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High-performance hybrid carbon nanotube fibers for wearable energy
storage

Abstract

Wearable energy storage devices are of practical interest, but few have been commercially exploited.
Production of electrodes with extended cycle life, as well as high energy and power densities, coupled with
flexibility, remains a challenge. Herein, we have demonstrated the development of a high-performance hybrid
carbon nanotube (CNT) fiber-based supercapacitor for the first time using conventional wet-spinning
processes. Manganese dioxide (MnO2) nanoflakes were deposited onto the as-prepared CNT fibers by
electrodeposition to form highly flexible nanocomposites fibers. As-prepared fibers were characterized by
electron microscopy, electrical, mechanical, and electrochemical measurements. It was found that the specific
capacitance was over 152 F g-1 (156 F cm-3), which is about 500% higher than the multi-walled carbon
nanotube/MnO2 yarn-based supercapacitors. The measured energy density was 14.1 Wh kg-1 at a power
density of 202 W kg-1. These values are 232% and 32% higher than the energy density and power density of
MWNT/MnO2 yarn-based supercapacitor, respectively. It was found that the cyclic retention ability was
more stable, revealing a 16% increase after 10000 cycles. Such substantial enhancements of key properties of
the hybrid material can be associated with the synergy of CNT and MnO2 nanoparticles in the fiber structure.
The use of wet-spun hybrid CNT for fiber-based supercapacitors has been demonstrated.
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Abstract 

Wearable energy storage devices are of practical interest, but few have been commercially 

exploited. Production of electrodes with extended cycle life, as well as high energy and power 

densities, coupled with flexibility, remains a challenge. Herein, we have demonstrated the 

development of a high-performance hybrid carbon nanotube (CNT) fiber-based supercapacitor 

for the first time using conventional wet-spinning processes. Manganese dioxide (MnO2) 

nanoflakes were deposited onto the as-prepared CNT fibers by electrodeposition to form highly 

flexible nanocomposites fibers. As-prepared fibers were characterized by electron microscopy, 

electrical, mechanical, and electrochemical measurements. It was found that the specific 

capacitance was over 152 F/g (156 F/cm3), which is about 500% higher than the multi-walled 

carbon nanotube/MnO2 yarn-based supercapacitors. The measured energy density was 14.1 

Wh/kg at a power density of 202 W/kg. These values are 232% and 32% higher than the energy 

density and power density of MWNT/MnO2 yarn-based supercapacitor, respectively. It was 

found that the cyclic retention ability was more stable, revealing a 16% increase after 10,000 

cycles. Such substantial enhancements of key properties of the hybrid material can be associated 

with the synergy of CNT and MnO2 nanoparticles in the fiber structure. The use of wet-spun 

hybrid CNT for fiber-based supercapacitors has been demonstrated. 

 

Introduction 

Today we associate ‘wearable technologies’ with electronic devices like wrist bands for 

fitness and health monitoring. However, the fastest growth sector in the coming years is 

predicted to be smart garments where the electronics are incorporated into the fabrics. Recent 

developments in advanced materials are poised to create significant new opportunities for the 
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development of smart textiles. The growth projections for smart garments are based around 

seamless and invisible integration of the electronic functionality into the garment, but with 

aesthetic appeal and comfort continuing to be priorities. Strategies to achieve this objective do 

not yet exist and represent challenges for materials researchers to produce fibers and fabrics with 

the desired electronic functionality without compromising strength, comfort and aesthetic appeal. 

Similarly, the development of electronic textiles requires a re-think of the circuit design to 

optimise performance of these non-conventional electronic materials. Fiber-based 

supercapacitors (FSCs) can be readily integrated into textiles or garments to power a wire or 

cable type sensor or transistor, and to be an energy reservoir to store harvested energy from 

conversion systems including fuel and solar cells and thermoelectric or piezoelectric generators 

[1-6].  Studies of fiber-like electrode materials mainly focus on the development of novel 

materials that can be formed as a fiber or composited with other fibers/yarns like carbon fibers, 

cotton yarns and polymer fibers [7, 8] Another point of interest is the improvement of fiber 

structure by using techniques to obtain high-performance fibers with larger specific surface area, 

that could be integrated into traditional textiles structures [9, 10].  

CNT materials already show promising performance for a myriad of applications including 

supercapacitors, actuators, and lightweight electromagnetic shields [11-14]. Carbon nanotubes 

are widely used electrode materials that possess extraordinary physical and chemical properties, 

and assemblies of CNTs in fiber format have been shown to be a viable platform to take these 

properties from the nanoworld to microscopic structures [15, 16]. CNTs can be grown as a forest 

using a variety of methods, from which they can be drawn off and twisted into a CNT yarn 

(solid-state) for fabrication into fibers, yarns and fabric structures. While the potential of CNTs is 

impressive, they are limited for practical applications due to slow production rates, high costs 
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and limited functionality. Therefore, approaches that improve the formation of hybrid structures 

and expand on wet-spinning methods are important. By means of solid-state and wet-spinning 

approaches, continuous and large-scale CNT fibers/yarns have been obtained to be applied in the 

field of energy storage. Carbon based electrodes materials have been shown to be highly stable 

with less reduction in capacitance after an extensive number of cycles compared to other 

electrode materials [17, 18]. However carbon based supercapacitors still show limited 

capacitances because their active material has been based on bare carbon, hence completely 

dependant on electrochemical double layer capacitance. Combining carbon based materials with 

pseudocapacitance materials, such as metal oxides or conducting polymers, can significantly 

improve capacitance but these suffer from poor energy density, limited stability with increasing 

cycle numbers [19, 20]. CNT fibers have been shown to be promising candidates for electrodes 

in a supercapacitor or lithium battery when composited with active materials such as MnO2, 

polyaniline (PANI), polypyrrole (PPy), LiMn2O4, and LiFeO4 [21-26]. Consequently there is still 

challenging for the development of high-performance hybrid wet-spun single-walled carbon 

nanotube/ manganese oxide fibers based supercapacitor [23, 27, 28].  

 

In this study, we developed the use of hybrid carbon nanotube fibers to be used as highly 

performing wearable supercapacitors. High-performance hybrid wet-spun liquid crystal CNT 

fiber-based supercapacitors have been prepared using a wet-spinning process followed by 

electrodeposition of MnO2 onto the as-prepared CNT fibers. Manganese dioxide was introduced 

into the fibers with a view to improving electrochemical properties. The resulting supercapacitor 

is highly flexible and possesses superior electrochemical properties in terms of high energy and 

power densities, dramatic cyclic stability and specific capacitance.  
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Experimental Details 

Long, conductive fibers were wet-spun from liquid crystalline dispersions of single-walled 

carbon nanotubes. The liquid crystalline state of the dispersion greatly enhances the spinnability 

of the fibers, as well as the mechanical properties. Preparation of liquid crystal CNT spinning 

solution, fibers spinning and their characterization were carried out as previously reported [29]. 

Single-walled carbon nanotubes (SWNTs) were used as purchased (Nano-lab, USA). 35.7 mg 

SWNTs and 1 ml chlorosulfonic acid (CSA) (Sigma Aldrich) were mixed by using Thinky ARE-

250 mixer for 20 min, and then the spinning dope was transferred into a 5 ml glass syringe. This 

process should be cautious and protected with safety suit regarding to the risk and danger 

causing by CSA. The syringe needle was 22G, and the pump extruded the dope into an acetone 

bath at a fixed rate of 25 ml/h and the rotating speed was 20 r/min. The prepared wet-spun liquid 

crystal CNT fibers were then washed with distilled water thrice and dried in an oven at 120 ℃. 

The structures were characterized by scanning electron microscopy (SEM, JEOL JSM-7500 

operated at 5 kV), wet-state cross-section morphologies were also observed by SEM (JEOL 

JSM-6490 LV), transmission electron microscopy (TEM, JEOL JEM-2010 operated at 200 kV), 

Raman spectra (Jobin Yvon HR800, 632.8 nm diode laser), and X-ray photoelectron 

spectroscopy (XPS, PHOIBOS 100/150 with hemispherical energy analyzer). 

Preparation of MnO2 deposited CNT fibers and electrochemical performance measurement 

were as follows. All the fibers used for depositing were cut from the same long length of CNT 

fiber to a length of 2 cm. Each piece of fiber was stuck to a stainless steel wire using silver paste 

and then immersed in the electrochemical electrolyte for several minutes to ensure the fiber was 

fully saturated. The MnO2 nanoplates were electrochemically deposited on the CNT fibers in an 

electrolyte of 0.02 M MnSO4�H2O and 0.2 M Na2SO4 (Sigma Aldrich) at a potential of 1.3 V 
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with a three-electrode system (eDAQ, Australia), using Ag/AgCl as the reference electrode and 

Pt mesh as the counter electrode. After electrodeposition, the as-prepared fibers were washed 

with ethanol and distilled water several times and dried in an oven at 70 °C. Cyclic voltammetry 

(CV) of the fibers was scanned in 1 M Na2SO4 solution (CHI 604D, USA) at room temperature. 

In addition, electrochemical impedance spectra (EIS, Gamry EIS 3000 system) were obtained in 

the frequency range of 100 kHz to 0.01 Hz with an AC perturbation of 10 mV at open circuit 

potential, and galvanostatic charge/discharge tests were performed using a battery test system 

(Neware electronic Co.) from 0 to 1 V. 

Fabrication of the solid-state FSC was achieved as follows. Due to the reaction between 

MnO2 and acid, we use LiCl/PVA electrolyte rather than H3PO4/PVA or H2SO4/PVA electrolyte. 

PVA-LiCl gel electrolyte was prepared as described previously [30] by mixing 3 g PVA (Sigma 

Aldrich, Mwt 124-186 k) with 6 g LiCl (Sigma Aldrich) in 30 mL Milli-Q water and stirring at 

90 °C until the solution became transparent. Two prepared carbon nanotube fiber (CNFs) or 

MnO2-CNT fiber (MCFs ) were coated with solid electrolyte several times and dried for 1 h each 

time. Then, two PVA-LiCl coated fibers were mounted in parallel on a flexible PET membrane, 

each end of the electrode was fixed by silver paste and extended with a stainless steel wire (100 

µm, diameter) and finally coated with PVA- LiCl along the paralleled part to form a solid-state 

FSC. 

Results and Discussion 

The fabrication process to produce wet-spun liquid crystalline CNT fibers is shown 

schematically in Figure 1a. The single-walled nanotubes used in this study were commercially 

available and typical of products prepared by the chemical vapor deposition (CVD) method, with 

an average diameter of 1.5 nm and lengths of 1-5 �m. As described previously Chlorosulfonic 
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acid was used to prepare the single-walled or low-walled carbon nanotubes dispersion, a higher 

number of walls will lower the specific strength of fiber, which has been confirmed by us that the 

MWCNT wet-spun fibers are too brittle to be further applied [29]. As expected, the mixed 

dispersion went from an isotropic phase to a biphasic system and then to a single liquid-

crystalline phase [31]. The prepared spinning dope was extruded into an acetone coagulation 

bath with a distance of 5 cm from the center of the bath container.  

 

Figure 1. (a) Schematics of the preparation procedures for the wet-spun carbon nanotube fibers. 

(b) SEM images of a cross-section of wet-spun CNT fiber (wet-state) at low, and (c) higher 

magnification. (d) The surface morphology of as-prepared CNT fiber at (e) low and (f) higher 

magnification. (g) Cross-section of wet-spun CNT fiber (dry-state) at low and (h) higher 

magnification. 

SEM micrographs of the as-spun pristine CNT fibers are shown in Figure 1 (b-h). SEM 

images of the cross-section of CNT fiber (wet) shows a porous structure (Figure 1c), in which 



 

8 

 

the pore size has a decreasing distribution from surface to inner fiber. We’ve also tried to freeze 

dry the wet fiber and observed the pores can be achieved at several microns in Figure S1. This 

morphology shrunk to form the wrinkled CNT layer-by-layer structure after drying in oven 

(Figure 1g-h, higher resolution of this structure can be found in the supporting information 

Figure S1). As can be seen from the surface morphology, nanotubes were uniform and 

predominantly oriented to the fiber axis (Figure 1d-f). The bundles of SWNTs and the inner 

nano-network structures can also be seen from the dried fiber surface at higher magnification 

(Figure 1f).  

The diameter of the as-prepared CNT fiber as determined by the gauge of the spinneret, feed 

rate and drawing rate was 160 �m. The diameter of the CNT fiber obtained can be controlled to 

be as low as 50 �m [29]. To acquire the optimal performance of fiber, acetone was chosen as the 

coagulant because it dissolves CSA without reacting (unlike water, which forms hydrochloric 

acid (HCl) gas and sulfuric acid), which can damage the fiber structure. Because of its high 

volatility, acetone rapidly evaporates from the fiber once the fiber is removed from the bath and 

the residual acid will be removed by the following washing procedure. Comparing to the other 

coagulants (acetonitrile, chloroform, N, N-dimethylacetamide (DMA), deionized water, dimethyl 

sulfoxide (DMSO), ethanol, and hexanes), acetone bath is able to form highly conductive, strong, 

and uniform wires with minimal residual solvent, which has been studied by others recently [32]. 

The mechanical properties of as-spun CNT fibers achieved ultimate tensile strength, elastic 

modulus and elongation at break of 225 MPa, 23 GPa and 2% respectively. (See Figure S2 

supporting information). While the tensile strength of the as-prepared CNT fiber was 246% 

higher that the previously reported wet-spun MWNT fiber [33], and 120% greater than the 

SWNT fiber by spinning from the fuming sulfuric acid as the solvent [34], the elastic modulus of 
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as-prepared fiber was quite low compared to pristine CNT fiber due to the porous nature of the 

wet-spun fiber. The electrical conductivity of the as-prepared CNT fibers was measured under 

laboratory conditions using an in-house linear four-point probe (see supporting information). The 

average electrical conductivity of the wet-spun CNT fibers was 450 ± 15 S/cm. It was found that 

the electrical conductivity of as-prepared CNT fiber was 50% and 114% higher than previously 

reported MWNT yarn or wet-spun CNT fiber, respectively.[35, 36]. The higher electrical 

conductivity of as-prepared CNT fiber suggests a lower contact resistivity between nanotube 

bundles; due to the highly aligned bundles of CNTs that were uniform and predominantly 

oriented to the fiber axis (Figure 1e-f). This phenomenon could imply an effective electron 

pathway for longitudinal current collecting. 

 

Figure 2. Elemental mapping analysis performed on: (a) the hybrid CNT/MnO2 fiber cross-

section area, (b) the location of carbon (C red dots), (c) manganese (Mn green dots) and (d) 

oxygen (O yellow dots) hybrid CNT/MnO2 EDS image of a MnO2 deposited CNT fiber. 

 



 

10 

 

With the merits of high conductivity, nano-network structure and superior mechanical 

properties, wet-spun CNT fibers show promise as excellent candidates for current collectors, 

active material carriers and active charge storage electrodes. Meanwhile, manganese dioxide is a 

promising pseudocapacitive material, because of its high theoretical capacitance, low cost, and 

environmental friendliness, to enhance dramatically its energy storage capacity [37]. MnO2 was 

deposited on as-prepared wet-spun CNT fiber to make a hybrid CNT/MnO2 fiber supercapacitor. 

MnO2 can be effectively trapped in the pores during deposition due to the porosity inside wet-

spun CNT fibers, resulting in formation of a well-blended zone that consists of nanostructured 

MnO2 and aligned CNT bundles (Figure 2). As can be seen from elemental mapping analysis for 

C, O, and Mn atoms (Figure 2 a-d), the hybrid wet-spun CNT/MnO2 fiber has a highly porous 

structure. This porosity is well distinguished by dominant Mn atoms detected from the fiber 

surface right to the core, after electrodeposition of MnO2 (the location of Mn (red dots) in Figure 

2c). The hybrid nanoscopic structure was confirmed through the overlapped C, O, Mn mapping 

images (Figure 2). In addition, the SEM images (Figure 3a, b, c) of MnO2-CNT fiber (MCF) 

clearly shows that the flower-like MnO2 nanostructures consist of a stack of nanoflakes with 

increased porosity of fiber; which can lead to the rapid transportation of electrons and ions when 

the fibers are assembled into supercapacitors. In addition, the transmission electron microscopy 

(TEM) image of Figure 3d indicates that the CNTs are overlaid with numerous MnO2 

nanoflakes. These pseudocapacitive nanoflakes play a crucial role in enhancing the energy 

storage performances of wet-spun CNT supercapacitors [23]. Furthermore, the Raman spectrum 

obtained demonstrates the existence of MnO2 (Figure 3e). The band at 650.4 cm
−1

, which is 

absent in the Raman spectrum of a bare CNT fiber, can be assigned to the A1g mode and is 

indicative of a well-developed rutile-type framework [38], whereas the bands at 1325.1 cm
−1

 and 
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1584.2 cm
−1

 are regarded respectively as the D and G band of CNT. Characterisation by X-ray 

photoelectron spectroscopy (XPS) shows that the bending energy separation between the Mn 

2p1/2 and Mn 2p2/3 doublet peaks is 11.8 eV, which is in agreement with the reported energy 

separation in MnO2 (Figure 3f) [39]. Therefore, it can be concluded that this non-vacuum-based, 

scalable, and cost-effective electrochemical deposition technique has achieved successful hybrid 

structure formation for wet-spun, pseudocapacitive fiber electrodes. The electrochemical energy 

storage reaction of the hybrid CNT fiber is due to the nanoscopic surface of MnO2, and the 

loading amount of MnO2 can be well controlled by adjusting its deposition time to obtain high 

capacitances and high-rate capability simultaneously. Therefore, with the increase of deposition 

time from 10 s to 60 min, the thickness of coated MnO2 gradually increased from around 110 nm 

to 9.9 �m (Figure S3). The surface of wet-spun CNT fiber can be completely covered by MnO2 

nanoflakes after 1 min of electrodeposition, which is significantly different from the reported 

results that indicate a required fully covered deposition time of 20 min [7]. The reason for this 

improvement is the much higher conductivity of single-walled CNT fiber and higher applied 

voltage so that the electrons transfer faster between the surface of the fiber and the electrolyte. 

The electrical conductivity of MCFs with different electrodeposition time was measured using a 

four-probe method and the linear resistances of fibers have also been calculated (Figure S4 

supporting information). As expected, the electrical conductivity of MCFs decreased with 

increased electrodeposition time owing to the intrinsically low conductivity of MnO2 (10
-5

-10
-6

 

S/cm) [40].  



 

12 

 

 

Figure 3. (a) SEM images of the surfaces of hybrid CNT fiber after mesoporous MnO2 

deposition for over 20s and (b-c) higher magnification. (d) TEM image of carbon nanotubes 

overlaid with highly porous MnO2 structure. (e) Raman spectra of bare CNT fiber and MnO2 

deposited fiber, illustrating the peak of MnO2. (f) XPS of as-grown MnO2 nanostructure showing 

the bending energy of Mn 2p. The binding energy difference between the Mn 2p doublet peaks is 

11.8 eV, which corresponds to that expected for MnO2 [27].  

 

To confirm the role that CNT fibers played in the electrodes rather than relying solely on the 

MnO2 deposited on the fiber surface, we deposited MnO2 onto a CNT fiber and a stainless steel 

wire (MSS), which also had a high conductivity, as comparative electrodes at the same time. 

Cyclic voltammograms (CV) of a bare CNT fiber, MCF and MSS are shown in Figure S5, the 

CV curves were measured using a three-electrode system in 1M Na2SO4 solution at room 

temperature, the scan rate was 20 mV/s. We found that CNT fiber itself has a capacitance and 

exhibits a rectangular shaped CV curve like MCF, however MSS showed a poor specific 
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capacitance. The weight of deposited MnO2 was used to calculate the capacitance of the MSS 

sample while the mass of deposited MnO2 and CNT fiber were used for the MCF sample to 

reflect the synergistic effect between CNT fiber and MnO2. Consequently the stainless steel 

wire/MnO2 exhibits considerably poorer capacitance compared with CNT and MCF. In addition, 

it was experimentally confirmed that strong adhesion of the MnO2 nanoflakes to the porous wet-

spun CNT fiber was achieved, thus high electrochemical stability could be demonstrated against 

repeated mechanical deformation by bending or electrochemical reaction, however, the MnO2 on 

stainless steel wire can be easily wiped off after a few cycles.  

 

Figure 4. (a) Schematic diagram of two symmetric pseudocapacitive hybrid wet-spun CNT fiber-

based supercapacitor, (a1) as-prepared CNT fiber, (a2) MnO2 deposited onto the CNT fiber and 

(a3) assembled device in a parallel configuration with constant gap and coated with aqueous 

PVA-based gel containing LiCl. Cyclic voltammograms of a CNT fiber-based supercapacitor 

with scan rate (b) from 100 mV/s to 500 mV/s and (c) from 0.8 V/s to 5 V/s. (d) Galvanostatic 

charge-discharge curves of the device at a current density range of 0.5 A/g to 10 A/g, (e) and (f) 
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CV curves of a single MnO2 deposited fiber electrode with different deposition time from 10 s to 

60 min at a scan rate of 20 mV/s. 

 

The schematic diagram of two symmetric pseudocapcitive hybrid wet-spun CNT fiber 

electrodes assembled in a parallel configuration with a gap to prevent short circuit and coated 

with aqueous poly(vinyl alcohol) containing lithium chloride is shown in Figure 4a. To evaluate 

the performance of the as-prepared hybrid CNT fiber as a supercapacitor, two symmetric fiber-

based supercapacitors have been prepared, including two bare wet-spun CNT fibers and hybrid 

CNT/MnO2 fibers. Consistent with a typical double layer capacitive material, CNT fiber-based 

supercapacitor (FSC) can almost keep the rectangular CV shape even at a high scan rate of 3 V/s 

when the device is operated at scan rates ranging from 0.01 to 5 V/s (Figure 4b, c). In the same 

way, it shows a minuscule equivalent series resistance (ESR) of the CNT fiber, and the porous 

structure simultaneously induces rapid ion diffusion into the fiber. The galvanostatic charge-

discharge (GCD) measurement of pristine CNT fiber was carried out to evaluate the specific 

capacitance of the device (Figure 4d) at different current densities from 0.5 to 10 A/g. The curve 

demonstrates an isosceles triangle and the potential of the discharge curve is linear with time, 

indicating a good reversibility of the electrode reaction as well as a superior EDLC capacitive 

behavior. From the above measurements, the existence of MnO2 can significantly enhance the 

specific capacitance of CNT fiber; as evidenced by comparing the absolute area calculated from 

the CV curves before and after MnO2 deposition. It was found that the specific capacitance of the 

MnO2 deposited fiber-based supercapacitor is approximately 230% higher than the pristine CNT 

fiber device at the same current density of 0.5 A/g. 
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Since the active surface area of MnO2 determines the energy storagecapacity, thin MnO2 

nanoflakes (thickness 5 µm, see Figure S3) were obtained by adjusting the deposition time to 20 

min. This resulted in high capacitance and high charge/discharge rate capability [41]. It was 

found that the amount of MnO2 on the fiber after 20 min deposition substantially drives down the 

electrical conductivity with more pseudocapacitance rather than double-layer capacitance 

obtained (see Figure S5 for more information) [42]. Consequently, the shapes of CV curves with 

different deposition times change from symmetrical to asymmetrical after depositing for more 

than 20 min (Figure 4e, f). The relationship between the capability of MCF and deposition time 

is listed in Figure S6 and we find that the highest specific capacitance is obtained when the 

deposition time is 20 min with a value of 94.9 F/g at a scan rate of 20 mV/s. The mechanism is 

based on the surface adsorption of electrolyte cations (C+) on MnO2: 

(MnO�)��	
�� + �
� + �� ⇔ (MnO�

���)��	
��                                                                                                             (1) 

where C
+
 = Na

+
, K

+
, Li

+
, and involved a redox reaction between the III and IV oxidation states of 

Mn [43]. Therefore we have introduced a new structural strategy (wet-spinning of composite 

materials) for electrode design in order to enhance the electrical conductivity and facilitate the 

full utilization of MnO2 by incorporating CNT as an effective electron pathway [23, 44].  
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Figure 5. (a) Cyclic voltammograms of MCF supercapacitors with different deposition times 

ranging from 1min to 20 min at a scan rate of 5 mV/s. (b) Specific capacitances of the devices 

and (c) Galvanostatic charge discharge curves of the device with 5 min deposited MnO2 layer at 

a current density range of 0.2 A/g to 8 A/g. (d) Nyquist plots of supercapacitors with different 

electrode systems. (e) Capacity retention of the 5 min device with 10,000 cycles (the inset is the 

CV curves of selected device before and after cycling measurement at a scan rate of 100 mV/s). 

(f) Plots of energy density vs power density for our fiber-based supercapacitor and other reported 

supercapacitors. 

To demonstrate the application of the developed hybrid fiber as a supercapacitor, we 

assembled the MCF into highly flexible and solid-state supercapacitors by using the LiCl/PVA 

as both electrolyte and separator. Figure 5a shows cyclic voltammograms of the fiber-based 

supercapacitors with different MnO2 deposition times ranging from 1 min to 20 min at a scan 

rate of 5 mV/s. The CV curves show a significant shape change with increasing deposition time 

and evidence of redox reactions of MnO2. Similarly, specific capacitances calculations from 

galvanostatic charge-discharge measurements were also carried out to corroborate the lower rate 

capability that pseudocapacitive materials exhibit (Figure 5b). The highest specific capacitance 
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was afforded by the 20 min deposited MCF supercapacitor; with a value of 152.4 F/g at a current 

density of 0.2 A/g, which matches the trend that one fiber expressed above. This value is much 

higher than those of electrodeposited fiber-based supercapacitors with the substrates of MWNT 

yarn, cotton yarns and rGO fiber reported previously (converting to volume capacitance of 156.9 

F/cm
3
, where the density of 20 min deposited MCF is about 1.03 g/cm

3
 by averaging at least 5 

fibers) [7, 24, 45]. It was found that the capacitance decreases to 16.0 F/g at 8 A/g. Therefore, we 

selected the device with the deposition time of 5 min as a more practical application for further 

measurements; as it afforded a high specific capacitance of 101.4 F/g at 0.2 A/g and 42.1 F/g at 8 

A/g. An ultrafast charge-discharge rate and a very small voltage drop of the selected device are 

evident in Figure 5c. The discharge time for the MnO2-CNT system was effectively prolonged, 

by about 240% compared to the CNT system at the same current density of 0.5 A/g. Figure 5d 

shows the Nyquist plots in the frequency range from 100 kHz to 0.01 Hz, where the straight line 

is nearly parallel to the imaginary axis, demonstrating a decent capacitive behavior of the device; 

while the pure CNT fiber-based supercapacitor reveals an almost vertical line. Meanwhile, the 

slope of the sample at lower frequencies with 20 min deposited MnO2 layer is much smaller than 

that of the sample with 5 min MnO2 layer, implying poorer capacitive behavior [46]. With the 

poor electrical conductivity of MnO2, the restricted time for fast charging/discharging curtails the 

charge diffusion along the electrode, leading to a deteriorating capacitive characteristic as the 

current density increases. On the other hand, a higher loading of MnO2 distinctly raises the ESR 

of the supercapacitor in the high frequency region.  

Cycling stability plays a vital role in real applications for supercapacitors. As shown in 

Figure 5e, cycling measurements were carried out using a current density of 1 A/g. There is 

almost no obvious drop of the specific capacitance after 10,000 cycles, but showing a 16% 
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increase after 3,500 cycles, which points to an extraordinary long-life cycling structure of the 

composite electrode. The first stage of the decrease can be considered as the electrochemical 

action of the outer layer of MnO2. After repetitive charge-discharge cycling, the inner MnO2 sites 

and CNT nano-networks are activated resulting in much more complete intercalation and de-

intercalation of electrochemical species [47]. The inset CV curve also suggests a more 

rectangular and higher area curve after 10,000 cycles, even at a fast scan rate of 100 mV/s. For 

comparison, the cycling stabilities of 3 min and 10 min deposited MCF supercapacitors were 

tested respectively. Interestingly, the capacitances of both supercapacitors decrease after 5,000 

cycles and the 10 min one shows a larger reduction (Figure S7). Differing from the aqueous 

electrolyte, the ions inside a PVA-based solid electrolyte transfer comparatively slower, 

suggesting a difficulty to intercalate a thick layer of MnO2. It can be explained that the 3 min 

MCF SC has a thinner layer of MnO2, leading to a full utilization of the electrode, while the 

thicker one only involved active materials partially in the charge-discharge process that hardly 

penetrating the deposited MnO2 layer. The Ragone chart shows the energy density with respect to 

the average power density of the as-fabricated all solid-state supercapacitors (Figure 5f). The 

highest values of energy and average power densities of the 5 min MCF supercapacitor are 11.7 

mWh/cm3 and 167.7 mW/cm3, respectively (the average density is 0.83 g/cm3). Notably, the 

developed hybrid CNT fiber-based supercapacitor exhibited remarkably higher power and 

energy densities than reported wire-shaped supercapacitors consisting of carbon fibers coated 

with MnO2/ZnO [48], MnO2/carbon fibers [49, 50], rGO/MWNT-MoS2/rGO/MWNT [13],  

GCF/N2-GCF/MnO2 [51], MnO2/RGO/CF-GH/CW [52] and CNT/MnO2-CNT/PPy [53] fiber-

based asymmetric supercapacitor, MnO2/MWNT fiber [23] and MnO2/rGO fiber [45], 

SWNT/rGO fibers [54, 55], rGO/Activated carbon fibers [56], MnO2/PEDOT:PSS/CNT fibers 
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[57], PPy/MnO2/Carbon fibers [58], as shown in Figure 5f. The basis of wet-spun CNT fiber 

makes a contribution to the high power density than other carbon-based fibers and the 

introduction of high-performance psudocapacitance material of MnO2 then significantly 

increases the energy density of our fiber-based supercapacitor. We believe that such power and 

energy densities mainly originate from both the CNT fiber’s unique morphologies and good 

adhesion of MnO2 to the collector in our case. It was experimentally demonstrated that high 

electrochemical stability was afforded against repeated mechanical deformation (bending). 

Figure S8 shows the CV performances at a scan rate of 50 mV/s as a function of different 

bending angles. As can be seen, the CV shapes are very stable up to 180° bending, which 

confirmed that the as-prepared hybrid CNT fiber-based supercapacitor with solid-state 

electrolyte is highly flexible and feasible to be applied for wearable electronics.  

The demonstration of fiber-based supercapacitors connected in parallel powering a light-

emitting diode (LED) is shown in Figure 6 a-b. The CV curves in Figure 6c show that the output 

current (five in parallel assembly) increased by almost five-fold with the same potential window 

from 0 to 1 V. This shows the potential that the fiber-based supercapacitors have for applications 

in wearable devices and electronic textiles.  
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Figure 6. The electrochemical performance of the fiber-based supercapacitors in parallel. (a) Five units in 

parallel (inset shows the configuration of those supercapacitors in parallel). (b) Potential application of 

the paralleled supercapacitor, which can power a light-emitting diode independently. (c) Cyclic 

voltammograms of the unit and parallel circuit. 

 

Conclusion 

Highly flexible hybrid wet-spun carbon nanotube/ manganese dioxide nanocomposite fibers were 

fabricated. The inner nano-network structure of CNT fiber and the mesoporous flower-like 

MnO2 nanoflakes facilitated the ion transport resulting in enhanced electrochemical properties. 

The assembled solid-state, fiber-based symmetric supercapacitor demonstrated high specific 

capacitance (over 152 F/g), good rate, and high cycling retention ability (over 10,000 cycles) at 

fast charge/discharge rate, and significantly practical energy and power densities. Our strategy 

provides a new direction for manufacturing of wet-spun CNT nanocomposite fibers 

supercapacitors. Prepared hybrid CNT fibers can benefit such applications as high-performance 

supercapacitors, batteries, smart textile and wearable electronics. 
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