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Two-ply yarn supercapacitors behave like conventional textile yarns to power next generation electronic textiles. To 

improve the capacitance of the yarn, we produced a metal filament reinforced carbon nanotube composite yarn which 

was further in-situ polymerized with polyaniline nanowires for use as electrodes. The wearable two-ply yarn 

supercapacitor made from the composite electrodes possesses very high capacitance (91.67 mF/cm2) and energy density 

(12.68 μWh/cm2), and excellent long term cycling stability for charging-discharging and flexing deformation. The two-ply 

nanocomposite yarn supercapacitors have been connected in series and in parallel to power miniature electronic devices 

on smart textiles. 

Introduction 

Because of their small size, light weight, and adaptability, 

flexible micro energy-storage devices are becoming an extremely 

attractive option for powering electronic textiles and portable 

electronics such as mobile phones, digital cameras, electronic tools, 

healthcare devices and rollup displays.1-4 Flexible solid-state 

supercapacitors (SCs) offer much higher power density than 

conventional lithium ion batteries and much higher energy density 

than traditional capacitors.5-10 In particular, linear SCs, or more 

technically known as two-ply yarn structured SCs, are highly 

flexible and can be integrated into fabrics like conventional textile 

yarns for use in next generation electronic textiles.11-13  

Carbon nanotubes (CNTs) possess unique structures and 

outstanding mechanical and electrical properties. They have been 

studied extensively for applications in flexible electronics and 

energy storage.14-15 CNTs can be spun into yarns.16 Pure CNT yarn 

SCs are limited by their relatively low capacitance and energy 

density.18 To improve the capacitance, high performance 

pseudocapacitance materials, such as metal oxide and conducting 

polymers, are incorporated into CNT yarn electrodes for use in 

flexible SCs.19-21 Polyaniline has been proven to be a promising 

material for energy storage applications with its large capacitance 

and capability to charge and discharge at high rates.22-23 Zhang et al. 

reported a core/sheath electrode architecture.17a in which CNTs 

form a thin surface layer around a highly conductive metal filament 

core. The metal filament serves as current collector so that charges 

produced on the active materials along the length of the SC are 

transported efficiently, resulting in a significant improvement in 

electrochemical performance and scale up of the SC length. The 

metal current collector can also be plied together with the CNT 

yarn by twisting.17b Here we report a high-performance wearable 

yarn SC that is formed from two composite yarns, each comprising 

of a platinum filament and a CNT yarn decorated with polyaniline 

nanowires by in-situ polymerization, dabbed as Pt/CNT@PANI 

composite yarn. The two-ply composite yarn SC deliveries very 

high energy density and cycling durability. 

Experimental 

Production of as-spun carbon nanotube yarns.  
CNT forests were grown on silicon wafer substrates bearing a 

thermal oxide layer and iron catalyst coating using chemical 

vapour deposition (CVD) of acetylene in helium. The 

synthesis procedures have been reported previously.24 The 

resulting CNTs had 7 ± 2 walls with an outer diameter of 10 

nm and an inner diameter of 4 nm approximately. The length 

of the CNTs was approximately 350 μm by measuring the 

height of the forests. The CNT yarns were spun to a twist level 

of 5,000 turns/m using an Up-spinner.16 
Preparation of Pt/CNT@PANI yarn.  

0.18 g aniline and 0.4 mL ethanol were added into 200 mL 

HClO4 (1 mmol/mL) aqueous solution, and then 0.304 g 

ammonium persulfate (24 mL) was added  into the reaction 

solution at -10 o C. The Pt/CNT ply-yarn was placed in the 

above solution, after reacting for 24 h, the Pt/CNT yarn was 

removed and cleaned by ethanol and deionized water three 

times, respectively. The surface of Pt/CNT yarn became dark-

green after the in-suit deposition. 

Preparation of two-ply composite yarn supercapacitor. 

PVA/H3PO4 gel electrolyte was prepared by mixing 3 g PVA and 3 

g H3PO4 with 30 mL deionized water and heating it at 95 o C under 
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vigorous stirring until it become clear. The Pt/CNT@PANI 

nanocomposite yarn were coated with PVA/H3PO4 three times and 

dried at 50 o C for 1 h. Two PVA/H3PO4 coated yarns were placed 

in parallel and twisted together, followed by coating with 

PVA/H3PO4 again to produce a solid-state two-ply nanocomposite 

yarn supercapacitor (SC) 

Materials characterization. 

Yarn morphology was characterized by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). 

Cyclic voltammetry (CV), electrochemical impedance spectroscopy 

(EIS), and galvanostatic charge/discharge measurements were 

carried out on an electrochemical workstation (Ivium, 

CompactState10800). 

Calculation of the electrochemical capacitance. 

The as-prepared two-ply nanocomposite yarn SC is a 

symmetric two-electrode solid-state supercapacitor. The specific 

capacitance of SC obtained through cyclic voltammograms was 

based on the equation: 


V

IdV
0VS ν

1
C

   (1) 

where C is the specific capacitance (F/cm2), ν is the scan rate in 

cyclic voltammograms, V represents the potential window, and I 

stands for current. S is the surface area of the nanocomposite yarn 

in the overlap portion (cm2). 

The specific capacitance of SCs obtained through galvanostatic 

charge/discharge measurement was derived from the equation: 

CA=I×t/(V×S), where CA is areal capacitance (F/cm2), I stands for 

discharge current density (A), t is the discharge time (s), V 

represents the potential window (V), and S is the surface area of 

nanocomposite yarn in the overlap portion (cm2). The area energy 

density (EA) and areal power density (PA) of the two-ply SC were 

obtained from EA=1/2×CA×V2 and PA=EA/t. 

Results and discussion 

A typical fabrication process of the two-ply nanocomposite yarn 

symmetric SCs based on carbon nanotube yarn and Pt filament is 

schematically shown in Figure 1. The substrate CNT yarn was 

fabricated by twisting a continuous CNT web drawn from a solid 

state multi-walled carbon nanotube forest which was synthesized 

using the chemical vapor deposition (CVD) method.25-26 The yarn 

was spun to a twist density of 5000 turns/m. The Pt filament has 

good electrical conductivity and the CNT yarn has a porous 

structure. The combination of the Pt filament and the CNT yarn 

provides high electrolyte accessibility and high efficiency charge 

transport as well as the structural backbone of the two-ply 

composite yarn SC. The PANI nanowires polymerized in-situ on 

the surface of the twisted Pt/CNT yarn serves as the main 

electrochemically active material of the work electrode. The 

Pt/CNT@PANI nanocomposite yarn electrode is then coated with 

PVA/H3PO4 gel electrolyte. Two identical coated Pt/CNT@PANI 

nanocomposite yarn electrodes are combined together by twisting 

to form a two-ply nanocomposite yarn SC.  

 
Figure 1. Schematic diagram of the fabrication process of the yarn SC.  

The morphologies of the pure CNT yarn substrate and the final 

Pt/CNT@PANI nanocomposite yarn were examined using 

scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM). Figure 2a shows the structure after the Pt 

filament and the CNT yarn being twisted together. Figure 2b and c 

exhibit SEM images of the as-spun pure CNT yarn at two 

magnifications, showing that the pure CNT yarn has porous 

microstructure and the CNTs are well aligned along the twist helix 

in the yarn. The yarn diameter is approximately 25 μm. The width 

of the twisted Pt/CNT yarn is approximately 50 μm. Figure 2d and 

e show the layer of PANI nanowires in-situ deposited on the 

surface of the twisted Pt/CNT yarn substrate. The PANI nanowires 

are uniform in diameter and form a porous layer on the CNT yarn 

surface. Figure S1 demonstrates that Pt wire did not attract any 

significant deposition of PANI nanowires. Figure 2f shows a TEM 

image of the PANI nanowires. The PANI nanowires have 

diameters about 40 nm and are tangled with each other, forming a 

porous network on the twisted Pt/CNT yarn surface. The chemical 

composition of the Pt/CNT@PANI composite yarn is further 

probed by Fourier transform infrared (FT-IR), and the results are 

shown in Figure 2f. The bands at 1569 and 1492 cm-1 are assigned 

to C=C stretching vibrations of quinoid and benzenoid rings, 

respectively. The bands at 1298, 1120, and 795 cm-1 originate from 

C-N, C=N, and C-H stretching vibration, respectively.27-28 These 

results provide evidence that PANI has been successfully deposited 

on the CNT yarn. 
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Figure 2. Electrode morphology. (a) twisted Pt/CNT yarn, (b-c) CNT 

yarn, (d) PANI nanowire network on Pt/CNT yarn, (e) TEM image of 
PANI nanowires and (f) FT-IR spectrum. Scale bars (from a to e): 100 

μm, 4μm, 40 nm, 50 μm, 0.1 μm.  

The electrochemical performances of the two-ply nanocomposite 

yarn SCs are tested in a two-electrode configuration. We first 

investigated the effect of PANI deposition time on the 

electrochemical performance of the Pt/CNT@PANI devices. Figure 

S2 and S3 in Supporting Information show the relationship 

between the electrode mass and device capacitance (500 mV/s) at 

different deposition durations. Prolonging deposition time from 17 

h to 31 h increased the mass of PANI nanowire coating on the yarn 

due to gradual deposition of the PANI nanowires. However, the 

intermediate deposition duration (24 h) resulted in the highest 

capacitance, probably because of the increase of intrinsic resistance 

and the reduction of electrode conductivity associated with 

excessive growth time. The Figure S4 shows that 31 h 

polymerization time resulted in increased resistance. 

Figure 3a shows the cyclic voltammograph (CV) curves at a 

wide range of scan rates from 10 mV/s to 500 mV/s of the 

Pt/CNT@PANI SC with an in-situ deposition time of 24 h. The CV 

curves show typical pseudocapacitive behaviours with two pairs of 

redox peaks, which are ascribed to the structural conversion of 

leucoemeraldine-to-emeraldine and emeraldine-to-pernigraniline of 

the PANI nanowires.29-30

 
Figure 3. Electrochemical properties of two-ply nanocomposite yarn SCs: (a) cyclic voltammographs of Pt/CNT@PANI yarn SC, (b) CV curves of 

CNT@PANI and Pt/CNT@PANI yarn SCs at 100 mV/s, (c) galvanostatic charge/discharge curves of Pt/CNT@PANI yarn SC at different current densities, (d) 
charge/discharge curves for CNT@PANI and Pt/CNT@PANI SCs at 2.4 mA/cm2, (e) areal capacitance of Pt/CNT@PANI yarn SC at different current 

densities, (f) impedance spectroscopy for CNT@PANI and Pt/CNT@PANI  SC devices with a frequency loop from 100 KHz to 100 Hz using an amplitude of 

5 mV at open-circuit potential. 

At a high scan rate of 500 mV/s, the curves still have a 

symmetrical shape and show a 62% capacitance retention compared 

with a low scan rate of 10 mV/s. This indicates that the two-ply 

nanocomposite yarn SC has good capacitive performance and 
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excellent rate capability. Figure S5 presents the CV curves of the 

Pt/CNT substrate and the final Pt/CNT@PANI nanocomposite yarn 

SCs at the scan rate of 100 mV/s. The CV curve of the 

Pt/CNT@PANI nanocomposite yarn SC shows a much larger 

surrounding area than the Pt/CNT substrate yarn SC, indicating 

dramatic improvement in capacitance attributable to the high 

pseudocapacitance of the PANI nanowire network.31-34 

Figure 3b demonstrates the CV curves of the CNT@PANI and 

Pt/CNT@PANI yarn SCs at the scan rate of 100 mV/s. The 

Pt/CNT@PANI yarn SC demonstrates a considerably larger 

surrounding area of the CV curve, which can be attributed to the 

high conductivity of the Pt filament in the nanocomposite yarn as 

current collector. Figure 3c presents the galvanostatic 

charge/discharge curves of the Pt/CNT@PANI yarn SCs. The 

symmetrical profile of the charge and discharge curves indicates 

good capacitive performance of the solid-state device. The 

electrochemical performances of Pt/CNT and CNT@PANI SCs are 

provided in Figures S6 and S7 as comparisons. Figure 3d 

demonstrates the charge/discharge curves of the CNT@PANI and 

Pt/CNT@PANI nanocopmosite yarn SCs at the same current density 

of 2.4 mA/cm2. Pt/CNT@PANI yarn SC demonstrates longer charge 

and discharge times than the CNT@PANI SC, indicating higher 

capacitance. This is consistent with the results from Figure 3b. The 

areal capacitance and capacitance retention of the Pt/CNT@PANI 

nanocopmosite yarn SC at different discharge current densities is 

plotted in Figure 3e. At 0.8 mA/cm2, the areal capacitance reached 

ca. 97.67 mF/cm2 (405.5 mF/cm3). This value is about 27-fold of the 

reported value for rGO/CNT yarn SC (3.3 mF/cm2 at 0.8 mA/cm2),35 

7 times as much as that for the SC based on CNT@PANI yarn (13 

mF/cm2 at 0.8 mA/cm2),36 or 5 times as much as that of the 

CNT@Co3O4 yarn SC (18 mF/cm2).37 This capacitance is also much 

greater than those of flexible linear-SCs based on CNT@PEDOT.38 

When the current density was increased by 50 times from 0.8 to 40 

mA/cm2, the capacitance maintains at 68% of its initial level, 

demonstrating good stability over a very wide range of current 

density. Figure S8 further exhibits the performances of the devices 

fabricated using shorter and longer (17 h and 31 h) durations of 

PANI nanowire deposition, respectively. 

Electrochemical impedance spectroscopy (EIS) is used to 

investigate the complex impedance and ion diffusion process of the 

SCs in the frequency ranging from 100 Hz to 100 KHz. The 

intercept of the Nyquist impedance plot with X-axis and the 

diameter of the semicircle in the high frequency region represent 

respectively the equivalent series resistance (ESR) and the 

interfacial charge transfer resistance.39a As shown in Figure 3f, the 

Pt/CNT@PANI-based supercapacitor exhibits lower ESR, which 

can be ascribed to the improved conductivity of the Pt/CNT@PANI 

nanocomposite yarn electrode. This architecture also facilitates the 

efficient access of electrolyte ions to the CNT and shortens the ion 

diffusion distance. The diameter of the Pt/CNT@PANI-based 

supercapacitor is smaller (30 ohm) than CNT@PANI-based 

supercapacitor (42 ohm), demonstrating a smaller charge transfer 

resistance. The slope of the Nyquist plots, often referred to Warburg 

resistance. The slope of the straight line in the middle-frequency 

region of the two yarn supercapacitors is larger than 45o, indicating 

typical capacitor behavior. The Pt/CNT@PANI-based 

supercapacitor display shorter Warburg curves, which is evidence of 

shorter ion diffusion path.41 
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Figure 4. Further characterization of the Pt/CNT@PANI nanocomposite yarn supercapacitor. (a) drop of cell internal resistance (IR loss) as a 

function of discharge current density, (b) cycle performance at varying current density, (c) capacitance retention at different charging/discharging 

cycles at constant current density 4 mA/cm
2
, (d) capacitance retention under different bending states, (e) galvanostatic charge/discharge of two 

devices connected in series, (f) galvanostatic charge/discharge of two devices connected in parallel.

 The IR drop that is estimated at the beginning of the discharge 

curve39b of the CNT@PANI and Pt/CNT@PANI yarn SCs are 

plotted against the current density in Figure 4a. Obviously, the 

Pt/CNT@PANI yarn SC shows much smaller IR drop and a less 

steep slope than the CNT@PANI yarn SC, which is consistent with 

Figure 3f. The cyclic performance of the Pt/CNT@PANI yarn SC at 

progressively increased current density is shown in Figure 4b. The 

continuous cycling was carried out first at the current density of 0.8 

mA/cm2 for 200 cycles, then at gradually increasing current densities 

of 4.0, 12.0 and 40.0 mA/cm2 for 200 cycles at each subsequent step, 

and finally back to 0.8 mA/cm2 to complete a total of 1000 cycles. 

The final capacitance at 0.8 mA/cm2 was as much as 87% of the 

initial capacitance before the cycling test. The long-term cycling 

performance of the Pt/CNT@PANI yarn SC was tested for 5000 

cycles at the current density of 4 mA/cm2.  The device exhibited 

80% retention of its initial capacitance. This excellent stability can 

be attributed to the good contact between the individual CNTs and 

the PANI nanowires in the nanocomposite yarn and the excellent 

conductivity of the twisted Pt/CNT yarn substrate as current 

collector. The Pt/CNT@PANI nanocomposite yarn SC is very 

flexible and a 1 cm long SC specimen can be bent to any degree with 

negligible loss of capacitance (Figure 4d).  

In commercial applications of SCs, it is often necessary to connect 

SC in series and/or in parallel to increase the operating voltage and 

capacitance. Figure 4e shows the charge/discharge curves of a single 

unit and a pack of two units connected in series tested at the same 

current density 2.4 mA/cm2. The calculated capacitances of the 

electrochemical capacitor series pack was 58.45 μF, or a half of that 

of the single unit (107.87 μF), and the operating potential window 

was increased to 2 V. Figure 4f exhibits the charge/discharge curves 

of a single SC and two SCs connected in parallel tested at the same 

current density 2.4 mA/cm2. The total capacitance of the parallel 

system was 220.6 μF, twice of the capacitance of a single SC. The 

results show that the two-ply nanocomposite yarn device obeys the 

laws for capacitors in series and in parallel. Therefore the as-

fabricated yarn SCs can be connected in series or in parallel to meet 

specific voltage and capacitance requirements for any given 

application. 

Energy density and power density are two important parameters 

used to evaluate performance of energy storage devices. Figure 5 

presents the Ragone plot of the Pt/CNT@PANI nanocomposite yarn 

SC calculated from galvanostatic discharge curves. The areal energy 

density of the device varies from 12.68 to 8.13 μWh/cm2 with 

corresponding power densities from 399 to 19381 μW/cm2. The 

energy density in this work is very high when compared to other 

recently reported two-ply yarn SCs, for example, OMC/CNT yarn 

(1.77 μWh/cm2 at 32 μW/cm2),35 RGO+CNT@CMC yarn (3.84 

μWh/cm2 20 μW/cm2),3 CNT@Co3O4 yarn SC (1.1 μWh/cm2 10 

uW/cm2)37 and CNT/ordered mescoporous carbon (1.77 μWh/cm2 17 

μW/cm2).40 The high energy density can be ascribed to the PANI 

nanowire network on the CNT yarn surface that offers a large 

efficient specific area  for ion absorption in the electrolyte and the 

high charge transport efficiency of the metal filament incorporated in 

the electrode. The inset picture in Figure 5 shows that two micro-

sized SCs in series can power a small electronic device, such as a 

LED indicator, showing huge prospects for electronic textiles. 

 
Figure 5. Ragone plots of the linear device fabricated according to the 

method in this paper in comparison with recently reported linear devices. 

Inset picture shows that a LED indicator powered by two Pt/CNT@PANI 
nanocomposite yarn SCs connected in series. 

Conclusions 

An all-solid-state, highly flexible two-ply yarn supercapacitor 

based on Pt/CNT@PANI nanowire nanocomposite material has 

been successfully designed and fabricated. The device has 

demonstrated excellent flexibility and performance, including 

high capacitance (91.67 mF/cm2), energy density (12.68 

μWh/cm2) and excellent cycling stability (80% capacitance 

retention after 5000 cycles). A number of such two-ply 

nanocomposite yarn supercapacitors can be connected in series 

and in parallel to form a supercapacitor fabric for powering 

portable and wearable electronic devices.   
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Two-ply yarn supercapacitor fabricated from Pt/CNT@PANI nanowire composite electrodes exhibits high 

specific capacitance 91.67 mF/cm2 and high energy density 12.68 µWh/cm2. A number of such linear 

supercapacitors can be connected together to power wearable electronic devices.  

 

High performance wearable two-ply carbon nanocomposite yarn supercapacitors enhanced with platinum 

filament and in-situ polymerized polyaniline nanowires 
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