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Abstract
In the research of wearable smart electronics, obtaining particular structure electrodes to provide outstanding mechani-
cal flexible and electrochemical performance remains challenging. In this study, flexible multi-walled carbon nanotubes 
(MWCNTs)/poly(3,4-ethylenedioxythiophene) (PEDOT) nanocomposite electrodes are fabricated via dip-coating and vapor 
phase polymerization methods. A poriferous network structure of composite electrode is achieved through incorporation of 
MWCNTs to the conducting polymer matrix. These interconnected holes on electrodes and the synergetic effects between 
MWCNTs and PEDOT polymer yield large surface areas and favorable electrochemical performances. A single composite 
electrode exhibits a high areal capacitance of 92.55 F/cm2, as well as good cycling stability with 94% of its initial charge 
after 5500 cycles. An all-solid-state micro-supercapacitor based on MWCNTs/PEDOT electrodes is also assembled by 
sandwiching the polyvinyl alcohol–H3PO4 gel electrolyte, which displays an areal capacitance of 32.06 mF/cm2. This belt-
shaped flexible micro-supercapacitor served as energy storage device shows significant potentiality in wearable electronics.

1 Introduction

Flexible supercapacitors have been universally exploited due 
to their high power density, long cycle life, quick charge–dis-
charge process, low cost as well as mechanical flexible [1, 2]. 
As an energy storage unit, flexible micro-supercapacitors are 
also able to be integrated into renewable energy and wear-
able electronic devices [3, 4]. However, the moderate energy 
density of flexible supercapacitors limits their application 
in diverse fields which require high energy throughput [5]. 
Thus, developing innovative and nanoporous electrode with 
high mass transportation and large effective surface areas 
is urgent to realize an enhanced device capacitance. Car-
bon materials (such as activated carbon, carbon nanotubes, 

graphene), metal oxide (such as nickel oxide, cobalt oxide, 
ruthenium oxide, manganese dioxide) and conductive pol-
ymers (such as polyaniline, polypyrrole, polythiophene 
derivative) are three major materials for supercapacitors’ 
electrodes [6–9]. Carbon based materials are attractive due 
to their high chemical/thermal stability, excellent conduc-
tivity and affordable cost, while metal oxides and conduct-
ing polymers are extensively used because of their large 
pseudocapacitance and reversible Faradaic redox capabili-
ties [10, 11]. Among these materials, poly(3,4-ethylenedi-
oxythiophene) (PEDOT) with high thermal stability, high 
conductivity and easy synthesis is a hopeful material for 
supercapacitors’ electrodes. Moreover, the weak mechanical 
strength and poor cyclability of PEDOT is able to be miti-
gated by introducing other materials which possess strong 
mechanical properties and good cyclic stability to improve 
the charge storage capacity and extend the cycle life [12]. 
Multi-walled carbon nanotubes (MWCNTs) possessed of 
low internal resistance, high mechanical strength together 
with good stability make them suitable for electrode materi-
als of flexible supercapacitors [13].

The combination of MWCNTs and PEDOT can effec-
tively enhance the capacitive ability of composite electrode 
to meet energy storage demand. Gao et al. develop an exqui-
site dynamic three-phase interline electropolymerization to 
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prepare PEDOT@CNTs composite at a water/oil interface. 
And the prepared PEDOT@CNTs film shows heterogene-
ous structures with a capacitance of 0.148 F/C [14]. A co-
electrodeposited poly(3,4-ethylenedioxythiophene)/carbon 
nanotubes–carboxyl graphene (PEDOT/CNT/CG) ternary 
composite attributed to full use of carboxyl groups distrib-
uted on both edges and basal planes of CG sheets displays 
markedly improved specific capacitance which is as high as 
150.6 mF/cm2 at 0.2 mA/cm2 [15]. The composite PEDOT 
coated graphene oxide/carbon nanotubes is fabricated via 
one-step electrochemical co-deposition and exhibit high 
areal specific capacitance of 99 mF/cm2 at 1 mA/cm2 [16]. 
In these reports, the combination of conducting polymers 
and carbon based materials not only presents a synergistic 
effect, but also forms some typical structures, which play 
an important role in improving the performances of com-
posites. However, the preparation methods for composite 
materials mentioned above are complicated and difficult to 
control. Here, we propose a facile vapor phase polymeriza-
tion (VPP) process that is controllable and independent of 
substrate materials to fabricate high performance flexible 
composite electrodes.

In this study, the MWCNTs/PEDOT hybrid electrodes 
are fabricated through a two-step process: firstly, the iron 
p-toluenesulfonate (Fe(OTs)3) oxidant solution contained 
MWCNTs is dip-coating on the surface of flexible carbon 
fiber cloth substrate. In the second step, MWCNTs/PEDOT 
materials are deposited on the textile cloth through VPP 
process. Unlike the existing electrochemical deposition 
process, the MWCNTs content in hybrids, the PEDOT mol-
ecule arrangement and the morphology formation are able 
to be regulated in VPP process. The as-prepared hierarchical 
pore-riched MWCNTs/PEDOT composites with outstand-
ing performances have great potential application in flexible 
devices.

2  Experimental

A solution of oxidant iron(III) p-toluenesulfonate (Fe(OTs)3) 
40 wt% in butanol and MWCNTs (purity: > 95%) were 
obtained from HC Starck (under the trade names Clevios 
CB40) and Nanjing XFNANO Materials Tech Co. Ltd, 
respectively. EDOT (purity: 97%), polyvinyl alcohol (PVA, 
purity: 98%) and phosphoric acid  (H3PO4, purity: 85%) were 
purchased from Merck (USA).

The preparation process of MWCNTs/PEDOT flexible 
electrodes was schematically illustrated in Fig. 1. Briefly, 
the MWCNTs/PEDOT flexible electrodes were prepared via 
a two-step method: the dip-coating step and the VPP step. 
Firstly, MWCNTs were dispersed in the oxidant solution 
which contained Fe(OTs)3 (2 mL) and isopropanol (IPA) 
(2 mL) by ultrasonic vibration, respectively. Then the carbon 

fiber textile cloth was dipped into the MWCNTs/Fe(OTs)3 
mixed solution for 12 h. During the immersion process, the 
MWCNTs/Fe(OTs)3 compounds were coated on the surface 
of textile cloth. Secondly, the dried carbon fiber cloth with 
MWCNTs/Fe(OTs)3 compounds was exposed to EDOT 
vapor for complete polymerization. After reaction about 
80 min, the obtained carbon fiber textile electrodes were 
rinsed with ethanol and deionized water several times and 
denoted as MWCNTs/PEDOT-XX, where XX represents the 
mass of MWCNTs in the oxidant solution. As comparison, 
PEDOT textile electrodes without MWCNTs were fabricated 
by the two-step method as well. The all-solid-state flexible 
micro-supercapacitors were assembled by placing two tex-
tile electrodes of the same size parallel to each other, with 
PVA–H3PO4 gel as electrolyte and separator. The area of 
each electrode is 1 × 1.2 cm2.

3  Characterization

The crystallographic structures and physical characteriza-
tions of as-prepared samples were examined by X-ray dif-
fraction system (XRD, X’Pert Pro MPD), Fourier transform 
infrared spectrometer (FT-IR, PERKIN ELMER SPEC-
TRUM 400) and Raman spectrometer (Advantage 633 nm). 
The surface morphology and microstructures of composites 
were obtained using a scanning electron microscopy (SEM, 
HITACHI S4800). The capacitance measurements of the 
electrodes were performed in 1 M  H2SO4 aqueous electrolyte 
in a three-electrode electrochemical cell setup on a CHI660D 
(Chenhua, Shanghai) electrochemical workstation. Flexible 
electrodes acted as working electrodes directly. A platinum 
plate and an Ag/AgCl electrode served as the counter and 
reference electrode, respectively. The areal capacitances of 
samples were calculated from the GCD curves based on the 

Fig. 1  The preparation process of MWCNTs/PEDOT flexible elec-
trode
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equation:  Cs = (I × Δt)/(S × ΔV), where  Cs is areal capaci-
tance (F/cm2), I and Δt are charge–discharge current (A) 
and time (s), respectively, ΔV is the potential drop during 
discharge (V), and S is the area of the electrode  (cm2). In 
addition, the electrochemical performances of assembled 
flexible micro-supercapacitor were examined by standard 
cyclic voltammetry (CV) and galvanostatic charge–discharge 
(GCD) techniques.

4  Results and discussion

The crystallographic forms of MWCNTs, PEDOT and 
MWCNTs/PEDOT (MWCNTs/P) are verified by XRD pat-
terns, as shown in Fig. 2. For pure MWCNTs, the broad 
diffraction peak at 2θ of ~ 26° is attributed to the diffrac-
tion of (002) lattice plane in graphite [17]. Characteristic 
peaks of PEDOT are not observed in the spectrum of XRD 

pattern, indicating amorphous nature of the polymeric mate-
rial after VPP. However, three peaks around 6.6°, 11.3° and 
25.9° appear in the XRD spectrum of MWCNTs/P compos-
ite film. These signals can be readily indexed to the (100), 
(200) and (400) crystal structure of PEDOT material, which 
suggests the ordered molecule arrangement of PEDOT in 
MWCNTs/P composites [18]. Hence, amorphous PEDOT 
film with dense packing is developed in the VPP process. 
When the MWCNTs particles are added in the oxidant film, 
the PEDOT film growth involves production of a loose 
structure which provides enough space for ordered molecule 
arrangement, resulting in the crystalline structure formation 
ultimately.

The chemical structure of electrode films and interac-
tion between MWCNTs and PEDOT are investigated by 
FT-IR and Raman spectroscopy. FT-IR spectra of PEDOT 
and MWCNTs/P hybrid film are recorded in Fig. 3a. Dis-
tinct peaks belonged to PEDOT are observed in two kinds 
of films. Peak signals at 567 and 671 cm−1 are assigned 
to oxyethylene ring deformation and C–S–C deformation, 
respectively. Bands at 832 and 985 cm−1 are attributed to 
C–S vibration in the thiophene ring. Peaks at 1105 and 
1209 cm−1 are owing to C–O–C bond stretching in the 
ethylene dioxy group. Besides, C=C and C–C stretching 
vibrations of the quinonoid structure of thiophene ring 
are located at 1349 and 1626 cm−1 [19–21]. All of the 
above characteristics peaks are observed in the spectrum 
of MWCNTs/P composite film in addition to the extra peak 
at about 1052 cm−1 which is attributed to C–O–C stretch-
ing vibration [20, 22]. Figure 3b shows the Raman spec-
tra of MWCNTs and MWCNTs/P films. For the Raman 
spectrum of pristine MWCNTs, two strong peaks located 
at 1336 cm−1 and 1565 cm−1 are associated with the amor-
phous disorder carbon structure (D-band) and the stretch-
ing vibration of C–C bond (G-band), respectively [23, 24]. 
In the Raman spectrum of MWCNTs/P composite film, 
the bands at 576, 989, 1254, 1364, 1430 and 1505 cm−1 
correspond to C–O–C bond deformation, oxyethylene ring 

10 20 30 40 50 60 70

(4
00

)

(2
00

)

In
te

ns
ity

/a
.u

.

2 Theta/degree

 MWCNTs
 PEDOT
 MWCNTs/P

(1
00

)

Fig. 2  XRD patterns of MWCNTs, PEDOT and MWCNTs/PEDOT 
films

Fig. 3  a FT-IR spectra of 
PEDOT and MWCNTs/P; b 
Raman spectra of MWCNTs 
and MWCNTs/P films

67
1

56
7 10

52

16
26

13
49

12
08

11
0598

5

Tr
an

sm
itt

an
ce

/a
.u

.

Wavenumber/cm-1

 PEDOT
 MWCNTs/P

83
2

a

600 900 1200 1500 1800 600 900 1200 1500 1800

Raman shift/cm-1

13
64

14
30

15
6815

05

12
54

98
9

57
6

15
65

In
te

ns
ity

/a
.u

.

 MWCNTs
 MWCNTs/P

b

13
36



6353Journal of Materials Science: Materials in Electronics (2019) 30:6350–6357 

1 3

deformation, thiophene C–C inter-ring stretching in plane 
modes, single C–C stretching, C=C symmetric stretch-
ing and C=C antisymmetric stretching in plane modes, 
respectively [19, 25]. The weak peak at 1568 cm−1 belongs 
to the G band of MWCNTs component. Whereas the G 
band peak is slightly shifted compared with the G band of 
pristine MWCNTs, manifesting the formation of strong 
π-π interaction between PEDOT and MWCNTs [19, 
25]. The results above indicate successful fabrication of 
MWCNTs/P composite film.

Surface morphologies of MWCNTs, PEDOT and 
MWCNTs/P composite films are characterized by SEM. In 
Fig. 4a, the micrograph of MWCNTs with the diameter of 
10–30 nm presents intertwined fibrillar structure. The VPP 
PEDOT film in Fig. 4b shows a compact and coarse surface 
morphology. The surface of MWCNTs/P-5, 7, 10 composite 
films in Fig. 4c–e changes a lot. Three hybrid films deposited 
on carbon fiber cloth all display network porous structures, 
which can increase the surface areas of composite films and 
facilitate the immersion of the electrolyte and transportation 
of ions [26]. The additional porous structure of composite 
films is probably attributed to the modification of MWCNTs 
during VPP. Whereas, the pores on the surface of composite 
films enlarges as the amount of carbon nanotubes increasing. 
This may be due to the agglomeration of partial MWCNTs, 
which could result in the reduction of the effective use of 
specific surface area.

The reversibility and electrochemical performances of 
PEDOT film and its composite film with MWCNTs are ana-
lyzed using CV technique. Figure 5a exhibits the CV curves 
of MWCNTs, PEDOT and MWCNTs/P-7 films under the 
scan rate of 100 mV/s with a potential range between − 0.2 
and 1 V (vs Ag/AgCl). Approximately rectangular shapes 
are observed in CV profiles of MWCNTs and PEDOT films, 
indicating the significant contribution of electrical double-
layer capacitance to the total stored charge [25]. The CV 
loop of MWCNTs/P-7 hybrid film has larger areas than that 
of pure MWCNTs and PEDOT films, indicating a better 
capacitive behavior which can be attributed to the porous 
structure of composite film and synergetic effect between 
MWCNTs and PEDOT [20]. Figure 5b displays CV loops 
of MWCNTs/P-7 composite film at different scan rates from 
10 to 100 mV/s. The current density increases proportionally 
and the CV curves maintain quasi rectangle shape at higher 
scan rate, implying superior electrochemical reversibility of 
the composite film [15]. CV curves of MWCNTs/P hybrid 
films with different amounts of MWCNTs at 100 mV/s are 
presented in Fig. 5c. It can be seen that the MWCNTs/P-7 
hybrid electrode exhibits the highest integration areas, sug-
gesting the highest specific capacitance which results from 
the suitable amounts of MWCNTs nanoparticles in the 
hybrid film [27]. Electrochemical impedance spectroscopy 
(EIS) is a powerful tool to investigate the characteristics 
of electrode/electrolyte interface [16]. Figure 5d shows the 

Fig. 4  SEM images of a MWCNTs; b PEDOT; c MWCNTs/P-5; d MWCNTs/P-7; e MWCNTs/P-10
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Nyquist plots of as-prepared samples over the frequency 
ranges of 0.01 Hz to 100 kHz. The inset exhibits plots 
of MWCNTs, PEDOT and MWCNTs/P electrodes with 
enlarged scale. Based on the EIS spectra, the plots of the 
composite films present almost the same intercept at the real 
part which can be assigned to the internal resistance  (Rs). 
Besides, the depressed semicircles at high frequency for 
MWCNTs/P-1, 3, 5, 7, 10 electrodes are observed as well, 
revealing the low interfacial charge transfer resistance  (Rct) 
[16]. In the inset in Fig. 5d, the  Rs values for MWCNTs, 
PEDOT and MWCNTs/P-7 films are measured to be 16.2, 
12.7 and 10.5 Ω, respectively. It is apparent that the addition 
of MWCNTs can effectively improve the conductive perfor-
mance of polymer matrix, which results in the lower resist-
ance for MWCNTs/P-7 film. In addition, the low frequency 
part of the plot for MWCNTs/P-7 films shows more close to 
90°, demonstrating an excellent capacitance behavior due to 
the enhanced porosity of the composite film.

The electrochemical performances of MWCNTs, PEDOT 
and MWCNTs/P films are further compared by the GCD 
measurements. Figure  6a exhibits the GCD curves of 

MWCNTs, PEDOT and MWCNTs/P-7 electrodes at a cur-
rent density of 0.3 mA/cm2. A nearly symmetrical triangular 
shape is observed for all GCD curves, which suggests an 
ideal behavior for supercapacitor [28]. The MWCNTs/P-7 
composite film possesses longer discharge time than that of 
other films, revealing higher capacitance behavior. Accord-
ing to the GCD plots, the value of areal capacitance for 
MWCNTs/P-7 hybrid film is calculated to be 92.55 mF/cm2, 
which is much higher than that of MWCNTs (3.12 mF/cm2) 
and PEDOT (11.34 mF/cm2) films. The higher effective sur-
face area of porous structure and better electron transport 
paths permitted by composite film are responsible for the 
superior capacitance of hybrid film [16]. Figure 6b shows 
the GCD polts of MWCNTs/P-7 composite electrode at vari-
ous current densities. The nearly symmetrical shape is also 
observed with the current density increasing, demonstrat-
ing good electrochemical reversibility and charge–diacha-
rge properties [28]. From the discharge curves in Fig. 6c, 
the areal capacitances of MWCNTs/P-1, 3, 5, 7, and 10 are 
54.58, 64.36, 74.03, 92.55 and 76.93 F/cm2, respectively. 
Obviously, the values of areal capacitance increase with 
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adding the amount of MWCNTs. The areal capacitance 
decreases as partial MWCNTs agglomerating. Moreover, the 
durability of electrodes are investigated using a cyclic GCD 
test. Figure 6d compares the performance of MWCNTs, 
PEDOT and MWCNTs/P-7 films over 5500 charge–dis-
charge cycles, with the electrodes showing retention values 
of 76%, 88% and 94%, respectively. Improved capacitance 
retention and stability during cycling of MWCNTs/P-7 com-
posite film are attributed to the synergistic effect which can 
accommodate the stress changes in doping/dedoping pro-
cess and thus less susceptible to fatigue caused by cycling 
mechanical stress [29].

The MWCNTs/P composite electrodes are further assem-
bled into strip microsupercapacitor. The poly(vinyl alcohol) 
(PVA)/H3PO4 gel [30] is used as both solid electrolyte and 
separator. Figure 7a presents the CV curve of flexible solid-
state device with a potential range from − 0.2 to 1 V at a 
scan rate of 100 mV/s. As can be observed, the CV plot 
deviates from rectangular shape, which probably indicates 
poor contact between electrode material and gel electrolyte 

[19, 31]. The GCD curve of micro-supercapacitor displayed 
in Fig. 7b is measured at a current density of 0.1 mA/cm2. 
Almost symmetrical isosceles lines demonstrate typical 
supercapacitive behavior of MWCNTs/P based device. And 
the areal capacitance of assembled supercapacitor achieves 
32.06 mF/cm2 at a current density of 0.1 mA/cm2, which 
provides an insight into the practical application of flexible 
supercapacitors.

5  Conclusion

A poriferous network structure of MWCNTs/P composite 
flexible electrode is synthesized via facile VPP method. 
Synergistic properties and electrochemical behaviour 
of hybrid film are discussed as well. The as-prepared 
MWCNTs/P-7 flexible electrode shows a high areal capaci-
tance of 92.55 mF/cm2 at a current density of 0.3 mA/cm2 
and excellent long-term cyclability. Based on PVA/H3PO4 
gel electrolyte, the assembled flexible microdevice exhibits 
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an areal capacitance of 32.06 mF/cm2 at a current density 
of 0.1 mA/cm2, which provides an insight into the practical 
application of flexible supercapacitors.
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