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Abstract The graphene oxide nanosheets-loaded

poly(3,4-ethylenedioxythiophene) (GO/PEDOT) intercala-

tion composites have been fabricated successfully with a

facile electrochemical method. The varying deposition

time was implemented to investigate the effect of loading

amount on electrochemical behavior of the composites.

The GO/PEDOT nanocomposites showed the superior

capacitive behaviors, and achieved a high areal capacitance

of 66.3 mF cm-2 at 10 mV s-1 cyclic voltammetry (CV)

scan. The scanning electron microscope characterization

indicated different deposition time would significantly

affected the curly sheet-like morphology of composites.

Moreover, the composite films prepared with longer

deposition time exhibited relatively lower capacitance

value at the fast CV scan. Meanwhile, the galvanostatic

charge/discharge tests indicated moderate deposition time

was more suitable for the fast charge/discharge. In partic-

ular, a stability test of 20,000 CV cycles revealed the

composites had the ultra long cycle life. We consider that

the highly stable GO/PEDOT nanocomposites with supe-

rior capacitive behaviors are very promising for high-per-

formance electrochemical energy storage.

1 Introduction

Electrochemical capacitors (also called supercapacitors), as

one kind of novel charge-storage devices, possess higher

power density and longer cycle life than the secondary

batteries, and larger energy density than the conventional

capacitors. They have been extensively studied nowadays

and are being employed in various applications range from

portable electronic devices to hybrid electric vehicles,

back-up power supplies, etc. [1–8].

The energy storage mechanism in electrochemical

capacitors is usually Faradic and electrical double-layer.

Based on the corresponding charge storage mechanism,

supercapacitors can be divided into redox supercapacitors

and electrical double-layer capacitors (EDLCs) [9–11]. In

general, carbon materials (activated carbon, carbon nan-

otubes, and graphene, etc.) are employed as the electrode

materials for the EDLCs, while the redox supercapacitors

use transitional metal oxides and conducting polymers.

However, EDLCs is due to the electrosorption of ions on

porous carbon electrodes, consequently limited energy

density, pseudo-capacitors provide higher energy densities

but usually suffer from shorter cyclic lifetimes [12–15].

Considering these factors, considerable attention has been

devoted to developing hybrid materials combining the

advantages of EDLCs and redox supercapacitors to obtain

high-performance capacitive electrode materials [16–19].

Moreover, recent research efforts have also been focused

on improving the energy density of supercapacitors by

exploring new electrode materials [20–22].

Due to exhibiting not only a high conductivity but also

an unusual stability in the oxidized state compared to other

types of conducting polymers (CPs), poly(3,4-ethylene-

dioxythiophene) (PEDOT) has attracted a lot of attention of

many researchers for the electrode material of
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supercapacitors [23, 24]. In addition, owing to a low fab-

rication cost and an environmentally friendly nature, gra-

phene oxide (GO) can be easily synthesized from natural

graphite and form stable dispersions in water, which is

derived from the charge highly oxidized structure with a

large number of oxygen containing functional groups

(alkoxy, epoxy, carbonyl, and carboxyl groups) on the

surface of GO sheets [25, 26]. To combine advantages of

double layer capacitance and pseudocapacitance, some

researches have been devoted to developing the composites

of CPs and GO nanosheets for supercapacitor electrodes.

However, these materials were usually prepared with

complicated multiple-step procedures or using the chemi-

cal oxidative polymerization [27–29]. Compared with

chemical oxidative polymerization, electrochemical poly-

merization shows the advantages that the films can be

deposited directly on the electrode substrates, and the film

thickness can easily be controlled and the films are free

from impurities (e.g. the oxidant and its reaction products).

Fortunately, the anionic character of GO makes it possible

to act as dopant during electrochemical polymerization of

conducting polymers to form CPs/GO composite films

deposited on a variety of electrode substrates. Currently,

some preliminary studies have revealed the feasibility of

electrochemical synthesis for the composites consist of CPs

and GO [30–32], but the capacitive behavior remains

unsatisfactory, especially the cycle stability of composites

was not studied, it is probably related to the system and

parameters prepared. So it is a big challenge to synthesize

GO/PEDOT composites as electrode materials possessing

the high capacitance, superior rate capability, and cycle

stability for supercapacitors. What’s more, almost all the

related researches focus on the mass specific capacitance of

electrode materials, up to date, few works has been

reported on the investigation of areal capacitance of con-

ducting polymers/GO composites. For applications such as

small scale electronics and stationary energy storage

devices where areal capacitance is a better indicator of the

supercapacitor performance than mass specific capacitance

although the mass specific capacitance has always been

used in the literature for comparison of the supercapacitor

performance [33, 34], so this study would focus on the

areal capacitance of composite films.

Here GO/PEDOT composites have been prepared by a

facile electrochemical polymerization method. The compo-

sitions and morphology as well as the structures of the

composite films were studied with Fourier transform infra-

red spectroscopy (FT-IR), Transmission electron micro-

scopy (TEM), X-ray diffraction (XRD), and scan electron

microscope (SEM). The influence of deposition time (i.e.

deposition amount) on the electrochemical performances of

the GO/PEDOT composites was investigated with cyclic

voltammetry (CV), galvanostatic charge/discharge (GCD)

measurements, and electrochemical impedance spectroscopy

(EIS), finally an ultralong cycle stability test was performed.

2 Experimental

2.1 Materials

Natural graphite powder (325 mesh) was purchased from

Tianjin Guangfu Research Institute. 3, 4-ethylene-

dioxythiophene (EDOT, Ourchem�, 99 %) was obtained

from Sinopharm Chemical Reagent Co. Ltd (Shanghai,

China). Fluorine-doped tin oxide (FTO, 8 X/h) conducting

glasses were purchased from Dalian Heptachroma Solar-

Tech, the conductive areas (1 cm 9 1 cm) were exposed

as the substrate for electrochemical deposition. The glasses

were ultrasonically cleaned in acetone and deionized water

successively prior to use.

2.2 Electrode preparation

GO was prepared by oxidizing the natural graphite powder

and subsequent exfoliation by ultrasonication according to

the method reported in literatures [35, 36]. The obtained

GO aqueous dispersion was treated with freeze drying and

preserved at the room temperature. The GO/PEDOT

composite films electrodes were prepared by electro-

chemical polymerization, and the polymerization solution

did not contain any other supporting electrolyte but only

GO serving as a weak electrolyte. For a standard procedure

of polymerization, an aqueous solution containing

2 mg mL-1 GO and 0.01 M EDOT monomer was dis-

persed under ultrasonication for about 20 min to form a

homogenous colloidal solution. Subsequently, GO/PEDOT

films were electrodeposited onto the FTO conducting

glasses with a galvanostatic mode, in which a current of

1.0 mA cm-2 was applied, the varying deposition time

including 10, 20, 30, and 40 min is carried out, and the as-

prepared composite films are named as GO/PEDOT-10,

GO/PEDOT-20, GO/PEDOT-30, and GO/PEDOT-40,

respectively. It should be noted that the FTO conducting

glasses were used as the substrate for electrodepositon

because their high conductivity and were usually used in

the dye-sensitised solar cell (DSSC). After that, the com-

posite films-deposited glasses were washed with adequate

deionized water to remove the unreacted substance. In the

process of deposition, the cleaned FTO conducting glasses

were fixed in the two-electrode system with a large-area Pt

sheet acting as the counter electrode and pseudo-reference

electrode. In addition, the pure PEDOT films were pre-

pared from solutions containing 0.01 M EDOT monomer

and 0.1 M KCl with the same deposition procedure for FT-

IR test.
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2.3 Morphology

The SEM images of the composite films were obtained

with a field emission scanning electron microscope (JSM-

6701F, JEOL). The morphologies of GO and GO/PEDOT

composites were observed using a high-resolution trans-

mission electron microscopy (JEM-2100, JEOL).

2.4 Composition and structural characterization

The test samples were scraped from the surface of FTO

conducting glasses with deposited films for the thickness,

FT-IR, and XRD tests. FT-IR spectra were tested with a

Bruker Tensor 27 FT-IR spectrometer, in which all samples

were prepared by potassium bromide tabletting. The XRD

patterns of the samples were obtained on a Bruker D8

Advance X-ray diffraction meter with Cu Ka radiation and

graphite monochromator at the scan speed of 5� min-1

with a step size of 0.02�.

2.5 Electrochemical tests

The capacitor cells for electrochemical tests were assem-

bled with two pieces of composite films-deposited FTO

glasses (one oxidized and one reduced) as the two elec-

trodes, a filter paper soaked with 1.0 M KCl electrolyte

was used as the separator, the conducting glass itself served

as the current collector. All the electrochemical tests were

made using an electrochemical workstation (CHI 660B,

Chenhua, China) with the two-electrode system. Thereinto,

the CV measurements were performed between potentials

of -0.5 to 0.5 V, and the scan rates range from 5 to

1000 mV s-1. The GCD tests were carried out at varying

current density with the cutoff voltage of -0.5 and 0.5 V.

The EIS were measured using 5 mV (rms) AC sinusoid

signal at a frequency range from 100 k to 0.01 Hz at the

open circuit potential. During all the electrochemical tests,

the capacitor cells were wrapped with preservative films to

prevent the volatilization of electrolyte.

Focus on the applications such as stationary energy

storage devices and small scale electronics, areal capaci-

tance is a better indicator of the performance of electro-

chemical capacitors than mass specific capacitance [37,

38], so this research concentrates on the areal capacitance

of electrodes. On the basis of the CV curves, the areal

capacitance (CS) value of a single electrode can be calcu-

lated according to the following Eq. (1):

CS ¼
Z

idV

� �
=ðS� DV � vÞ ð1Þ

where Cs is the areal capacitance in F cm-2,
R
idV the

integrated area of the CV curve, S the surface area of active

materials in the single electrode in cm2 and it is fixed at

1 cm2 in this study, DV the scanning potential window in V

and v the scan rate in V s-1.

The galvanostatic charge/discharge measurements by

chronopotentiometry were also performed to evaluate the

areal capacitance of the nanocomposites using the Eq. (2):

CS ¼ ð2� i� tÞ=ðS� DVÞ ð2Þ

where Cs is the areal capacitance in F cm-2, i the discharge

current in A, t the discharge time in s, S the surface area of

the active materials on the single electrode in cm2 and DV
the scan potential window in V.

3 Results and discussion

3.1 Compositions, structures, and morphology

FT-IR and XRD tests were carried out to determine the

compositions and structures of the GO/PEDOT composites,

and the FT-IR spectra of GO, PEDOT, and GO/PEDOT are

exhibited in Fig. 1a. For the GO spectrum, the peak at

1703 cm-1 can be ascribed to the C=O stretching of car-

bonyl. The peaks at 1413 and 1235 cm-1 originate from

the O–H deformation and C–OH stretching vibration, and

the peak at 1055 cm-1 is the characteristic peak for

epoxide group [39]. In the spectrum of pure PEDOT

spectrum, the quinoid structure and stretching modes of

C–C and C=C in the thiophene ring cause the vibrations

around 1350 and 1518 cm-1, respectively [40]. Peaks at

1058, 1089, 1144, and 1203 cm-1 are attributed to the

stretching of the C–O–C bond in the ethylenedioxy group

[41]. Vibration at 926 cm-1 is related with the ethylene-

dioxy ring deformation mode [42], and the modes of

vibration for the C–S bond in the thiophene ring are

observed at 692, 841 and 980 cm-1 [41, 43]. As to GO/

PEDOT spectrum, it shows the characteristic peaks of

PEDOT, and the only difference is that the vibration band

ascribed to C–C stretching in the thiophene ring from GO/

PEDOT composites show a redshift from 1350 to

1332 cm-1 (marked with red). This is caused by the

electrostatic interaction between the PEDOT cations and

the GO anions, also the p–p interactions and hydrogen

bonding between the thiophene rings and GO layers. In

addition, that the GO bands are detected scarcely in the

GO/PEDOT spectrum is probably due to either too weak or

overlapped with the characteristic peaks of PEDOT.

In the process of electrochemical polymerization, the

anionic GO not only acts as the counter-ions for poly-

merization of EDOT monomer but also serves as the sub-

strate for the adhesion and intercalation of PEDOT

particles. The XRD patterns of GO, PEDOT, and GO/

PEDOT composites are shown in Fig. 1b. We can see that

GO pattern reveals an intense, sharp peak at 2h = 10.9�,
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the calculation by Bragg equation indicates the GO sheets

have an interplanar spacing (d-spacing) of 0.81 nm, which

is larger than the 0.335 nm for pristine graphite

(2h = 26.6�) resulting from the introduction of oxygenated

functional groups [44]. In addition, the broad peak at 21.4�
can be attributed to the aggregations of GO sheets [45]. In

the PEDOT pattern, the broad diffraction peak at 2h = 26�
indicates that PEDOT is amorphous in nature [46]. For the

GO/PEDOT composites, the only broad peak located at 26�
derived from the diffraction peak of PEDOT appears, while

the peaks for GO almost disappear, indicating the PEDOT

particles intercalated between the GO nanosheets increase

the d-spacing of the layered GO, demonstrating the for-

mation of GO/PEDOT intercalation nanocomposites.

With the purpose of observing the composite morphol-

ogy of GO and GO/PEDOT, TEM characterization was

performed and the images are shown in Fig. 1c. It can be

observed that the GO shows the sheet-like morphology

with smooth and curly edge, and the nanosheets have a

large surface area. Compared to the GO, GO/PEDOT

composites display the overlapped structure with multi-

layer GO nanosheets and the wrinkle of GO decreases,

which in accordance with the previous report that the

wrinkle of GO would decrease with the increase of layers

for GO nanosheets [47]. A careful inspection of the

nanostructures of GO/PEDOT composites suggests that

PEDOT particles are decorated dispersedly on the surface

and intercalate the GO sheets. TEM characterization fur-

ther reveals that PEDOT coated on the GO surface and

filled between the GO nanosheets to form the intercalated

composite nanostructures. This nanostructures will be

beneficial to increase the electroactive area and combine

the advantages of EDLCs and redox supercapacitors

derived from GO and PEDOT.

Fig. 1 a FT-IR spectra of GO, PEDOT, and GO/PEDOT composites; b XRD patterns of GO, PEDOT, and GO/PEDOT composites; c TEM

images of GO and GO/PEDOT composites
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3.2 Capacitive behavior of GO/PEDOT

nanocomposites

In this research, the capacitive behavior was investigated

with two-electrode system, which is a good estimation of

performance for supercapacitor electrodes [48]. CV and

GCD tests of GO/PEDOT-10 electrodes were carried out to

investigate the capacitive behavior of the composites. We

can see from Fig. 2a that the curves at varying CV scan

rates do not show obvious redox peaks in the whole CV

scan process, which indicates that the electrode was

charged and discharged at a pseudo-constant rate, it is

because that the capacitor was assembled by two identical

electrodes, one was oxidized and the other reduced during

the scan, resulting in the oxidation/reduction peaks of

PEDOT unobvious. The rectangular-like CV curves with

the almost symmetric I–E responses can be observed at all

scan rates range from 10 to 200 mV s-1 and the obvious

increase of current with scan rates, indicating that the GO/

PEDOT nanocomposites have superior rate capability.

The GCD tests were also carried out at different current

densities range from 0.1 to 1 mA cm-2 and the plots are

exhibited in Fig. 2b. In the process of charge/discharge, the

following electrochemical redox reaction has taken place:

PEDOT?/GO- ? K? ? e- $ PEDOT0/GO-/K?. With a

fully charged state, the anodic process was neutral as a

result of the PEDOT did not have n-doping ability, while

the cathodic process was the fully oxidized state and charge

neutrality was kept by the GO- anions. When the discharge

happened, the PEDOT in the cathodic process was reduced

and the anode oxidized, and the counter-ions ejected from

the cathode were inserted in the anode to keep charge

neutrality [49]. It can be seen from Fig. 2b that the

charging curves at different current densities are nearly

symmetric to their discharging parts, in addition, the areal

capacitance of the GO/PEDOT composites reach

24.6 mF cm-2 at 0.1 mA cm-2, when the current density

increases to 2 mA cm-2, the areal capacitance is

17.6 mF cm-2, retaining *72 % of that at 0.1 mA cm-2.

These further indicate the composites have superior rate

capability.

3.3 Effect of deposition time on the electrochemical

performance

The previous investigations indicated the areal capacitance

can be increased by adding the loading amount per unit

area of electroactive materials on the electrode [50]. For-

tunately, the loading amount of the electroactive materials

on the electrodes with electrochemical deposition can be

adjusted by changing the deposition time. In this research,

the varying deposition time including 10, 20, 30, and

40 min was made and the electrochemical performance of

nanocomposites obtained was compared. Thereinto, the

thickness of obtained GO/PEDOT-10, GO/PEDOT-20,

GO/PEDOT-30, and GO/PEDOT-40 composite films is

around 4, 7.5, 10, and 12.5 lm, and their mass is 0.48,

0.92, 1.29, and 1.68 mg, respectively. The surface mor-

phology is an important feature to affect the performance

of electrode materials used for electrochemical capacitors.

Figure 3 shows the SEM images of the four types of films,

we can see that the composites prepared by electropoly-

merization are highly loose and consist of two-dimensional

nanosheets interconnecting with each other, and all the four

types of films show the curly sheet-like morphology.

However, a significant change can be also observed from

Fig. 3 and its inset is that the sheets become larger curly

size with the adding of deposition time, and the GO/

PEDOT-40 films show the maximum aggregation. The

results of SEM characterization suggest that the morphol-

ogy of the GO/PEDOT nanocomposites is affected

Fig. 2 a CV curves at varying scan rates rang from 10 to

200 mV s-1 and b GCD curves at different GCD current densities

rang from 0.1 to 2 mA cm-2 of the capacitor cells assembled by GO/

PEDOT-10 composite films-deposited electrodes
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obviously by the deposition time, longer deposition time

would result in larger curly sheets.

The dependence of the areal capacitance on varying CV

scan rate for the GO/PEDOT electrodes with varying

deposition time is shown in Fig. 4. It can be observed that

GO/PEDOT-40 shows the most inclined curve while GO/

PEDOT-10 presents the smoothest curve, indicating the

CV scan rate has a smaller effect on the areal capacitance

for the relatively thinner composite films. The further

observation in Fig. 4 reveals that areal capacitance

increases as the adding of deposition time at the relatively

low CV scan rates range from 5 to 50 mV s-1. The highest

areal capacitance of 76.9 mF cm-2 is obtained for the GO/

PEDOT-40 composite films at 5 mV s-1 and

66.3 mF cm-2 at 10 mV s-1, which are higher than

25 mF cm-2 at 5 mV s-1 for PANI/graphite oxide com-

posites and 64.6 mF cm-2 at 10 mV s-1 for TiO2@PPy

nanowires reported previously [38, 51]. However, as the

further increases of CV scan rate, the gap of areal capac-

itance among the four types of composite films shows an

obvious trend of decrease. When the scan rate rises to 500

as far as 1000 mV s-1, the areal capacitance is nearly

independent with the deposition time, nevertheless, GO/

PEDOT-10 shows the relatively highest capacitance value,

while GO/PEDOT-40 exhibits the relatively lowest

capacitance value. These results can be attributed to the

following reasons: (1) At the slow CV scan rate, the ions

from the electrolyte have sufficient time to diffuse into the

composite films, so the electroactive materials on the

electrode can be used adequately, and then more active

materials would result in larger areal capacitance. (2) As

Fig. 3 SEM images of GO/PEDOT composite films with different deposition time. The insets in the upper right are the corresponding SEM

images at high magnification

Fig. 4 Areal capacitance versus CV scan rate plots for GO/PEDOT

composite films electrodes with different deposition time
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the increase of scan rate, the ions from electrolyte have no

enough time to diffuse, leading to only part of active

materials can be utilized, in addition, thicker films would

result in larger diffusion resistance of electrolyte ions and

increase electron transport resistance, so the gap of areal

capacitance among the four types of composite films

gradually decreases. Especially, when the scan rate became

faster than 500 mV s-1, the only few active materials was

used in the scan, so all the electrodes of varying deposition

time exhibit the similar capacitance value. (3) Combining

with the SEM characterization results, longer deposition

time exhibits the morphology of larger aggregation size for

curly sheets, which leads to smaller electrochemical sur-

face and also not facilitate the diffuse of ions from elec-

trolyte within the composite films, so the GO/PEDOT-40

shows the relatively lowest capacitance value at the fast

CV scan although it has the most electroactive materials.

In order to further investigate the effect of deposition

time on the capacitive behavior for the composite films,

the GCD tests were performed. Figure 5 shows the GCD

curves of supercapacitor cells assembled by four types of

GO/PEDOT composite electrodes at different current

densities including 0.5, 2, and 5 mA cm-2, and the cor-

responding discharge time and areal capacitance obtained

from the GCD curves are listed in Table 1. In accordance

with the CV tests, the discharge time increases as the

adding of deposition time at the relatively low GCD

current densities including 0.5 and 2 mA cm-2, GO/

PEDOT-40 exhibits the highest areal capacitance, never-

theless, when the GCD current density increases to

5 mA cm-2, GO/PEDOT-30 and GO/PEDOT-40 remain

show the far higher areal capacitance than those of GO/

PEDOT-10 and GO/PEDOT-20, but it is interesting that

GO/PEDOT-30 reveals the longer discharge time and

corresponding areal capacitance than those of GO/

PEDOT-40, and then GO/PEDOT-30 composite films

show the maximum capacitance of 50 mF cm-2 at

5 mA cm-2. The GCD test results indicate the composite

films prepared with moderate deposition time is more

suitable for the fast charge/discharge, because short

deposition time would lead to fewer electroactive mate-

rials loaded on the electrodes, while too long deposition

time would cause too thick films which not facilitate the

diffuse of ions from electrolyte within the composite films

in the process of rapid charge/discharge.

To achieve further insight into the composite electrodes

prepared with varying deposition time, EIS was performed

and their Nyquist plots are shown in Fig. 6a. The impe-

dance plots of four types of electrodes are featured by a

vertical trend at low frequencies, which indicates the

capacitive behavior according to the equivalent circuit

theory [52], a semicircle at high frequency is not observed

for the two types of electrodes, which is attributed to the

low interfacial charge-transfer resistance [40]. Another

important parameter can be obtained at higher frequencies

is the knee frequency (fknee), beyond which the capacitive

behavior is replaced by the more inclined diffusion line,

and higher knee frequency means faster charge transfer

rates and lower diffusion impedance [52]. The fknee is

determined by the crossing of Warburg-type line (inclined

45�) and low-frequency vertical line, it can be observed

from the inset of Fig. 6a that knee frequencies of the four

types of composite films in numerical order are GO/

PEDOT-10[GO/PEDOT-20[GO/PEDOT-30[GO/

PEDOT-40, indicating thinner films possess faster charge

transfer rates as a result of lower diffusion resistance of

ions from electrolyte. The results manifest too much

electroactive materials would result in larger diffusion

resistance of electrolyte ions and increase electron trans-

port resistance with the increase of loading amount, which

are unfavourable for the rapid charge/discharge. Figure 6b

presents the conversion capacitance obtained from EIS.

Fig. 5 GCD curves of the super capacitor cells assembled by GO/

PEDOT composite films electrodes with different deposition time at

different GCD current densities
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The areal capacitance values of single composite films

electrode can be obatined from the following Eq. (3) [53]:

CS ¼ �1=ðpSfZ00Þ ð3Þ

Thereinto, CS is the areal capacitance in F cm-2, f the

frequency in Hz, Z00 the imaginary part of EIS in X, and S

the geometric surface area of active materials on single

electrode (1 cm2 in this study). It can be seen from Fig. 6b

that the areal capacitance increases as the adding of depo-

sition time at the low-frequency region (0.01–0.1 Hz), With

the frequency increases, GO/PEDOT-40 no longer exhibits

the maximum capacitance, even GO/PEDOT-10 exhibits the

relatively higher capacitance at the frequency range from 10

to 1 kHz. Compared with GO/PEDOT-40, we can also find

that GO/PEDOT-30 films only have a lower capacitance at

the low-frequency region, GO/PEDOT-30 shows the higher

capacitance across the whole frequency range beyond

0.1 Hz. These results originated from the EIS characteriza-

tion are in accord with the CV and GCD results.

3.4 Ragone plot and cyclic stability

The areal energy and power density are usually used for

evaluating thin film micro-batteries because it has no

dependence for the comparison on the choice of other

components including protective package and substrates

[54]. The areal energy density and power density of the

single composite films electrode can be obtained with the

following Eqs. (4) and (5), respectively [38].

E ¼
1
2
CSDV2

3600
ð4Þ

P ¼ 3600E

t
ð5Þ

Thereinto, E is the areal energy density in Wh cm-2, CS

the areal capacitance in F cm-2, DV the potential window

(excluding iR drop) in V, P the areal power density in

W cm-2 and t the discharge time in s. Since the GO/

PEDOT-30 composite films electrodes with moderate

deposition time show better performance for the fast

charge/discharge, a Ragone plot of GO/PEDOT-30 elec-

trode (Fig. 7a) is made according to the above Eqs. (4) and

(5). We can see that the whole curves show a gradually

smooth trend with the increase of GCD current density,

indicating a superior rate capability. Furthermore, the GO/

PEDOT composite films show an energy density of

12.2 lWh cm-2 at a power density of 197.6 lW cm-2,

while it maintains 4.47 lWh cm-2 at 3497 lW cm-2,

Table 1 Discharge time and the corresponding areal capacitance obtained from the GCD curves at varying current densities for the superca-

pacitor cells assembled by GO/PEDOT composite films electrodes with different deposition time

Electrode Discharge time at

0.5 mA cm-2/s

Areal capacitance at

0.5 mA cm-2/

mF cm-2

Discharge time

at 2 mA cm-2
Areal capacitance at

2 mA cm-2/mF cm-2
Discharge time

at 5 mA cm-2
Areal capacitance at

5 mA cm-2/mF cm-2

GO/PEDOT-10 25.1 25.1 4.4 17.6 1.5 15

GO/PEDOT-20 36.3 36.3 7.9 31.6 2.4 24

GO/PEDOT-30 72.5 72.5 13.2 52.8 5.0 50

GO/PEDOT-40 83.8 83.8 16.8 67.2 4.6 46

Fig. 6 a Nyquist plots of the super capacitor cells assembled by GO/PEDOT composite films electrodes with different deposition time, inset is

the EIS in high-frequency region; b the relationship of areal capacitance with frequency for the four types of electrodes
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showing higher energy density and power density than

those of the conducting polymers reported previously [38].

The cycle life is a crucial performance for the practical

application of supercapacitor electrodes, the stability of the

cells assembled by GO/PEDOT-30 composite films elec-

trodes was evaluated using CV cycles at a scan rate of

100 mV s-1, and an 20,000 cycles was performed. Fig-

ure 7b illustrates the results of the stability test, we can

observe that the cycle tests for GO/PEDOT cause an

increase in the capacitance up to 5000 cycles. It is possibly

attributed to the surface wetting of the electrode caused by

the cycle measurement [55, 56], which derives from the

large electrochemical surface area of GO, leading to more

available electroactive surface area with the cycles, and

what’s more, the GO/PEDOT films retain 96.6 % of the

initial capacitance after 10,000 cycles, as well as persisting

90.1 % for 20,000 cycles, highlighting the ultralong elec-

trochemical stability of the composite materials. It is well

known that conducting polymer usually suffers from a poor

cyclic stability owing to the degradation caused by the

swelling and shrinking of CPs [28, 57]. We consider that

the improved stability can be ascribed to the robust support

of GO nanosheets for the PEDOT, enhancing the

mechanical strength of the composites and preventing the

PEDOT from swelling and shrinking for the long cycles.

In general, the superior capacitive behavior and the

ultralong cycle life shown by GO/PEDOT composite films

can be attributed to the following reasons: (1) PEDOT-

coated GO sheets form layer-within/on-layer intercalated

composite nanostructures and the synergic effect between

them. (2) The coatings of PEDOT on GO sheets prevent

them from aggregating, leading to the improved electrical

double-layer capacitance; (3) The composite films combine

the advantages of EDLCs and redox supercapacitors orig-

inated from GO and PEDOT.

4 Conclusions

We have prepared the GO/PEDOT composite films elec-

trodes with a facile and feasible electrochemical poly-

merization method. The obtained GO/PEDOT composites

exhibited superior electrochemical properties and ultralong

cycle life, achieving a high areal capacitance of

66.3 mF cm-2 at 10 mV s-1 CV scan and maintaining the

90.1 % of original capacitance after 20,000 CV cycles,

which can be ascribed to the intercalated nanostructures

and the synergistic effects between them. The loading

amount of the composites on the electrodes could be easily

tuned by changing the deposition time and the varying

deposition time have a significant effect on their capacitive

behavior, moderate deposition time is more suitable for the

rapid charge/discharge. This facile and effective approach

for the preparation of GO/PEDOT composite electrodes is

very promising to be used for the high-performance elec-

trochemical capacitors and can be easily transferred to

conductive flexible substrate for future flexible devices.
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