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ABSTRACT

Textile-based supercapacitors are promising flexible energy storage device that

can provide stable power supply for wearable electronic devices. Herein, solid-

state textile-based coplanar supercapacitors have been prepared by utilizing the

cost-effective multi-walled carbon nanotubes (MWCNTs) as integrated elec-

trodes and current collectors. The integrated electrodes are fabricated with facile

screen-printing process and show great potential of mass production. By opti-

mizing the concentration of MWCNTs ink, porous and uniform conductive

electrode network is formed on fabric substrate, which provide more active sites

for electrolyte ions adsorption. The textile-based coplanar supercapacitors show

great capacitive behavior and gravimetric specific capacitance of 26.4 F g-1 at

scan rate of 10 mV s-1. Moreover, there is no significant change on the elec-

trochemical performance of textile-based coplanar supercapacitor under

dynamically bending with relatively high strain rate of 20% s-1, which

demonstrates excellent flexibility and electrochemical stability. It provides an

important strategy for the large-scale application and development of flexible

supercapacitors.

1 Introduction

Wearable electronic devices have been widely

applied in the fields of medical care [1–3], commu-

nications [4, 5], aerospace [6, 7], etc. The development

of flexible energy storage systems which can supply

stable energy for those wearable electronic devices

have attracted more and more attention. Due to the

advantages of high power density, long cycle life,

wide range of operating temperature, and green

manufacturing process [8, 9], supercapacitors are

considered to have broad application prospects in the

fields of flexible energy storage and wearable elec-

tronic devices. Supercapacitors are usually composed

of electrodes, current collectors, electrolytes, separa-

tors, and encapsulation materials, which are usually
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configured in a sandwiched [10–12] or coplanar

structure [13–15]. The sandwiched configuration is

widely adopted in traditional bulk supercapacitors

and recent flexible supercapacitors because of simple

design and low internal resistance [16]. Xu et al. [17]

assembled a flexible sandwiched symmetric super-

capacitor by stacking the MWCNTs fabric-based

electrodes and solid-state electrolyte. The specific

capacitance of supercapacitor is 16.4 mF cm-2 at 1

mA cm-2. However, the sandwich structure will

significantly increase thickness and volume of

supercapacitor, thereby reducing the specific capaci-

tance and energy density of device [16]. Moreover,

the layered electrodes would be in states of tensile

and compressive stresses under flexing, and dis-

placements between different layers of sandwiched

capacitors are commonly observed, which is unfa-

vorable for energy storage process and stability of

supercapacitors. [18] By contrast, the coplanar con-

figuration of supercapacitors could alleviate or elim-

inate the undesirable displacements and improve

mechanical flexibility and electrochemical stability.

[19] Meanwhile, coplanar supercapacitor can be

easily connected in series or parallel and integrated

with electronic devices through pattern design

[20, 21], which greatly improve the integration and

flexibility of energy storage devices. In addition, the

configuration and fabrication process of coplanar

supercapacitors are easily applied on industrial roll-

to-roll manufacturing process and realize mass pro-

duction of flexible energy storage devices [22].

Carbon nanomaterials, as a representative elec-

trode material for flexible supercapacitors, have

attracted extensive interests because of their excellent

physicochemical properties. [23] Among them, car-

bon nanotubes (CNTs) have excellent mechanical and

physical properties, electrical conductivity, chemical

stability, and show great applications prospect in

flexible supercapacitors [24, 25]. As an electrical

double-layer capacitor material, it is necessary to

increase the mass loading of carbon nanotubes to

increase the energy density. However, due to the lack

of chemical bonds between the current collectors and

CNTs electrode materials [26], the excess loading of

active materials may lead to delamination, capacity

attenuation, and poor flexibility [27]. Therefore, the

manufacturing strategy of integrating electrodes and

current collectors not only can eliminate the interface

between current collectors and electrodes [28], but

also reduce the mass of energy storage device and

promote stability, flexibility, and energy density with

simplified structure. Kaempgen et al. [28] sprayed the

aqueous dispersion of single-walled carbon nan-

otubes (SWCNTs) on polyethylene-terephthalate

(PET) film substrates to fabricate flexible electrodes.

The SWCNTs conductive network serving as both

electrodes and charge collectors. The energy density

and power density of supercapacitor assembled with

aqueous gel electrolytes are 6 Wh kg-1 and 23 kW

kg-1, respectively. Hu et al. [29] coated SWCNTs ink

on the surface of cotton fabric by dipping and drying

method. The conductive textiles with SWCNTs coat-

ing were used as both charge storage electrodes and

current collectors. It was combined with fabric sepa-

rator and LiPF6 electrolyte to assemble flexible

supercapacitor. The specific capacitance of superca-

pacitor is 62 F g-1 at 1 mA cm-2. At present, most

CNTs-based supercapacitors with integrated elec-

trodes and current collectors utilized SWCNTs and

aqueous electrolytes due to the low resistance of

SWCNTs and high ionic conductivity of aqueous

electrolytes. However, the high cost of SWCNTs

makes it unable to meet the requirement of industrial

production [30], and liquid electrolytes will cause

safety issues such as leakage [31]. Therefore, utilizing

the cost-effective multi-walled carbon nanotubes

(MWCNTs, production cost is nearly 500 times lower

than that of SWCNTs) [32] to prepare quasi-solid-

state flexible supercapacitors is a preferred solution

in the large-scale development of flexible energy

storage devices.

In this work, the cost-effective coplanar flexible

supercapacitor based on MWCNTs is fabricated

through integrating electrodes and current collectors.

The integrated MWCNTs/textile electrodes with

excellent conductivity and electrochemical perfor-

mance are prepared by optimizing the concentration

of MWCNTs ink. The conductive ink is printed on

cotton fabric through facile screen-printing process,

and the MWCNTs/cotton fabric simultaneously

serve as charge storage electrodes and current col-

lectors. Combining with gel polymer electrolyte, the

flexible supercapacitor was assembled, and the elec-

trochemical performance, flexibility, and stability

under initial state and dynamic bending cycles was

investigated.
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2 Materials and methods

2.1 Materials

MWCNTs (10–30 lm in length and 10-20 nm in

outer diameter) were purchased from Nanjing

XFNANO Materials Tech Co., Ltd., China. N-Methyl

pyrrolidone (NMP) and ethanol absolute were pur-

chased from Sinopharm Chemical Reagent Co., Ltd.,

China. Thermoplastic polyurethanes (ester based

TPU, Elastollan 1185 A) was purchased from BASF,

German. The defoamer (BYK-052 N), purchased from

BYK company, was used to eliminate the bubbles in

conductive ink, so that the MWCNTs could distribute

uniformly in the fabric-based electrodes. The cotton

woven fabric (yarn linear density is 14.58 tex, warp

and weft yarn density are 133*72 per 10 cm) was

provided by Changzhou Huijin Textile Co. Ltd.,

China.

2.2 Preparation of MWCNTs conductive
ink

The TPU pellets with different concentration (as

shown in Table 1) were dissolved in NMP solvent in

a beaker, and stirred (magnetic stirrer, Shanghai

Meiyingpu Instrument Manufacturing Co., Ltd.,

Ching) at 4 �C and 350 rpm for 60 min. According to

previous studies [33], 5 wt% MWCNTs can form a

complete and continuous conductive network after

screen printing, so 5 wt% MWCNTs and deformer

were added to the polymer matrix and continue

stirring for another 60 min. To disperse the conduc-

tive fillers uniformly, the mixed solution was treated

with ultra-sonication (Q500 Sonicator, Qsonica L.L.C,

USA) for 15 min, and the MWCNTs conductive inks

were obtained, the preparation process is shown in

Fig. 1.

2.3 Preparation of screen-printed fabric
electrodes

Screen printing is one of the most promising methods

for fabricating flexible electrodes, owing to its

advantages of cost-effectiveness, simplicity, and the

ability of printing customized patterns. [34] Before

screen printing, the cotton fabrics were immersed in

ethanol for 30 min followed by rinsed thoroughly

with deionized water to remove impurities, then the

fabrics were dried in an oven at 40 �C. A desktop

screen printer (Shenzhen Kaimao Mechanical and

Equipment Factory, China) was used to coat the

MWCNTs conductive slurry on cotton fabrics. Dur-

ing screen-printing process, the angle between

squeegee and screen was 85� and the printing speed

was 15.0 cm s-1. After screen printing, the textiles

were dried and cured in oven at 80 �C for 30 min to

remove the solvent in conductive ink and promote

the formation of stable conductive networks.

2.4 Fabrication of flexible textile-based
MWCNTs supercapacitors

To assemble the textile-based supercapacitor, the

positive and negative electrodes were firstly screen-

printed on cotton woven fabric. After curing at 80 �C
for 30 min, the fabric electrodes were coated with gel

electrolyte followed by drying at room temperature

for 4 h. The polyvinyl alcohol/ potassium hydroxide

(PVA/KOH) gel electrolyte was prepared by adding

3 g PVA to 30 ml deionized water, and stirred at

80 �C until the solution became clear. 3 g KOH was

added to 10 ml deionized water and stirred at room

temperature. Then the KOH solution was added

dropwise to the PVA solution and continually stirred

for 1 h. The fabrication process and configuration of

fabric-based supercapacitor is shown in Fig. 1.

2.5 Surface morphology and physical
characterization

Field emission scanning electron microscopy

(FESEM, SU8010, Hitachi Ltd., Japan) was used to

observe the morphology of fabric substrates and

fabric electrodes. According to the AATCC 76-2005

test method (electrical surface resistivity of fabrics),

digital multi-meter (901, PROVA Instruments Inc.,

USA) and a pair of copper clips were employed to

Table 1 Formulation of MWCNTs conductive inks

Ingredients(wt %) Ink-1 Ink-2 Ink-3 Ink-4

NMP 79.5 84.5 89.5 92

TPU 15 10 5 2.5

MWCNTs 5 5 5 5

BYK-052 N 0.5 0.5 0.5 0.5
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measure the electrical resistance of conductive fabric

electrodes.

2.6 Electrochemical characterization
and flexibility evaluation

The electrochemical performance of screen-printed

fabric electrodes was characterized by electrochemi-

cal workstation (CHI 660D, Shanghai Chenhua

Instrument Co., Ltd.) in a standard three-electrodes

configuration. The fabric electrodes were cut into 1

cm2 and used as working electrode, the Ag/AgCl

electrode and platinum foil were used as reference

electrode and the counter electrode, respectively, and

the electrolyte is 2 M KOH solution. Cyclic voltam-

metry (CV) and galvanostatic charge and discharge

(GCD) tests were performed in a potential window of

- 0.8 to 0.2 V. According to the reference [17], elec-

trochemical impedance spectroscopy (EIS) was per-

formed in the frequency range of 0.1 to 1 MHz with 5

mV amplitude.

CV and GCD measurements were performed to

textile-based supercapacitors in a standard two-elec-

trode system using electrochemical workstation (CHI

660D). The CV curves were obtained at scan rates of

10, 20, 50, 100, 200, and 500 mV s-1, and the GCD

curves were acquired at current density of 0.19, 0.26,

0.32, 0.64, 0.96 A g-1. Electrochemical impedance

spectroscopy (EIS) was carried out in the frequency

range of 0.1 Hz to 1 MHz with 5 mV amplitude.

For flexibility evaluation of supercapacitors, the

textile-based supercapacitor was clamped on a uni-

versal material testing machine for cyclic bending-

releasing process. The bending chord length is 6 mm

(60% bending strain), which is the maximum bending

length under the premise that anode and cathode are

not in contact. The strain rate of bending-releasing

process is set to 20% s-1 (speed of 2 mm s-1), which is

higher than some references (2–5% s-1) [35, 36] and

has more practical significance. The textile-based

supercapacitor is connected to the electrochemical

workstation (CHI 660D), and the electrochemical

measurements of the fabric capacitor was performed

through two-electrode configuration under dynamic

bending-releasing cycles.

3 Results and discussion

3.1 The surface morphology of fabric
electrodes

Figure 2 shows the surface morphology of fabric

electrodes screen-printed with Ink-1 to Ink-4,

respectively. It can be seen that more carbon nan-

otubes are exposed as the proportion of TPU in the

MWCNTs ink decreases (from Fig. 2a and d). And

Fig. 1 Schematic diagram of

the fabrication process of

screen-printed fabric

electrodes and fabric-based

supercapacitor
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the uniformly distributed and microscopic porous

network structure was formed. The porous structure

will facilitate the adsorption and desorption of elec-

trolyte ions [36]. However, comparing Fig. 2c and d,

it can be seen that when the proportion of TPU con-

tinues to decrease from 5 to 2.5 wt%, carbon nan-

otubes were seriously entangled and agglomerated

due to the strong Van der Waals force [26]. The

uneven distribution of carbon nanotubes will

undoubtedly affect electrical conductivity and elec-

trochemical performance of the fabric electrodes.

3.2 The electrical conductivity of fabric
electrodes

The sheet resistance and MWCNTs mass loading of

fabric electrodes prepared by screen printing with

four MWCNTs inks is shown in Fig. 3a. It can be seen

that the sheet resistance of screen-printed fabric

electrodes gradually decreases as the increase of

MWCNTs mass loading. This is because the increase

of MWCNTs and decrease of TPU binder exposes

more carbon nanotubes, making it easily contact with

adjacent carbon nanotubes and form complete and

continuous conductive network. However, although

the MWCNTs content continues to increase (from

0.59 to 0.64 mg cm-2) when the formulation of

MWCNTs ink changed from Ink-3 to Ink-4, the sheet

resistance of fabric electrodes slightly increased. It is

mainly because a sufficiently complete conductive

network has been formed in Ink-3, and the serious

agglomeration arouse in Ink-4 electrode (Fig. 2d)

affect the uniformity and conductivity of conductive

network. Although the sheet resistance of Ink-3-

based fabric electrode is not as low as that of some

published works which utilizing SWCNTs as active

materials[28, 29, 37–39], the resistance is lower than

many MWCNTs-based fabric elec-

trodes[17, 32, 40–42], as is compared in Fig. 3b.

3.3 The electrochemical performance
of fabric electrodes

Figure 4a shows the cyclic voltammetry curves of

screen-printed fabric electrodes with scan rates of 50

mV s-1 in a voltage window of - 0.8 V to 0.2 V. It

can be seen that the fabric electrodes screen-printed

with four different MWCNTs ink all present quasi-

rectangular shapes, indicating that the fabric elec-

trodes have ideal and good capacitive performance.

Comparing the area enclosed by CV curves of four

fabric electrodes, it can be seen that as the proportion

Fig. 2 SEM images of fabric

electrodes screen-printed with

different MWCNTs inks.

a Ink-1, b Ink-2, c Ink-3,

d Ink-4
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of MWCNTs increases (from Ink-1 to Ink-4), the area

of the CV curve gradually increases, indicating that

the fabric electrodes have higher capacitance. This is

because a high proportion of MWCNTs can form a

microscopic porous structure, as shown in Fig. 2c and

d, which is conducive to the adsorption and contact

between active electrode materials and the electrolyte

ions [36, 43], thereby forming more active sites of

electric double-layer capacitance (EDLC).

The galvanostatic charge–discharge curves of

screen-printed electrodes at current density of 0.5 A

g-1 is shown in Fig. 4b. The discharge plots of these

four screen-printed fabric electrodes are almost linear

and symmetrical, revealing the ideal capacitive

behavior and excellent reversibility. According to the

GCD curves and capacitance calculation equation

[44], the specific capacitance of fabric electrodes can

be calculated, as shown in Table 2. Among these four

fabric electrodes, the Ink-3 electrode shows the

highest gravimetric and areal specific capacitances,

which are 48.2 F g-1 and 29.0 mF cm-2, respectively.

This is mainly attributed to the formation of uniform

and microporous MWCNTs network in Ink-3 elec-

trode layer, which can be clearly seen in Fig. 2c. More

carbon nanotubes are exposed when the proportion

of binder decrease, which could provide more active

sites for absorption of electrolyte ions and improve

electric double-layer capacitance (EDLC)[36]. How-

ever, when the content of binder continually decrea-

ses (from Ink-3 to Ink-4), MWCNTs obviously

agglomerate together, as shown in Fig. 2d, thereby

blocking many active sites and leading to a decrease

in capacitance. It is noted that the slight hump

around - 0.6 V in Fig. 4a is ascribed to the relation-

ship between the pore size of carbon nanotubes and

ions sizes in KOH electrolyte. According to the CRC

Fig. 3 a Sheet resistance and MWCNTs mass loading of fabric electrodes screen-printed with Ink-1 to Ink-4 MWCNTs inks.

b Comparison of sheet resistance of fabric electrodes using carbon nanotubes in this work and other published work

Fig. 4 a CV curves and b GCD curves of fabric electrodes screen-printed with Ink-1 to Ink-4
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Handbook of Chemistry and Physics (95th) [45], the

radii of K? and OH- are 0.138 nm and 0.152 nm,

respectively. The different sizes of anion and cation

ions make them have different accessibility for

insertion and adsorption on the pore of carbon nan-

otube, which results in the slight hump in CV and

GCD curves.[46, 47].

The resistive behavior of fabric electrodes screen-

printed with different inks were investigated through

the electrochemical impedance spectroscopy (EIS).

Figure 5 shows the Nyquist plots of different screen-

printed fabric electrodes. The Nyquist plot generally

includes three parts as follows: a steep slope in the

low-frequency region, a 45 � Warburg region, and a

semicircle curve at high frequency. [48, 49] The

enlarged image of Nyquist plot captured in the high-

frequency region is shown in Fig. 5a. The diameter of

the semicircle arc is related to the charge transfer

resistance (Rct) of electrolyte and electrode interface

[50]. It can be seen that the charge transfer resistance

of Ink-2 and Ink-3 fabric electrodes are smaller than

Ink-4 and Ink-1 electrodes. The excellent resistive

behavior is mainly attribute to the uniform conduc-

tive network (Fig. 2c) and lowest sheet resistance of

Ink-3 fabric electrode (Fig. 3). The slope at low fre-

quency is related with the capacitive behavior of the

electric double-layer capacitor (EDLC) [51]. It is

obviously observed that the Ink-3 fabric electrode

nearly maintains a vertical line in the low-frequency

region (Fig. 5b), revealing better capacitive behavior

than other electrodes. In contrast, the Ink-1 fabric

electrode exhibits the largest charge transfer resis-

tance, lowest slope, and poor capacitance behavior.

This is mainly due to the relatively high proportion of

TPU binder in Ink-1 electrode. As shown in Fig. 2a,

the MWCNTs are coated with many binders, which is

not conducive to the adsorption of electrolyte ions

and the diffusion and transfer of electrons inside the

electrode.

In general, Ink-3 fabric electrode has the greatest

conductivity and electrochemical performance. This

is mainly attributed to the porous microstructure and

uniform conductive network formed in Ink-3 fabric

electrode, as shown in Fig. 2c. The porous

microstructure can provide more active sites for the

adsorption of electrolyte ions and improve the EDLC

capacitance. Moreover, the uniform and complete

conductive network formed by carbon nanotubes is

beneficial to charge transfer, which could reduce the

internal resistance of fabric-based electrode. There-

fore, Ink-3 was used for the subsequent printing of

anode and cathode and the assembly of fabric-based

coplanar supercapacitors.

Table 2 Gravimetric and areal

specific capacitances of

screen-printed fabric

electrodes

Fabric electrodes Gravimetric capacitances (F g-1) Areal capacitances (mF cm-2)

Ink-1 39.6 19.9

Ink-2 43.9 23.0

Ink-3 48.2 29.0

Ink-4 36.6 23.5

Fig. 5 The a enlarged image and b overall image of Nyquist plots for fabric electrodes screen-printed with Ink-1 to Ink-4
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3.4 The electrochemical performance
of fabric-based coplanar supercapacitor

Electrochemical properties of screen-printed coplanar

supercapacitors were evaluated by CV, GCD, and EIS

techniques, in two-electrode system. Figure 6a shows

the CV curves of fabric supercapacitor device in the

potential window of 0 to 0.8 V, acquired at scan rates

varying from 10 to 500 mV s-1. It can be observed

that the CV curves of fabric-based supercapacitor

maintains a symmetrical shape at a wide range of

scan rates, indicating that the fabric-based coplanar

supercapacitor has good capacitive performance. The

gravimetric and areal specific capacitance calculated

from the CV curve are 26.4 F g-1 and 13.8 mF cm-2

(at scan rate of 10 mV s-1), respectively, which sur-

pass many other reported flexible fabric/membrane-

based supercapacitors composed of carbon nan-

otubes, as shown in Table 3. The GCD curves of

fabric-based supercapacitor is shown in Fig. 6b. It can

be seen that the GCD curves are almost linear and

symmetrical at different current densities, which

reveals the ideal capacitive behavior and excellent

reversibility of supercapacitor device. According to

the GCD curves, the gravimetric and areal specific

capacitance of the fabric-based supercapacitor were

calculated to be 6.2 F g-1 and 3.3 mF cm-2 at current

density of 0.19 A g-1, respectively.

The EIS test was further performed to investigate

the internal and charge transfer resistance of fabric-

base supercapacitor, and the Nyquist plot within a

frequency range of 0.1 Hz to 100 kHz is shown in

Fig. 7. It can be seen that the plot of screen-printed

fabric-based supercapacitor in low frequency is

nearly vertical, indicates the excellent capacitive

behavior of the fabricated supercapacitor. The inter-

cept of the Nyquist plot on the real axis is related to

the equivalent series resistance (ESR) [54], which is

nearly about 292.3 X for the prepared supercapacitor.

Compared with single fabric electrodes, the equiva-

lent series resistance of supercapacitors is much lar-

ger. This is because the equivalent series resistance in

supercapacitor includes the electrode resistance,

electrolyte resistance, and the interfacial resistance

between electrolyte and electrodes. [51] Aqueous

electrolyte (2 M KOH solution) was used in the

measurement of single fabric electrode, and its elec-

trolyte resistance and interfacial resistance between

electrolyte and electrodes are significantly lower than

the PVA/KOH solid-state gel polymer electrolyte

[55]. Due to the addition of binder into the MWCNTs

inks and the relatively low conductivity compared

with SWCNTs, the resistance performance still can-

not compete with some of supercapacitors based on

SWCNTs electrodes and binder-free electrodes.

[28, 56, 57] However, the screen-printed fabric

supercapacitors exhibit excellent capacitive behavior

and cost-effectiveness, which make them have great

potential for large-scale applications on wearable

electronic devices. And the internal resistance of

screen-printed fabric-based supercapacitors can be

further reduced by optimizing the conductivity of

polymer gel electrolyte, and the structure of elec-

trodes. As shown in Fig. 7b, the capacitance retention

is over 90.0% after 2000 charging/discharging cycles,

Fig. 6 a CV curves and b GCD curves of screen-printed fabric-based supercapacitor
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indicating great cycle stability of fabricated

supercapacitors.

3.5 The flexibility of fabric-based coplanar
supercapacitor

The flexibility of fabric supercapacitors is essential for

wearable application, because bending, twisting, and

stretching movements often occur under wearing

condition. In most researches [58–60], the flexibility of

supercapacitors was evaluated by bending the device

to a certain degree. However, this flexibility test

actually evaluates the static bending performance of

flexible supercapacitor, which cannot completely

represent the actual working performance of super-

capacitors under wear [61]. In addition, a few of

works evaluated the flexibility of energy storage

device under dynamically bending. Nevertheless,

they performed the test under relatively low strain

rates (60 s per bending cycle[35] or strain rate of 2.1%

Table 3 Comparison of the capacitance of flexible supercapacitor produced in this work with other flexible fabric/paper/membrane-based

supercapacitors composed of carbon nanotubes

Substrate Active

materials

Technique Gravimetric capacitance Areal capacitance References

Kapton polyimide SWCNTs Direct ink

writing

(DIW)

1.9 F g-1 at 1.32 A cm-3 1.68 mF cm-2 at 1.32 A cm-3 [15]

Polyethylene-

terephthalate (PET)

SWCNTs Spray coating 11 F g-1 at 5 mA cm-2 N/A [52]

Indium Tin Oxides

(ITO)-coated PET

film

MWCNTs Injected drop-

by-drop

41 F g-1 at 0.1 V s-1 N/A [53]

PET Functionalized

MWCNTs

Spray coating N/A 2.54 mF cm-2 at 10 mV s-1 [41]

Textiles MWCNTs 3D printing N/A 26.42 mF cm-2 at 0.42 mA

cm-2

[13]

Cotton fabric SWCNTs Dip coating 70 F g-1 at 10 lA g-1 N/A [37]

Woven fabric MWCNTs Dip-pad-dry 8.35 F g-1 at 5 mV s-1 9.18mF cm-2 at 5 mV s-1 [32]

Non-woven cloth Functionalized

MWCNTs

Dip coating N/A 16.40mF cm-2 at 1 mA cm-2 [17]

Cotton fabric MWCNTs Screen

printing

26.4 F g-1 at 10 mV s-1;

6.2 F g-1 at 0.19 A g-1

13.8 mF cm-2 at 10 mV s-1; 3.3

mF cm-2 at 0.19 A g-1

This work

Fig. 7 a Nyquist plot and b cycling performance at current density of 0.64 A g-1 of screen-printed fabric-based supercapacitor

J Mater Sci: Mater Electron (2022) 33:5297–5310 5305



s-1[36] ), which obviously departure from the reality

of human movements. Therefore, considering the

wearing condition of wearable electronics, we per-

formed the CV and GCD measurements for screen-

printed fabric-based supercapacitor under dynami-

cally bending-releasing cycles with relatively high

strain rate of 20% s-1 (3 s per bending cycle). Fig-

ure 8a shows the CV curves of fabric-based super-

capacitor under initial state and dynamic bending

state at scan rates of 20 to 100 mV s-1. It can be seen

that there is no significant change in the CV curve at

different scan rates, especially at relatively high scan

rates of 50 and 100 mV s-1.

The GCD curves of supercapacitors under

dynamically bending and initial state at different

current densities are shown in Fig. 8b. It can be

observed that the charge and discharge process of

supercapacitor under dynamic bending is a little

longer than that under initial state. This mainly

attributed to the result of ‘’mechanical-electrochemi-

cal synergy activation’’. [62] The electrolyte ions tend

to adjust with cycling to fully access the active elec-

trode material under dynamic bending-releasing

process. [62] Besides, the better contacting of elec-

trodes and polymer gel electrolytes gives easier

access to the electrolyte ions to permeate into the

inner electrode materials. [36] Therefore, more active

electrode materials can be utilized to form EDLC, and

the specific capacitance and charging/discharging

time of fabric-based supercapacitor increased slightly

under dynamically bending-releasing.

4 Conclusion

In conclusion, the flexible fabric-based supercapacitor

with coplanar integrated MWCNTs/textile electrode

and current collectors was successfully fabricated by

screen printing with cost-effective MWCNTs ink.

Through the optimization of MWCNTs ink, the

screen-printed fabric electrodes have excellent elec-

trical and electrochemical performance. And the

uniform and porous conductive network formed by

carbon nanotubes is beneficial to charge transfer and

ions absorption, which enables it to serve as inte-

grated electrode and current collector in superca-

pacitor. Meanwhile, the screen-printed fabric-based

supercapacitor showed great EDLC capacitive

behavior and reversibility, and the gravimetric

specific capacitance reached to 26.4 F g-1 at scan rate

of 10 mV s-1. Most importantly, the excellent elec-

trochemical performance could be maintained under

dynamically bending-releasing cycles with high

strain rate. These results validated the great flexibility

and stability of fabricated coplanar textile-based

supercapacitor. The successful integration of elec-

trode and current collector greatly simplified the

preparation process and structure of flexible super-

capacitors, and provided a significant example for

large-scale fabrication of flexible MWCNTs

supercapacitors.

Fig. 8 a CV curves and b GCD curves of screen-printed coplanar fabric-based supercapacitor under initial state and dynamic bending-

releasing cycles
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