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ABSTRACT

We report on a strategy to enhance electrochemical capacitive properties of the

graphene oxide–poly(3,4-ethylenedioxythiophene) (GO-PEDOT) composites.

The basic idea is to convert GO to carboxylated GO (CGO) via carboxylation

treatment. Composite electrodes of CGO-doped PEDOT (CGO-PEDOT) are fab-

ricated by in situ electrochemical polymerization, which make adequate use of

oxygenated groups on the basal plane of CGO to combine with PEDOT for

enhanced supercapacitive properties. During carboxylation, hydroxyl and epox-

ide groups on GO are converted to carboxyl groups, as characterized by X-ray

photoelectron spectroscopy and Fourier transform infrared spectroscopy. Elec-

trochemical measurements show that CGO-PEDOT electrodes have boosted

supercapacitive performances as compared to GO-PEDOT. In CGO nanosheets,

the edges and basal planes are both covered with carboxyl groups, providing more

active sites for combination with PEDOT coating, in contrast to GO nanosheets

that only use edged carboxyl groups. The as-prepared CGO-PEDOT composite

electrodes exhibit superior rate capability, high areal specific capacitance (90.9

mF cm-2 at 10 mV s-1), and excellent cycling stability (retaining 99.6% of initial

capacitance for 5000 cycles). This work is anticipated to stimulate further research

interest for CGO-based composite electrodes in electrochemical energy storage.

Introduction

Graphene is a two-dimensional nanomaterial of one-

atom-thick carbon. Since the discovery in 2004, gra-

phene has been widely investigated in a diversity of

technological applications including nanoelectronics,

sensors, bioelectrodes, touch control display, and

electrochemical energy storage due to its outstanding

properties [1–5]. As a class of energy storage devices,

supercapacitors (SCs) have received significant
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attention. They have greater power density and

longer cycling stability than secondary batteries, as

well as higher energy density than conventional

capacitors. SCs are anticipated for applications in

wearable electronics, electric and hybrid vehicles,

and energy harvesting [6–8]. Among various elec-

trode materials used for SCs, graphene has become

the most promising owing to its high specific surface

area, superb chemical stability, ideal electrical con-

ductivity, and good mechanical strength [9, 10].

Graphene oxide (GO) possesses abundant oxygen-

containing functional groups on their basal planes

and edges: epoxide, hydroxyl, carbonyl, and carboxyl

groups. GO as a single sheet of graphite oxide has

large specific surface area and high water compati-

bility [11, 12]. It can be directly prepared in large

quantities from graphite and has emerged as the

most common starting material for graphene-based

applications. GO is promising for use in composites

with other materials, and its tunable oxygen-con-

taining functional groups benefit surface modifica-

tion [13, 14]. Among p-conjugated conducting

polymers (CPs), PEDOT has been extensively studied

as supercapacitor electrode materials because of high

electrical conductivity, fast charge/discharge kinet-

ics, wide potential window, and environmental

compatibility [15]. However, a drawback of poor

cycle life restricts its application in supercapacitors.

Charge storage in PEDOT is realized by fast doping/

dedoping of counter anions into polymer chains,

while swelling and shrinkage take place, causing

considerable volume changes in charging/discharg-

ing. The volume change eventually results in elec-

trode degradation during cycling [16, 17]. To

overcome this, hybrid electrode materials have been

explored by compositing PEDOT with mechanically

strong carbon materials, which provide extra

mechanical support and allow space for volume

swelling and shrinkage [18, 19].

Recently, much attention has been paid for the GO-

PEDOT composites as supercapacitor electrode

materials. In the studies [20–25], GO-PEDOT com-

posites show acceptable electrical conductivity

despite the fact that GO is insulating, which is

probably caused by p–p interaction between thio-

phene rings and GO layers. The composites have

prolonged cycle life. Hydrophilic GO also increases

wettability of the composites, promoting their per-

formances in aqueous electrolytes. To date, GO-

PEDOT composites were primarily prepared by

in situ electrochemical polymerization, in which

electroactive substances can directly grow on the

current collector without mixing with binders and

additives. During electropolymerization of PEDOT,

negatively charged GO acts not only as a weak elec-

trolyte, but also as a charge-balancing dopant.

Thereinto, the anionic nature of GO mainly originates

from ionization of carboxyl groups. In other words,

carboxyl groups on GO nanosheets provide active

sites for PEDOT nucleation. However, GO has

quantities of hydroxyl and epoxy groups at the basal

planes, in addition to lesser carboxyl groups on edges

of nanosheets [26]. Therefore, the fact that GO-

PEDOT composites only utilize edged carboxyl

groups to bind PEDOT leaves the ample oxygenated

groups on the basal planes intact. This also means

that polymerized PEDOT aggregates on the edges of

GO rather than being dispersed on the basal planes,

as illustrated in Fig. 1. To make full use of oxygen-

containing sites on the basal planes of GO sheets and

to load more PEDOT, we put forward a strategy of

converting hydroxyl and epoxy groups on the basal

planes of GO to carboxyl groups via carboxylation

treatment.

In this contribution, we allow GO to suffer from

carboxylation and obtain carboxylated GO (CGO),

that is, all-round carboxyl-covered graphene sheets

with edged and basal oxygen-containing sites. CGO

offers more and dispersed active sites for PEDOT

polymerization, which facilitate the formation of a

stable, uniform, and orderly composite. CGO-PEDOT

and GO-PEDOT composites were fabricated by

in situ electrochemical polymerization. Their com-

positions and morphologies were characterized by

Fourier transform infrared spectroscopy (FTIR),

X-ray diffraction (XRD), energy-dispersive X-ray

spectroscopy (EDS), scanning electron microscope

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

Electrochemical capacitive properties were investi-

gated and compared using cyclic voltammetry (CV),

galvanostatic charge/discharge (GCD) tests, and

electrochemical impedance spectroscopy (EIS). The

results show that CGO-PEDOT electrodes have

boosted supercapacitive performances with respect

to GO-PEDOT.
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Experimental section

Preparations of GO and CGO

As shown in Fig. 1, GO was obtained from graphite

powder on the basis of a modified Hummers method

[27, 28]. Briefly, 3.0 g of graphite powder, 2.5 g of

K2S2O8, and 2.5 g of P2O5 were added into 12 mL

concentrated H2SO4 and then kept at 80 �C for 4.5 h.

The product was dried in air at ambient temperature

overnight, after being washed with deionized water

until pH neutral. Pretreated graphite powder was put

into 0 �C concentrated H2SO4 (120 mL). Then, 15 g of

KMnO4 was added gradually under stirring, and the

temperature of the mixture was kept to be below

20 �C by cooling. Successively, the mixture was stir-

red at 35 �C for 2 h, and then diluted with deionized

water (DW). After that, 20 mL of 30% H2O2 was

added to the mixture, and filtered and washed with

1:10 HCl to remove metal ions followed by DW to

remove the acid. The resulting solid was dried in air

and diluted to make a graphite oxide dispersion.

Finally, it was purified by dialysis for 1 week to

remove the remaining metal species. Exfoliation was

performed by sonicating graphite oxide dispersion

under ambient condition for 20 min. CGO was pre-

pared from GO through reacting with chloroacetic

acid under strong alkaline condition according to

procedure reported previously [29]. Specifically,

50 mL of GO aqueous suspension with concentration

of 2.0 mg mL-1 was bath sonicated for 30 min to

obtain a clear solution. Then 6.0 g of NaOH and 5.0 g

of chloroacetic acid were added into the GO sus-

pension under stirring and ultrasonication. After

that, the mixture reacted by bath sonication for 3 h to

obtain CGO. The CGO suspension was neutralized,

and purified by repeated rinse with DW and filtration

to remove excess reactant, followed by drying at

50 �C in vacuum oven for 24 h.

Fabrication of electrodes

CGO-PEDOT and GO-PEDOT electrodes were pre-

pared via in situ electrochemical polymerization in

an aqueous deposition bath containing 0.01 M EDOT

monomer and 2 mg mL-1 CGO or GO, respectively.

Prior to use, the deposition bath was dispersed ade-

quately under ultrasonication. A typical three-elec-

trode cell, equipped with a graphite foil with

1 cm 9 1 cm of conductive area that serves as the

working electrode, a platinum foil counter electrode,

and a saturated calomel reference electrode (SCE),

was used for electropolymerization, which was car-

ried out with a constant low current density of

1 mA cm-2 for 30 min. As-prepared electrodes were

rinsed with DW to remove monomer and oligomer

Figure 1 Schematic of the preparation procedures of GO, CGO, GO-PEDOT, and CGO-PEDOT.
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residues. For comparison, PEDOT electrodes were

fabricated with the same procedure in an aqueous

bath containing 0.01 M EDOT monomer and 0.01 M

sodium dodecyl benzene sulfonate. The mass and

thickness of deposits were determined by measuring

the discrepancy of graphite foil before and after

loading of electroactive substances, using a Mettler-

Toledo microbalance with an accuracy of 10 lg and a

Syntek thickness gauge with an accuracy of 1 lm,

respectively.

Material characterizations

UV–Vis absorption spectra were recorded with

Hitachi U-3900 spectrophotometer using quartz

cuvette with 1-cm optical path. Water contact angle

was measured by a Krüss DSA 100 drop shape ana-

lyzer. XPS was recorded using Thermo ESCALAB

250 X-ray photoelectron spectrometer. The XPS

spectra were fitted by XPS Peak software, and

Gaussian curves were fitted to the measured data.

FTIR spectra and XRD patterns were acquired with

Bruker Tensor 27 FTIR spectrometer and Rigaku

Ultima IV X-ray diffractometer, respectively. Mor-

phologies of electrode materials were examined by a

JEOL JSM-6701F field emission SEM and a high-res-

olution JEOL JEM-2100 TEM. EDS patterns were

obtained using a Hitachi S-4800 SEM equipped with

an X-ray energy-dispersive spectrometer. For FTIR,

XRD, and TEM characterizations, samples were

scraped from deposit coated conducting glasses to

avoid scraping off graphite.

Electrochemical measurements

Electrochemical capacitive properties of the elec-

trodes were measured with a two-electrode cell,

constructed by assembling two pieces of identical

electrodes with a sandwiched filter paper soaked

with 1.0 M KCl aqueous electrolyte as the separator.

CV, GCD, and EIS measurements were conducted on

a Chenhua CHI 660E electrochemical workstation.

EIS were performed with a sinusoidal signal of 5 mV

referring to the open-circuit potential, over the fre-

quency range from 100 kHz to 0.01 Hz.

Results and discussion

Characterizations

Figure 2a shows the UV–Vis spectra of GO and CGO.

Both samples present a strong characteristic peak at

230 nm due to p–p* transition of aromatic C–C bonds,

as well as a shoulder peak at 300 nm caused by n-p*

transition of C=O bonds [30]. The inset of Fig. 2a

indicates that CGO (40.7�) has a smaller contact angle

than GO (56.2�). It is thus favorable for the access of

electrolyte in CGO-based electrode materials, owing

to better hydrophilicity. Figure 2b shows homoge-

nous brown–yellow GO and black CGO colloidal

dispersion in DW, respectively. Both exhibit Tyndall

effect as compared to DW, which facilitates the

preparation of GO or CGO composites with PEDOT

in homogenous colloidal deposition bath via elec-

trochemical polymerization. Color change from GO

to CGO also leads to an increase in UV–Vis absor-

bance (Fig. 2a). This is attributed to the restoration of

electronic conjugation within graphene plane, due to

the opening of epoxide rings and hydrolysis of esters

on GO during carboxylation [31].

Figure 2c shows the high-resolution C 1s XPS

spectra of GO and CGO. Both are deconvoluted into

five peaks at 284.4, 285, 286.6, 287.1, and 288.5 eV,

corresponding to C=C bonds formed by sp2 carbon,

C–C bonds formed by sp3 carbon, C–O, C=O, and O–

C=O, respectively. Based on peak area, the propor-

tion of C–O in various C species for GO and CGO are

calculated to decrease from 43.6 to 29.2%, while that

of O–C=O increases from 8.5 to 14.0%. These num-

bers indicate that hydroxyl and epoxide groups on

the basal plane of GO were partially converted into

carboxyl group through carboxylation.

FTIR spectra of GO, CGO, PEDOT, GO-PEDOT,

and CGO-PEDOT are presented in Fig. 3a. For GO,

main bands (and assignments) are as follows [32–34]:

C=O stretching at 1729 cm-1, aromatic C=C stretch-

ing or absorbed water at 1620 cm-1, O–H deforma-

tion at 1398 cm-1, C–OH stretching at 1227 cm-1, and

C–O stretching of alkoxy group at 1060 cm-1. The

vibration at 852 cm-1 is attributed to epoxide group.

The spectrum of CGO shows the same set of peaks,

indicating that it contains the same functional groups

as GO. Nevertheless, compared to GO, the C=O

stretching of carboxyl group at 1729 cm-1 for CGO is

strengthened, while peaks at 1227 originating from

C–OH and 852 cm-1 ascribed to C–O–C group are
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weakened. These differences further suggest that

hydroxyl and epoxide groups in GO were partially

transformed into carboxyl groups through

carboxylation.

For PEDOT, vibration peaks at 1348 and 1518 cm-1

are due to C–C and C=C stretching in thiophene ring,

respectively. Absorptions at 1056, 1088, 1144, and

1201 cm-1 are attributed to stretching in ethylene-

dioxy ring, the peak at 926 cm-1 is associated to

deformation of ethylenedioxy ring, and peaks at 691,

838, and 980 cm-1 are due to C–S bond in thiophene

ring [35, 36]. These peaks are also observed in the

GO-PEDOT and CGO-PEDOT composites, confirm-

ing the presence of PEDOT in the composites. How-

ever, using PEDOT as reference, the difference for

GO-PEDOT and CGO-PEDOT composites is that

absorption peak at 1348 cm-1 (due to C–C stretching

of thiophene ring of PEDOT) is downshifted to

1329 cm-1. This shift is associated to p–p interaction

and hydrogen bonding between thiophene rings of

PEDOT and GO or CGO nanosheet layers, as well as

electrostatic interaction between cationic PEDOT and

anionic GO or CGO [23]. In the two types of com-

posites, unobvious detection for peaks of GO and

CGO is probably because their information overlaps

with that of PEDOT coating, or becomes too weak

relative to that of PEDOT [37].

GO, CGO, PEDOT, GO-PEDOT, and CGO-PEDOT

composites were further characterized by XRD. As

shown in Fig. 3b, pristine graphite has an intense

sharp peak at 2h = 26.6�, the interlayer distance (d-

spacing) of which is calculated to be 0.335 nm using

the Bragg equation. In contrast, GO and CGO show

sharp peaks at 2h = 11.4� and 11.8�, respectively,

corresponding to d-spacings of 0.78 and 0.75 nm. The

d-spacing of GO nanosheets slightly decreases owing

to carboxylation treatment. Compared to graphite,

enlarged d-spacing for GO and CGO is ascribed to the

introduction of oxygenated functional groups and

intercalated water molecules between layers [38]. For

PEDOT, a broad diffraction peak is present at

2h = 26.0�, indicative of amorphous nature [39]. The

same peak at 2h = 26.0� is observed in both GO-

PEDOT and CGO-PEDOT composites. The

Figure 2 a UV–Vis spectra of 0.01 mg mL-1 GO and CGO

aqueous suspension. The inset shows water contact angle of GO

and CGO films spread evenly on glass. b Tyndall scattering effect

of 1 mg mL-1 of GO and CGO dispersed in deionized water.

c The C 1s XPS spectra of GO and CGO.

5220 J Mater Sci (2018) 53:5216–5228



disappearance of peaks associated to GO or CGO is

probably related to complete coating of PEDOT

between layered GO or CGO nanosheets, which

results in increasing d-spacing [40].

Surface morphology of electroactive materials has a

large effect on their electrochemical properties. Fig-

ure 4a shows the SEM images of PEDOT, GO-

PEDOT, and CGO-PEDOT. Their mass per unit area

is measured to be 1.25, 1.20, and 1.18 mg cm-2, and

their thickness is 16, 20, and 21 lm, respectively.

PEDOT contains numerous dense particles that

aggregate into cauliflower-like morphology of a few

micrometers in diameter. The compact microstruc-

ture is unfavorable for the access of electrolyte. In

contrast, GO-PEDOT composite shows distinctly

different morphology after GO is incorporated into

PEDOT matrix. Curly morphology of two-dimen-

sional GO nanosheets that interconnect with each

other is observed clearly, and compact structures of

PEDOT disappear. This is because PEDOT as coating

covers GO nanosheets during electropolymerization,

and GO sheets, due to their large surface area, lead to

dispersed distribution of PEDOT. Such loose and

dispersed structures can shorten the diffusion path of

electrolyte, as well as increase the contact between

electrolyte and PEDOT with high pseudocapacitance,

thereby facilitating the utilization of more PEDOT for

charge storage. CGO-PEDOT composite has similar

morphology with GO-PEDOT, that is, PEDOT coat-

ing is dispersedly distributed on CGO sheets. The

difference is that curly sheet-like morphology of

CGO-PEDOT becomes not so obvious relative to that

of GO-PEDOT, which is ascribed to the fact that more

PEDOT is introduced as coating, covering the curly

morphology of CGO nanosheets.

EDS characterizations were performed to determi-

nate elementary composition of the composites. As

listed in Fig. 4b, CGO-PEDOT has an increased C/O

atom ratio, owing to the introduction of more

PEDOT. Atom amount of S originating from PEDOT

increases from 2.87% for GO-PEDOT to 4.32% for

CGO-PEDOT. Figure 4c shows the TEM images,

revealing morphological details for the as-prepared

composites. Compared to GO-PEDOT, CGO-PEDOT

has more dark area on its nanosheets due to more

PEDOT coating. Although both of them exhibit

Figure 3 a FTIR spectra of GO, CGO, PEDOT, GO-PEDOT, and CGO-PEDOT. b XRD patterns of CGO-PEDOT, GO-PEDOT, PEDOT,

CGO, GO, and graphite.
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wrinkled paper-like structures, GO-PEDOT has

obvious curly edges with respect to CGO-PEDOT. In

line with SEM and EDS, this is because more PEDOT

coating is introduced in CGO-PEDOT composite,

which smoothens the curly edges.

Electrochemical properties

Figure 5a shows the CV curves at the scan rate of

10 mV s-1 for PEDOT, GO-PEDOT, and CGO-

PEDOT electrodes. CV curve of PEDOT electrodes

deviates from rectangle, indicative of unsatisfactory

supercapacitive nature. In contrast, both GO-PEDOT

and CGO-PEDOT electrodes show rectangular shape,

and in particular the curve for CGO-PEDOT

electrodes is nearly perfect. Furthermore, the rectan-

gular CV curves have symmetric I–E responses up to

100 mV s-1 (Fig. 5b), and the current density increa-

ses persistently at higher scan rate, demonstrating

that CGO-PEDOT electrodes have superior rate

capability, a key specification for supercapacitors.

Electrochemical capacitive properties of electrodes

may be assessed based on areal specific capacitance, a

better performance indicator when supercapacitors

are used for small-scale electronics and energy stor-

age of stationary devices [41–43]. Areal specific

capacitance (CS) in F cm-2 of electrodes is calculated

from the CV curves by the following equation:

CS ¼
Z

IdV

� �
=ðS� DV � vÞ; ð1Þ

Figure 4 a SEM images of PEDOT, GO-PEDOT, and CGO-PEDOT composites. b EDS patterns of GO-PEDOT and CGO-PEDOT.

c TEM images of GO-PEDOT and CGO-PEDOT.
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where $ I dV represents the integrated area of the CV

curve; S is the geometric surface area of electrode in

cm2; DV the scanning potential window in V; and

v the scan rate in V s-1. Figure 5c shows that CGO-

PEDOT electrodes have the highest specific capaci-

tance at all scan rates, while PEDOT electrodes have

the lowest. CGO-PEDOT electrodes achieve a specific

capacitance of 90.9 mF cm-2 at 10 mV s-1, which is

20.2 and 53.8% higher than those for GO-PEDOT

(75.6 mF cm-2) and PEDOT (59.1 mF cm-2), respec-

tively. Compared to PEDOT, the promoted superca-

pacitive performance for GO-PEDOT and CGO-

PEDOT can be attributed to three factors: (1) The

introduction of GO and CGO nanosheets increases

the specific surface area of electrodes; (2) unlike the

aggregated morphology of pure PEDOT, GO, and

CGO nanosheets improve the dispersion of PEDOT

as coating, allowing more PEDOT to be utilized for

electrochemical energy storage; (3) hydrophilic GO

and CGO nanosheets boost the wettability of com-

posite electrodes, enabling aqueous electrolyte to

access easily. Compared with GO-PEDOT, the

enhanced capacitive performance for CGO-PEDOT is

related to more polymerized PEDOT and dispersed

distribution.

Supercapacitive performances of GO-PEDOT and

CGO-PEDOT composites were further compared by

GCD tests. Figure 6a shows the GCD curves at

0.2 mA cm-2 for the two types of PEDOT composite

electrodes. Both curves exhibit triangle shape, and yet

CGO-PEDOT electrodes have longer discharge time.

The ratio of discharge time (td) to charge time (tc) is

defined as the columbic efficiency (g). The g at

0.2 mA cm-2 for CGO-PEDOT electrodes is 97.0%,

which is higher than 95.7% for GO-PEDOT elec-

trodes. Figure 6b shows the GCD curves at higher

current densities. The CGO-PEDOT electrodes have

lower IR drop relative to GO-PEDOT electrodes,

indicating that supercapacitor cell assembled with

CGO-PEDOT electrodes has a smaller internal resis-

tance. This is important for energy-storing devices,

because it will save energy by decreasing the pro-

duction of unwanted heat during charging/dis-

charging [44].

The CS (F cm-2) of electrodes can be obtained

according to GCD curves through Eq. (2):

CS ¼ ð2 � I � tÞ=ðS� DVÞ; ð2Þ

here I (A) is the discharge current, t (s) the discharge

time, S (cm-2) the geometric surface area of electrode,

and DV (V) the potential window tested. In line with

the CV results, Fig. 6c suggests that CGO-PEDOT

Figure 5 a CV curves at the scan rate of 10 mV s-1 for PEDOT,

GO-PEDOT, and CGO-PEDOT composite electrodes. b CV

curves at the scan rate ranging from 20 to 100 mV s-1 for CGO-

PEDOT composite electrode. c Relationship of areal specific

capacitance with CV scan rate for PEDOT, GO-PEDOT, and

CGO-PEDOT electrodes.

J Mater Sci (2018) 53:5216–5228 5223



electrodes have higher CS than GO-PEDOT electrodes

at current densities ranging from 0.2 to 5 mA cm-2.

Thereinto, CGO-PEDOT electrodes deliver a high

specific capacitance of 94.4 mF cm-2 at 0.2 mA cm-2,

which is to be compared to those of recently reported

CP-based electrode materials: 77.0 mF cm-2 at

1 mA cm-2 for polyoxometalate (POM)-doped PPy

nanopillar [45], 40.0 mF cm-2 at 0.45 mA cm-2 for

H-TiO2/Prussian blue/PEDOT [46], 43.75 mF cm-2

at 0.2 mA cm-2 for rGO/PEDOT [47], 67.2 mF cm-2

at 0.05 mA cm-2 for 3D porous graphene/PANI

composite [48], and 6.3 mF cm-2 at 0.16 mA cm-2 for

graphite oxide/PANI composite [49]. In addition, the

CS of CGO-PEDOT electrodes shows a smoother

decline compared to GO-PEDOT electrodes with the

increase in GCD current density. When the current

density is increased from 0.2 to 5.0 mA cm-2, CGO-

PEDOT electrodes retain 59.9% of initial capacitance,

while GO-PEDOT electrodes only maintain 39.4%,

indicating that the rate capability is remarkably

boosted after carboxylation of GO.

To further confirm the advantages of CGO-PEDOT

composite over GO-PEDOT composite as electrode

material for supercapacitors, electrochemical prop-

erties were characterized by EIS measurements. Fig-

ure 7a shows the EIS complex plane plots of CGO-

PEDOT and GO-PEDOT electrodes. Capacitive char-

acter is observed for both types of electrodes, because

both of them display a vertical trend for impedance

plots at low frequencies [50]. The difference is that

the straight line of CGO-PEDOT in low-frequency

region leans more toward the imaginary axis, indi-

cating better capacitive behavior as compared to GO-

PEDOT. Equivalent series resistance (ESR), a key

specification to electrochemical energy-storing devi-

ces, can be determined by the intercept at x axis in EIS

complex plane plots. It is associated with the elec-

trolyte solution resistance, intrinsic resistance of

active materials, and interfacial contact resistance

between active materials and current collectors [51].

The inset of Fig. 7a shows that CGO-PEDOT elec-

trodes have smaller ESR.

Knee frequency (fknee) is the maximum frequency

at which predominant capacitive behavior is main-

tained, determined by the crossing of Warburg-type

line (inclined 45�) and low-frequency vertical line.

We can see from the inset of Fig. 7a that CGO-PEDOT

has higher fknee (2.6 Hz) than GO-PEDOT (1.2 Hz),

indicating that CGO-PEDOT electrodes have faster

charge transfer and ion diffusion of electrolyte

[52, 53]. Further, the CS (F cm-2) can be obtained

from EIS plots, which is calculated from Eq. (3):

CS ¼ �1= pSfZ00ð Þ ð3Þ

Figure 6 GCD curves at current density of a 0.2 and b 1.0, 2.0,

and 5.0 mA cm-2. Shown in c are plots of specific capacitance vs.

GCD current density for GO-PEDOT and CGO-PEDOT

electrodes.
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where S is the geometric surface area of electrode,

f the scanning frequency in Hz, and Z’’ the imaginary

part of EIS plots in X. In line with CV and GCD

results, the CGO-PEDOT electrodes exhibit larger

specific capacitance in the whole frequency region

(Fig. 7b). The enhanced supercapacitive properties

for CGO-PEDOT composite are due to the fact that

more PEDOT with superior pseudocapacitive prop-

erties is introduced into the composite, and PEDOT is

more dispersedly distributed on CGO nanosheets.

Ragone plot and cycling stability

Energy density and power density of electrodes are

two key metrics for their performances. Areal specific

energy density (E in Wh cm-2) and power density (P

in W cm-2) of CGO-PEDOT and GO-PEDOT elec-

trodes depicted in the Ragone plots (Fig. 8a) are cal-

culated according to Eqs. (4) and (5), respectively

[49, 54].

E ¼
1
2CSDV2

3600
ð4Þ

P ¼ 3600E

t
ð5Þ

where CS is the areal specific capacitance in F cm-2,

DV the potential window excluding IR drop in V, and

t the discharge time in s. 3600 is for unit conversion

from second to hour. CGO-PEDOT electrodes have

higher energy and power densities, achieving a

maximum power density of 6.6 mW cm-2 and the

highest energy density of 13.1 lWh cm-2, which are

also higher than those of recently reported CP-based

supercapacitor electrodes, such as PEDOT/GO [23],

PANI/graphite oxide [49], PEDOT/SDS-GO [54], and

PPy-carbon paper [55]. Note that the Ragone plot of

CGO-PEDOT electrodes has a trend of smooth

Figure 7 a EIS complex plane plots of GO-PEDOT and CGO-

PEDOT composite electrodes. The insert shows EIS plots at high

frequencies. b Relationship of specific capacitance with EIS

scanning frequency for GO-PEDOT and CGO-PEDOT electrodes.

Figure 8 a Ragone plots of GO-PEDOT and CGO-PEDOT

electrodes. b Plots of capacitance retention as a function of cycle

number for GO-PEDOT and CGO-PEDOT electrodes. The inset in

b shows CV curves at 50 mV s-1 of CGO-PEDOT electrodes at

cycle 1 and cycle 5000.

J Mater Sci (2018) 53:5216–5228 5225



decline relative to that of GO-PEDOT electrodes,

further indicating superior rate capability of the for-

mer electrodes.

Figure 8b shows the variation of capacitance

retention of CGO-PEDOT and GO-PEDOT electrodes,

suffering from 5000 CV cycles at the scan rate of

50 mV s-1. Stability tests reveal an initial increase in

specific capacitance for the two types of electrodes.

Hydrophilic GO and CGO nanosheets in the com-

posites induce more electroactive surface area with

the surface gradual wetting during cycling tests

[56, 57]. After 5000 cycles, CGO-PEDOT and GO-

PEDOT electrodes retain 99.6 and 95.7% of initial

capacitance, respectively. In particular, CGO-PEDOT

composite retains nearly unchanged CV curves

before and after cycling tests (inset of Fig. 8b),

indicative of excellent cycling stability. The higher

stability for CGO-PEDOT electrodes is associated

with relatively dispersed PEDOT coating. Besides,

better hydrophilicity of CGO improves the wettabil-

ity of composite to electrolyte during cycling.

Conclusions

We have demonstrated herein a composite electrode

material, that is, carboxylated graphene oxide-doped

poly(3,4-ethylenedioxythiophene), or CGO-PEDOT

for short, for boosted electrochemical properties. GO

has suffered from a carboxylation treatment to convert

hydroxyl and epoxy groups on its basal planes of

nanosheets to carboxyl group. CGO provides more

active sites for dispersion and polymerization of

PEDOT, due to more carboxyl groups being dis-

tributed on both edges and basal planes of nanosheets.

The as-prepared CGO-PEDOT composite electrodes

show satisfactory supercapacitive performances, such

as good rate capability, high areal specific capacitance

(90.9 mF cm-2 at 10 mV s-1), and excellent cycling

stability (retaining 99.6% of initial capacitance for 5000

cycles), which make the CGO-PEDOT composite

competitive for high-performance supercapacitor

applications. The present system is anticipated to serve

as a new platform for the development of composite

electrode materials based on CGO-conducting poly-

mers in electrochemical energy storage.
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