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Abstract Flexible electrodes made of cotton textile,

polypyrrole (PPy) and multi-walled carbon nanotubes

(MWCNT) composites were synthesized via a facile

in situ chemical deposition method. This method

involves a series of successive steps by immersing the

cotton fabric in various MWCNT suspensions; adding

monomers and p-toluene sulfonic acid (TsOH) as

dopant under ultrasonic condition; and then initiating

the polymerization by drop-in the oxidant. The

fabricated electrodes exhibited a specific capacitance

of 597 F g-1 with good cycle stability (maintaining

96.8% after 1000 cycles). Symmetric all-solid-state

supercapacitors based on cotton/PPy/MWCNT elec-

trodes and poly(vinyl alcohol) (PVA)/H3PO4 gel

electrolytes were fabricated and tested. The electro-

chemical measurements showed that assembled super-

capacitors had a specific capacitance of 206.8 F g-1 at

a current density of 1 mA cm-2. The supercapacitors

were flexible enough to bend and twist with constant

capacitance performance and exhibit 72% capacitance

retention after 400 charge–discharge cycles.
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Introduction

Supercapacitors, as a type of high power density

capacitor, have drawn considerable attention for their

higher power density, longer cycling stability, rapid

charging/discharging rate and long-term operation

stability (Cai et al. 2015; Huang et al. 2016; Jagadale

et al. 2015; Xie et al. 2015; Xiong et al. 2015).

Specifically, the fabrication of flexible electrodes for

supercapacitors has become emerging field of research

(Beidaghi and Gogotsi 2014; Biniak et al. 1995; Xie

et al. 2015). In the past decades, a series of related

studies have been carried out to rationalize design and

synthesis of one-, two-, and three-dimensional con-

ductive materials. Various carbon based materials

have been used to prepare conductive papers/textiles

including activated carbon, porous carbon, carbon

nanotubes (CNTs), grapheme (Li et al. 2013a, 2016;

Liu et al. 2010; Wang et al. 2006; Yang et al. 2014),

and conducting polymers, such as polypyrrole (PPy)

and polyaniline which can be used for supercapacitors

(Miller et al. 2011; Nyström et al. 2009; Stoller et al.

2008). However, these materials had some weak-

nesses, such as poor mechanical stability (swelling,

shrinkage, cracks, or breaking), low cycling stability,

and limited working potential (Wang et al. 2014).

Numerous investigations have been focused on the

new trend of synthesizing composite materials for

supercapacitors due to CNTs and conducting polymer

composites outstandingly performance (Borenstein

et al. 2017; Gao 2017; Lee et al. 2014; Song et al.

2016). Among various conducting polymers, PPy is of

particular interest due to its environmental stability,

high conductivity, good redox properties, reasonable

commercial availability of initial monomers, and

simple synthesizing procedures. It is believed that

adding carbon nanomaterials, e.g. graphene and CNT,

can significantly enhance capacitive stability and

charge storage capability of the resultant PPy

nanocomposite owing to the improvement of the ion

diffusion rate and increasing the contact surface area

(Qian et al. 2013; Sawangphruk et al. 2013; Tang et al.

2015).

Recently, considerable effort has been devoted to

producing PPy/CNT composites via in situ chemical

polymerization (Karim et al. 2007; Shi and Zhito-

mirsky 2013; Zhang et al. 2011). The fabrication of

PPy/CNT composites on insulate substrates is usually

carried out by two-steps: the substrates are coated with

CNT by various methods, and then chemical or

electrochemical deposition applied to growing the

polymers on the surface of CNT (Kim et al. 2008; Liu

et al. 2015; Yesi et al. 2016); or the PPy/CNT

composites are first prepared and then they were

applied on the substrates (Li et al. 2013b). Huang et al.

used electrochemical method synthesized cotton/PPy/

CNT/electrode by two steps: the first step was

prepared a cotton/CNT conductive substrate and the

second step was by electropolymerazation of PPy on

cotton/CNT substrate (Huang et al. 2016). Our group

has reported the cotton/PPy/MWCNT electrode which

was synthesized electrochemically by the same two

steps (Liu et al. 2016). Compared with the electro-

chemical method, considering the limitations in terms
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of mass production, the chemical method gives a

higher yield, provides a simpler operation route and

involves inexpensive agents, such as FeCl3 and

ammonium persulfate, which consequently are pre-

ferred for mass-production in industry (Kang et al.

1991; Xu et al. 2015a, b, c). Thus, one-pot chemical

deposition of PPy/CNT composites on substrate

through cotton fabric immersed in MWCNT suspen-

tion and then added py monomers which were oxidant

to PPy by FeCl3, will be an alternative route for

application in industrial production due to its conve-

nience and efficiency.

Within various methods for fabricating high-per-

formance electrode, the convenient and efficient path

of coating or growing active materials electrochemi-

cally on lightweight flexible substrates, such as paper,

textile has attracted considerable attention (Ge et al.

2015; Hu and Cui 2012; Hu et al. 2010; Liu et al. 2014;

Wang et al. 2013). Among the candidate substrates,

cotton fabrics have an ideal skeleton to construct

complex and multifunctional layers considering their

intrinsic porosity, toughness and natural abundance

(Bao and Li 2012; Liu et al. 2012; Xue et al. 2013). In

this study, cotton/PPy/MWCNT composite electrodes

were synthesized through a facile one-pot chemical

method. The as-prepared cotton/PPy/MWCNT com-

posite electrodes presented in the 3D porous structures

were evaluated. Electrochemical performances of the

flexible supercapacitors made of cotton/PPy/

MWCNT, as electrodes, and PVA/H3PO4, as gel

electrolyte, were tested on electrochemical station in

two-electrode supercapacitor testing cells.

Experimental

Materials

0.4 mm thick cotton fabrics (with areal density of

277.0 ± 2.0 g m-2) were provided by Jiangsu Dayao

textiles Co. Ltd. in China. The multi-walled carbon

nanotubes (MWCNT) were purchased from Nanotech

Port Co, Ltd. (Shenzhen, China). Pyrrole was pur-

chased from Sinopharm Chemical Reagent Co., and

purified through distillation under reduced pressure

before use. All other reagents were of analytical

reagent grade, purchased from Sinopharm Chemical

Reagent Co., Ltd., and used without any further

purification. All aqueous solutions were prepared with

deionized (DI) water.

Preparation of cotton/PPy/MWCNT electrode

The cotton fabric was treated with 10 g L-1 aqueous

sodium hydroxide (NaOH) at 95 �C for 1 h to remove

the residual impurities. MWCNT was treated by

refluxing in nitric acid (HNO3) at 110 �C for 4 h

(the MWCNT used below are all acidified).

The cotton fabric was immersed in MWCNT/so-

dium dodecylbenzenesulfonate (SDBS) suspension,

which was prepared via dispersion/sonication at room

temperature for 1 h, the ratio of fabric mass (g) to

liquid volume (ml) was 1:40. Then, 0.5 M Py and

TsOH were added into the solution and it was

sonicated for another 0.5 h. Finally, the reaction

solution was transferred to theWater-bathing Constant

Temperature Vibrator, and 0.75 M FeCl3 aqueous

solution was added drop by drop into the reaction

solution slowly under 0 �C and oscillation for 2 h, the

volume ratio of FeCl3 aqueous solution to monomer

suspension was 1:10. After polymerization, the com-

posite fabrics were soaked in ethanol for 10 min, 1 M

HCl for 30 min, and then washed with DI water

several times, dried in a vacuum oven at 40 �C for

24 h.

Fabrication of all-solid supercapacitor

A mixture of PVA powder (6 g), H3PO4 (6 g), and DI

water (60 ml) was heated to 85 �Cwith stirring for 2 h

to prepare PVA/H3PO4 gel electrolyte. Then two

identical electrodes, as described above (1 cm 9 2

cm), were immersed into PVA/H3PO4 gel electrolyte

for 6 h. This was follewed by placing a non-woven

separator in between the two electrodes and dried at

room temperature for 6 h resulting in an all-solid

supercapacitor. This device was flexible capable of

bending and twisting without delamination.

Characterization

The morphology of the samples was studied by field-

emission scanning electron microscope (FESEM;

Hitachi S-4800, Japan) and a transmission electron

microscope (TEM, JEM-2100, JEOL). Energy disper-

sive spectrometer (EDS, Bruker Quantax400, and

Germany) was used to examine the content of PPy and
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MWCNT in the composite electrode. The structure of

the electrodes was studied by X-ray diffraction

(D/max-2550VB?/PC). All the electrochemical mea-

surements were performed on an electrochemical

workstation (CHI 660E, Shanghai Chenhua Instru-

mentco., LTD China). The electrochemical perfor-

mances of as-prepared samples were tested based on a

three-electrode cell in 2 M NaCl aqueous electrolytes;

the cyclic voltammetry (CV), and galvanostatic

charge–discharge were carried out from 0 to 0.8 V;

the EIS tests were carried out in the frequency range

from 0.01 Hz to 100 kHz. The electrochemical per-

formance of the fabricated supercapacitors was tested

in a two-electrode cell system.

Results and discussion

The formationmechanism of cotton/PPy/MWCNT

electrode

Figure 1 shows a schematic illustration of the prepa-

ration of the PPy/MWCNT composite layers on cotton

fabric based on a one-pot in situ chemical oxidation

polymerization method. In order to improve the

synthesis process, the following four points should

be taken into consideration:

(1) Homogeneous dispersion of MWCNT in the

aqueous reaction system is one of the key points

for uniform coating of PPy/MWCNT on the

surface of cotton fabric. Because of its

hydrophobic nature and strong van der Waals

interactions, MWCNT precipitate easily into

the yarns or bundles in aqueous solutions (Shi

and Zhitomirsky 2013). By adding a surfactant,

such as SDBS, charged SDBS molecules

showed strong adsorption towards the surface

of the MWCNT due to the p–p interactions and

provided electrostatic dispersion (Tamm et al.

2007; Wang and Yu 2012).

(2) The hydroxyl and carboxyl active groups on

acid-treated MWCNT likely provide a binding

force between MWCNT and cotton fabric

(which consists mostly of hydroxyl groups on

cellulose fibers). Also these groups provide the

interfacial interaction between MWCNT and

PPy due to the hydrogen bonds formed between

–COOH groups of chemically modified

MWCNT and N–H groups of the PPy (Zhang

et al. 2011).

(3) TsOH, as a dopant, plays an important role in

the production of PPy with high-performance,

since PPy with larger-sized dopant anions (p-

toluenesulfonic anion, TsO-) exhibits better ion

exchange ability than those doped with smaller

inorganic anions, such as Cl- and NO3
-.

Otherwise, the hydrophilic sulfonate groups of

TsOH were negatively charged and were

absorbed by the cationic pyrrole radicals pro-

duced during the polymerization of PPy.

(4) The adding sequence of MWCNT, monomer,

initiator, and substrate is critically important for

providing an in situ chemical polymerization on

Fig. 1 A schematic of the preparation of the cotton/PPy/MWCNT electrodes
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the surface of substrates. The first pre-deposi-

tion step of carbon nanotubes on cotton fabrics

and then addition of monomer and dopant under

ultra-sonication facilitated the nucleation of

PPy on MWCNT instead of the cotton fibers.

Moreover, ultrasound was applied to achieve a

better dispersion of MWCNT and pyrrole in

aqueous solution and the ultrasound bath was

used to prevent the nanoparticles from aggre-

gating and penetrating into the fibers of the

fabric before chemical polymerization.

Fig. 2 FESEM images of the electrodes prepared with different

MWCNT content under 0.05M TsOH: aMWCNT–PPy(0%)-L,

b MWCNT–PPy(10%)-L, c MWCNT–PPy(20%)-L,

d MWCNT–PPy(30%)-L, e The FESEM image of the

MWCNT–PPy(20%) prepared under 0.15 M TsOH, f EDS

spectra and the surface element content of the cotton/PPy/

MWCNT electrode
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The morphology and structure of cotton/PPy/

MWCNT electrode

Figure 2a shows PPy particles with spherical mor-

phology on the surface of cotton fibers when no

MWCNT were added. It was noted (Fig. 2b–d) that

MWCNT–PPy sediments (the PPy wrapped the

MWCNT surface in a regular manner using each

MWCNT bundle) increase with increasing mass ratio

of MWCNT to pyrrole. Compared with cotton fibers,

the larger surface area of MWCNT coated in cotton,

the higher surface activity in electrode reaction. When

the mass ratio of MWCNT to pyrrole was less than

20%, a higher density of nanocomposites with the tube

diameter estimated to 60–70 nm in a three-dimen-

sional structure involving PPy growth along with

MWCNT, can effectively increase the contact area

between the electrode materials and electrolyte. The

diameter of MWCNT–PPy(20%) prepared under

0.15 M TsOH increased to 80–90 nm (Fig. 2e), com-

pared with the MWCNT–PPy(20%)-L under 0.05 M

TsOH (Fig. 2c). In addition, it was observed that the

external surface of nanotubes of MWCNT–PPy(20%)

were less smooth than that of MWCNT–PPy(20%)-L,

which indicates that TsOH favors the PPy coating and

thus leads to a relatively thicker layer of coating on the

MWCNT surface.

Cotton fabric has many advantages over other

platforms in the development of flexible electrode,

such as large surface area and a natural 3D mesh

structure. The FESEM image (Fig. 2e) shows that the

cotton fiber was coated by MWCNT–PPy composite

materials uniformly and the PPy coating grew along

the MWCNT, resulting in a uniform 3D mesh

composite structure. The 3D porous structure

increases the contact area between the electrode

materials and electrolyte, and at the same time, the

electrolyte ion transport rate and the reaction of the

electrode material were improved significantly. Addi-

tionally, the cycle stability of the composite material is

benefit from the special 3D structure. The formation of

MWCNT–PPy coating in MWCNT–PPy(20%) was

further proved using EDS spectra (Fig. 2f). The

elemental analysis of the atomic concentrations was:

carbon (68.67%), nitrogen (8.84%), oxygen (19.60%),

sodium (2.28%), and sulfur (0.62%). The PPy layer, as

a source of nitrogen, was detected and the presence of

sodium confirms the doping of TsO- and SDBS- in

chemical polymerization. In addition, chlorine

appeared in the spectra, because the oxidant FeCl3
contains large amounts of Cl-.

A TEM image of MWCNT–PPy(20%) composites

is shown in Fig. 3. The surface of MWCNT–

PPy(20%) composite appears to be smooth and

uniform, and there are no agglomerations or irregular

nanoparticles of polymer after ultrasonic dispersion

(Fig. 3a, b). The image reveals a coaxial structure of

the resulted MWCNT–PPy composites in which the

MWCNT is encapsulated by a uniform shell of PPy.

Figure 3c shows a high-resolution TEM image of a

segment of MWCNT coated with the polymer shell.

The original MWCNT core with a crystalline lattice

structure and an amorphous PPy coating layer can be

clearly identified. Compared with the MWCNT, the

diameter of MWCNT–PPy(20%) nanotubes increased

from 30–40 to 80–90 nm, and their external surface

were less smooth.

Figure 3e depicts the XRD pattern of pure cotton

fabric, and MWCNT–PPy composite-based cotton

fabrics. The diffraction peaks of the pristine cotton

fabric are showed as: (101) at 2h = 14.7�, (101) at

2h = 16.6�, (021) at 2h = 20.6�, (002) at 2h = 22.7�,
(040) at 2h = 34.7�, which correspond to the crys-

talline structure of cellulose (Firoz et al. 2013; Ford

et al. 2010). After coating the cotton fabric with PPy or

MWCNT–PPy, the crystalline nature of all the cotton

fabrics remains the same. The plane (002) was

affected during the modification and the relative

intensity of this plane was reduced accordingly. The

peak at 2h = 22.7� for cotton was observed at the same

position for MWCNT–PPy(10%) and was shifted to

2h = 22.9� for cotton/PPy, cotton/MWCNT–

PPy(20%) and cotton/MWCNT–PPy(30%) related to

the crystalline structure of the samples. For the

different mass ratio of MWCNT–PPy, the XRD

spectra showed that the MWCNT peak at 26.2�
corresponding to the (002) reflections of the carbon

atoms. It is clear that the peak intensity increased with

the increase of the mass ratio of MWNTs to pyrrole.

cFig. 3 a–c Different magnification TEM images of MWCNT–

PPy(20%) composites, d digital photographs of the flexible PPy/
MWCNT/cotton fabric electrodes, eXRD pattern of pure cotton

fabric and those MWCNT–PPy composite-based cotton fabrics
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The electrochemical of cotton/PPy/MWCNT

electrode

The influence of MWCNT on the sheet resistances of

the composites can be seen in Fig. 4a showing that the

PPy–MWCNT(20%) composites exhibited the highest

conductivity compared to other composites. The

capacitance retention (Fig. 4b) showed that the

increase in MWCNT content in the composites

resulted in high stability of capacitance due to the

inherent cycle stability of carbon materials. Fig-

ure 4c–e presents the electrochemical test for the

synthesized electrodes. As shown in Fig. 4c, when the

scan rate is lower, there is obvious redox peak, but the

redox peak decreased with the increase of scan rate.

These results show that the redox reaction of the

electrodes can react completely with enough time

under low scan rate. The high specific capacitance

(597 F g-1) can be calculated using the CV curves at a

scan rate of 1 mV s-1. GCD curve also confirms the

high capacitance of the electrode shown in Fig. 4d.

The cycling stability of the electrode was tested by CV

curves at a scan rate of 100 mV s-1 (Fig. 4e). The

high capacitance retention of the electrode (96.8%)

benefited from the added MWCNT and the three-

dimensional structure of the cotton fabric. The smaller

the diameter of the semicircle area in the high-

frequency portion of the plot is, the higher the ion

diffusion of the electrode will be. Figure 4f confirms a

smaller diameter (the inset) of the semicircle indicat-

ing the good property of the electrode.

The performance of supercapacitor

In order to assess the performance of the composite

device, a series of symmetric supercapacitors were

fabricated using the electrodes mentioned above

(Fig. 5a). The mass specific capacitance (Cm, F g-1)

from the charge–discharge curves was calculated

according to the following integral Eq. (1). The energy

density and power densities of the supercapacitors

were calculated using Eqs. (2) and (3) respectively:

Cm ¼ I � Dt
DV �m ð1Þ

E ¼ 1

2
Cm � DV2 ð2Þ

P ¼ E

Dt
ð3Þ

where Cm (F g-1) is the mass specific capacitance, m

(g) is the mass of active materials in the electrode, I

(A) is response current, Dt (s) is discharge time, DV
(V) is potential windows of the discharge process

(excluding the IR drop), E is the specific energy

density (Wh kg-1), P is power density (kW kg-1).

Figure 5b shows the cyclic voltammetry (CV)

curves of the supercapacitor at different scan rates

with the potential window ranging from 0 to 0.8 V.

The approximate rectangular shapes with large

enclosed area of the CV curves indicate the flexible

device with a good performance. The absence of redox

peaks for the CV curves indicate that the electrode

charge and discharge at a pseudo-constant rate over

the entire CV process. The CV curves of the devices

under flat and bent conditions are essentially the same

(Fig. 6b), demonstrating its excellent electrical stabil-

ity and flexible electrochemical behavior. The GCD

curves of the supercapacitor are tested at different

current density (Fig. 5c). An ideal supercapacitor

usually exhibit the symmetrical triangle shapes and

small IR drop, revealing that the redox reaction is

reversible (Peng et al. 2017). The IR drop is usually

caused by the overall internal resistance of the devices.

The lower internal resistance of the devices indicates

less energy waste. Figure 5c shows that the GCD

curves are almost symmetrical at different current

density and there was a small IR drop, indicating that

the supercapacitor has better capacitive property. The

Cm value of the devices is 206.8 F g-1 at a current

density of 1 mA cm-2.

Nyquist plot (Fig. 5d) was obtained for flat and bent

supercapacitors. In the circuit, Rs is regarded as a

series of resistances including the intrinsic resistance

of the electrode, the ionic resistance of the bulk

electrolyte, and the interface resistance at the elec-

trode/electrolyte and electro/current collector. C rep-

resents the double-layer capacitance; CPE stands for

Faradic pseudocapacitance caused by electrochemical

surface reactions. Rct is the charge transfer resistance,

arising from Faradic reaction and electronic double-

layer capacitor at the interface between the electrode

and electrolyte. Zw is the Warburg impedance origi-

nated from the frequency dependence of ion diffu-

sion/transport in the surface of electrolyte/electrode

(Li et al. 2017). The measured impedance spectra were
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analyzed by ZSimpWin software on the basis of the

equivalent circuit (Fig. 5d), in which the equivalent

series resistance (Rs) value was 13.3 X and the charge

transfer resistance (Rct) was 1.7 X. Furthermore, the

Fig. 4 a Sheet resistances of the electrodes prepared under

different mass of MWCNT, b capacitance retention of the

electrodes prepared with different MWCNT content, c, d the CV

andGCDcurves of the cotton/PPy/MWCNT electrode, e cycling
stability of the synthesis electrode, f Nyquist plots of cotton/

PPy/MWCNT electrode
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Nyquist plot under flat and bent at an angle of 90� was
also similar (Fig. 5c), illustrating the excellent flexible

performance.

The leakage current is one of the most significant

problems in supercapacitors and the low leakage

current the device make practical applications promis-

ing (Adu et al. 2017; Saravanakumar et al. 2017). We

have measured the parameter for our device with the

results presented in Fig. 6a. The leakage current was

measured by applying a device full potential and

measured a current required for maintaining that

potential. Figure 6a shows the leakage current, in

which current drops abruptly from 0.013 to 0.005 mA

at the initial stage and after being stabilised at

0.004 mA over a time period of more than 2 h when

held at 0.8 V.

The Cm values for the devices at different current

density are shown in Fig. 6c. It can be found that the

Cm values decreased with the increase of the current

densities and the capacitance of the device is 41.54%

retained when the current density increases from 0.5 to

5 mA cm-2. The Ragon plots of the supercapacitor

are shown in Fig. 6d. Accordingly, the power density

of the device can reach to about 201 W kg-1, and the

energy density can reach about 19.6 Wh kg-1. In

addition, the device retains about 72% of the initial

capacitance after 400 charge–discharge cycles at a

current density of 3 mA cm-2 (Fig. 6e). At the same

Fig. 5 a Schematic diagram and photograph of the superca-

pacitor, b CV curves of the supercapacitor at different scan rate,

c GCD curves of the supercapacitor at different current density,

d Nyquist plots the supercapacitor at flat and bent at an angle of

90�, the insert shows the equivalent circuit of the assembled

supercapacitor at flat and bent
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time, the associated coulombic efficiency retains about

95% charge during the charge–discharge cycle pro-

cess. The charge–discharge curve for the last 12 cycles

further confirms its long cycle stability and good

electrochemical reproducibility (Fig. 6e).

Conclusion

In summary, flexible cotton/PPy/MWCNT electrodes

were synthesized using a simple one-pot polymeriza-

tion process. The obtained electrode had a three-

dimensional structure with a high capacitance of

597 F g-1 at a scan rate of 1 mV s-1 and high

capacitance retention (96.8%) after 1000 cycles, when

the mass of MWCNT relative to PPy was 20%, and the

concentration of SDBS and TsOH were 0.05 and

0.15 M respectively. In addition, a flexible all solid-

state supercapacitor based on the synthesized cotton/

PPy/MWCNT electrodes was fabricated. These elec-

trodes were flexible enough to be twisted and bent

without obvious capacitance loss. The fabricated

device has a high capacitance of 206.8 F g-1 at a

current density of 1 mA cm-2 and high capacitance

retention of 72% after 400 charge–discharge cycles

when bent at an angle of 90�. This study showed a

promising potential for simple fabrication of flexible,

cost-effective, and high-performance supercapacitors,

providing a new pathway for the fabrication of various

power-wearable electronics.
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