 4b 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 
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(CV) responses at 40 mV s-1 (Fig. 4c). 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 Fig. 2, offering much larger accessible 

area to electrolyte, and favoring the diffusion and adsorption of electrolyte ions.  

In addition, electrochemical impedance spectroscopy (EIS) characterization was applied to 

evaluate the equivalent series resistance (ESR) of all the FSCs. Fig. 4d 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 (Fig. S9). As presented in this model, Rs is the series resistance, 

which is related to both the electron conductivity and ion mobility.47 Since the same electrolyte 

used in all these FSCs, the Rs is in the same sequence as that of the electrical conductivity of 

the 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 
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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+.  

 

Figure 5. 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,48 3.5 V/25 mF SC,49 2.75 V/44mF commercial AC-
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EC50 and (A) hierarchically porous sheath-core graphene based FSC,51 (B) rGO/cellulose 

hybrid FSC,52 (C) non-LC spinning pure rGO FSC,53 (D) rGO@NMP-FSC.13 

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 Fig. 5a, 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 (Fig. 5b). The specific area capacitance of rGOF-Al3+ FSC calculated from 

discharge curve is showed in Fig. S10. 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.  

The fiber-shaped solid-state FSC do not require additional packaging, exhibiting 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°) (Fig. 5c 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 
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10% decrease in capacitance after 1,000 bending cycles at 180° bending angle (Fig. 5c).  

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. Fig. 5d presents the 

Ragone plot of rGOF-Al3+
 FSC, showing its EV and PV compared with other FSC systems and 

commercially available film battery and supercapacitors, all data here were normalized without 

packaging. 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),50 and 3.5 V/25 mF SC,49 and higher than that of 4 

V/500 μAh Li thin-film battery (0.3-10 mWh cm-3).48 Moreover, this value also outperforms 

the recently reported various graphene and carbon fiber based FSCs (Table S4), such as 

hierarchically porous sheath-core graphene based FSC (2-3.4 mWh cm-3),51 rGO/cellulose 

hybrid FSC (5.1 mWh cm-3 at 30.7 mW cm-3),52 non-LC spinning pure rGO FSC (7.03 mWh 

cm-3 at 57.7 mW cm-3),53 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).13 The maximum volumetric power densities of our rGOF-Al3+
 FSC was as high as 

2109 mW cm-3 at the current density of 5.7 A cm-3, holding an obvious advantage over most 

of the reported systems.  

CONCLUSIONS 

In summary, we have demonstrated the use of Al3+ cations as a novel coagulant in the wet-

Page 18 of 26Journal of Materials Chemistry A



19 
 

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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Al3+ coagulated wet-spun graphene fibers show large surface area and high electrical 

conductivity, resulting in large capacitance. 
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