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a b s t r a c t

A novel strategy is proposed to obviously enhance the electrochemical capacitive properties of poly-
pyrrole/graphene oxide/carbon nanotubes (PPy/GO/CNT) ternary composite. Here GO is treated by
carboxylation reaction to obtain carboxyl graphene (CG). For comparison, PPy/GO/CNT and PPy/CG/CNT
composites are synthesized with the same one-pot electro-co-deposition. Fourier transform infrared
spectrometry, energy-dispersive X-ray spectroscopy, X-ray diffraction, scanning and transmission elec-
tron microscopy are carried out to characterize the composition and morphology of both composites.
Unlike only utilizing the edged carboxyl groups on GO to combine with PPy coating, the current PPy/CG/
CNT composite makes use of carboxyl groups distributed on basal planes and edges of CG nanosheets to
combine with PPy. Accordingly, electrochemical measurements indicate that the PPy/CG/CNT electrodes
markedly improve the supercapacitive properties compared to PPy/GO/CNT electrodes. The as-prepared
PPy/CG/CNT composite electrodes show a high areal specific capacitance of 196.7mF cm�2 at the current
density of 0.5 mA cm�2 and superior rate capability, as well as achieve 98.1% of capacitance retention
after 5000 CV cycles. The PPy/CG/CNT ternary composite we have developed holds promise for high-
efficiency supercapacitor applications.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Electrochemical capacitors are also known as ultracapacitors or
supercapacitors, because they deliver much larger energy densities
than conventional capacitors. Supercapacitors have triggered
numerous studies owing to their attractive advantages of longer
cycle life and higher power capability than batteries [1,2]. These
characteristics enable their applications in fields such as wearable
electronic devices, hybrid electric vehicles, and digital communi-
cation [3e5]. Supercapacitors can be classified into pseudocapaci-
tors, electric double-layer capacitors (EDLCs), and hybrid
capacitors. The pseudocapacitors involve Faradaic redox process
during charging/discharging, usually using transition metal oxides
and conducting polymers (CPs) as electrode materials. More
strictly, true pseudocapacitors do not include in its constitution
electrodes with a battery-type electrochemical signature. The
EDLCs store energy based on electrostatic charge accumulation at
j.zhai@sxu.edu.cn (H.-J. Zhai).
the electrode-electrolyte interface, and carbon materials are often
utilized as the electrode materials [6,7]. The hybrid supercapacitors
are two-electrode assemblies, wherein one electrode is a battery-
type faradaic electrode, and the other is a capacitive/EDLC elec-
trode material. Generally, pseudocapacitor electrode materials
show high specific energy density, but poor cycle performance;
whereas EDLCs electrode materials have high specific power den-
sity and cycling stability, but relatively low energy density [8,9]. To
combine the advantages of various electrode materials, consider-
able current research efforts are focused on the exploration of
composite electrode materials, aiming for high-efficiency super-
capacitor applications [10e12].

Among pseudocapacitive materials, polypyrrole (PPy), one kind
of CPs, has been extensively investigated as a very promising
electrode material for supercapacitors. It has a number of advan-
tages: large theoretical specific capacitance, lowcost, high electrical
conductivity, and environmental friendliness [13]. However, the
poor cycle life of PPy restricts its further applications, which is
associated with the swelling and shrinkage during charging/dis-
charging, due to the doping/de-doping of counter anions. More-
over, PPy shows a compact morphology owing to its dense growth,
limiting the contact of electrolyte with the interior sites of polymer
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[14,15]. Graphene oxide (GO) with large surface area, possessing
abundant oxygen-containing groups (including epoxide, hydroxyl,
carboxyl groups, and carbonyl), features negative charge surface
and high dispersibility in water [16,17].

In recent years, PPy/GO composites have attracted great interest
due to their enhanced capacitive performances relative to indi-
vidual PPy [18e25], whereas the insulating GO in the composites
still hinder their electrochemical capacitive performances. Chang
et al. therefore electrochemically synthesized PPy/graphene com-
posite by further reduction of GO to improve the supercapacitive
performances of PPy/GO [26]. However, further reduction for GO
led to relatively complicated preparation procedures, and the study
suggested that the electrochemical capacitive properties of PPy/GO
composite were less boosted. We thus developed a method in a
recent work to prepare the PPy/GO/CNT ternary composite by one-
step electrochemical co-deposition [27]. Thereinto, the GO with
anionic nature and carboxyl-functionalized CNT acted as the
counter ions/dopants for the charge balancing of the PPy, and
meanwhile served as charge carriers in deposition bath. Note that
carboxylated CNT still has a high electrical conductivity [28]. As a
consequence, the introduction of CNT obviously enhanced the
electrochemical capacitive properties of PPy/GO composite. Now
the question is: canwe push further along this line? It is known that
GO shows the anionic nature due to its negative charge surface,
which is primarily caused by the ionization of the carboxyl groups
on it. The carboxyl groups therefore serve as the active sites on the
GO nanosheets for PPy polymerization during electrodeposition.
However, apart from plenty of hydroxyl (eOH) and epoxy groups
(CeOeC) on the basal planes, GO sheets only have lesser carboxyl
groups (eCOOH) located at the edges [29]. In other words, GO as
counter anions in the PPy/GO/CNT composite only utilizes the
carboxyl groups located at the edges to combine with PPy, leaving
quantities of oxygen-containing functional groups like eOH and
CeOeC on its basal planes intact. In addition, previous studies
indicated that the presence of anionic micelles improved structural
properties of the resulting conducting polymer coatings [30,31]. For
instance, the robust poly(3,4-ethylenedioxythiophene (PEDOT)-
based films of high charge propagation dynamics were produced by
introducing the carboxylate-containing 4-(pyrrole-1-yl) benzoic
acid (PyBA), and the overall stability was promoted. Therefore, it is
likely to enhance the electrochemical performances of PPy/GO/CNT
composite by introducing more carboxyl groups-containing CG
sheets.

In this study, CG acted as a new dopant to obviously enhance the
supercapacitive performances of PPy based ternary composite, by
making full use of carboxyl groups distributed on basal planes and
edges of CG sheets to combine with more PPy with large pseudo-
capacitance. Herein, CG was obtained from GO through the treat-
ment of carboxylation, during which eOH and CeOeC located at
basal planes of GO sheets were converted to eCOOH. PPy/CG/CNT
and PPy/GO/CNT ternary composite electrodes were fabricated
using the same one-pot electro-co-deposition procedure. Electro-
chemical measurements indicate that PPy/CG/CNT composite has
obviously improved supercapacitive performances relative to PPy/
GO/CNT.

2. Experimental

2.1. Carboxylation of GO and CNTs

As schematically illustrated in Fig. 1, CG was synthesized by
carboxylation of GO, and the latter was prepared by the oxidation of
graphite powder according to a modified Hummers method
[32,33]. For carboxylation of GO [34,35], 50mL of aqueous sus-
pension of GO (2mgmL�1) was adequately ultrasonicated to give a
clear suspension. After that, chloroacetic acid (5.0 g) and NaOH
(6.0 g) were added to the GO aqueous suspension and reacted un-
der ultrasonication for 2 h. The resulting CG suspension was
neutralized, filtered, and washed several times with deionized
water (DW) to remove the excess reactant and dried at 50 �C in
vacuum oven for 24 h. For carboxylation of CNTs, pristine multi-
walled CNTs were pretreated in 3M HNO3 at 140 �C under mag-
netic stirring by refluxing for 72 h. Subsequently, they were trans-
ferred into a mixture of concentrated H2SO4 and HNO3 (volume
ratio 3:1) and functionalized with carboxyl groups in the mixture
under bath-sonication at 40 �C for 2 h. Finally, the resultant
carboxylated CNTs (or CNT-COOH) were rinsed with abundant DW
until the pH reached about 6.0 and dried at 60 �C for 1 day.

2.2. Electrode preparations

PPy/CG/CNT electrodes were prepared through electrochemical
co-deposition in the aqueous deposition bath composed of pyrrole
(0.2M), CG (1.0mgmL�1), and carboxylated CNTs (1.0mgmL�1),
which was adequately dispersed by stirring and ultrasonication
prior to use. Electrodepositionwas performed using a galvanostatic
mode with 1mA cm�2 for 1800 s in the three-electrode system.
Thereinto, graphite papers, whose conductive areas are
1 cm� 1 cm, were used as the electrodeposition substrate, and
saturated calomel electrode (SCE) and Pt sheet were employed as
reference electrode and counter electrode, respectively. For com-
parison, the same electrodeposition procedure was applied to
fabricate PPy/GO/CNT electrodes with the aqueous deposition bath
consisting of pyrrole (0.2M), GO (1.0mgmL�1), and carboxylated
CNTs (1.0mgmL�1). Likewise, PPy/CG and PPy/CNT electrodes were
obtained using aqueous deposition bath containing pyrrole (0.2M)
and CG (2.0mgmL�1) and carboxylated CNTs (2.0mgmL�1),
respectively.

2.3. Physicochemical characterization

UVeVis spectra were acquired by UVeVis spectrophotometer
(U-3900, Hitachi). Water contact angle was tested using a drop
shape analyzer (DSA 100, Krüss). XPS analysis was conducted using
X-ray photoelectron spectrometer (ESCALAB 250Xi, Thermo). FT-IR
spectra and XRD patterns were recorded with FT-IR spectrometer
(Tensor 27, Bruker) and X-ray diffractometer (Ultima IV, Rigaku),
respectively. Morphologies of samples were observed through SEM
(JSM-6701F, JEOL) and TEM (JEM-2100, JEOL). EDS tests were car-
ried out through X-ray energy dispersive spectrometer (S-4800,
Hitachi). Electrochemical measurements (including CV, GCD, and
EIS) of the electrodes were conducted on an electrochemical
workstation (CHI 660E, Chenhua) with symmetric two-electrode
configuration using 1M KCl aqueous electrolyte. EIS were recor-
ded at the open circuit potential with a frequency range from
100 kHz to 0.01 Hz by applying an AC sinusoid signal with 5mV
amplitude.

3. Results and discussion

3.1. Material characterizations

Fig. 2a exhibits that the GO changes from brown yellow to black
for CG. Both of them present Tyndall light scattering, suggesting
that the GO and CG suspensions are homogeneous colloidal
dispersion in DW. Fig. 2b shows UVevis spectra of GO and CG. Both
of them have the characteristic peak at 230 nm and a shoulder peak
at 300 nm, which are attributed to p�p* transition of aromatic CeC
bonds and n�p* transition of C]O bonds, respectively [36]. Note
that the color change from brown yellow GO to black CG results in



Fig. 1. Schematic representation of the preparation process for GO and CG.
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an increase in UVevis absorbance, which is caused by hydrolysis of
esters and opening of epoxide rings on GO by carboxylation treat-
ment [37]. Fig. 2c reveals that the water contact angle of CG is 40.7�,
which is smaller than 56.2� of GO, indicative of better hydrophi-
licity for the former. This is beneficial to the access of electrolyte for
CG based composites. Fig. 3 shows the C 1s XPS spectra of GO and
CG. Five fitting peaks are deconvoluted for both spectra. They are
C]C bond at 284.4 eV, CeC bond at 285 eV, CeO bond at 286.6 eV,
C]O bond at 287.1 eV, and OeC]O bond at 288.5 eV, respectively.
On the basis of the peak area, the calculated proportion of CeO
bonds for GO is 43.6%, while that decreases to 29.2% for CG.
Moreover, the proportion of OeC]O bonds for GO is 8.5%, while
that increases to 14.0% for CG. These values suggest that carboxyl-
ation reaction led to eOH and CeOeC located at the basal plane of
GO nanosheets were partially transformed into eCOOH. Compared
to GO, the all-round carboxyl-covered CG, including basal planes
and edges, shall introduce more and relatively dispersed PPy
coating into the composite during electrodeposition.

Fig. 4a presents the FT�IR spectra for GO, CG, CNT�COOH, PPy,
PPy/GO/CNT, and PPy/CG/CNT. For the spectrum of GO, the char-
acteristic peaks situated at 1729 and 1620 cm�1 are caused by the
C]O stretching and the aromatic C]C stretching or absorbed
water, respectively. Vibrations at 1227 and 1398 cm�1 are caused by
CeOH stretching and OeH deformation, respectively. Peak at
1060 cm�1 is assigned to CeO stretching of alkoxy group, and the
band at 852 cm�1 is ascribed to CeOeC [38,39]. The same charac-
teristic peaks can be seen in the spectrum of CG, suggesting that it
has the same functional groups with GO. However, the difference is
that the peak at 1729 cm�1 ascribed to C]O stretching of carboxyl
group for CG is strengthened in intensity, and meanwhile peaks at
1227 cm�1 attributed to hydroxy groups and 852 cm�1 originating
from epoxy groups are weakened relative to those of GO. In
accordance with XPS analysis, the FT�IR spectra of CG and GO
further indicate that eOH and CeOeC on GO sheets were partially
converted into eCOOH by carboxylation treatment.

In the spectrum of CNT�COOH, peak at 1715 cm�1 is caused by
C]O stretching of the carboxyl group [40], suggesting that carboxyl
groups are introduced into CNTs through carboxylation treatment.
The main characteristic peaks in the spectrum of PPy are assigned
as follows [41,42]: 1541 cm�1 for C]C ring vibrations, 1457 cm�1

for CeC symmetric stretching, 1295 cm�1 for CeH in-plane
stretching, 1168 cm�1 for CeN stretching, 1040 cm�1 for CeH in-
plane deformation of PPy ring, and 898 and 780 cm�1 for NeH
(wagging) and NeH (out of plane) vibrations, respectively. It can be
seen from the spectra of PPy/GO/CNT and PPy/CG/CNT that both
systems have the characteristic peaks of PPy, indicating that PPy
exists in the composites. Nevertheless, compared to that of PPy, the
absorption peak for CeH in-plane vibration at 1040 cm�1 has
downshifted to 1031 cm�1 for both composites. The redshift is due
to the change in chemical environment of PPy during the formation
of composite, being related to electrostatic interaction between the
GO or CG, CNT�COOH anions, and PPy cations [43]. In addition, the
unobvious bands detected for GO, CG, and CNT�COOH in both
composites could be because they are overlapped by those of PPy
coating or too weak with respect to those of PPy [44].

Fig. 4b shows the XRD patterns of the PPy/CG/CNT, PPy/GO/CNT,
PPy, CNT�COOH, CG, and GO samples. It can be seen that the sharp
diffraction peaks for CG and GO are situated at 11.8� and 11.4�,
respectively. According to the Bragg equation, their interlayer
spacing were calculated to be 0.75 and 0.78 nm, respectively, which
suggests that the carboxylation treatment slightly decreases the
interlayer spacing of GO nanosheets. In comparison to graphite,
whose interlayer distance is 0.335 nm, the increased interlayer
distance of GO and CG nanosheets is related to the introduced
oxygen�containing functional groups [45]. For CNT�COOH, 002
and 100 planes of graphite structure result in two diffraction peaks
located at 2q¼ 26.0� and 42.9� [46,47], respectively. PPy reveals a
broad diffraction peak, centered at 2q¼ 24.6�, suggesting its
amorphous nature [48]. PPy/GO/CNT and PPy/CG/CNT composites
show the same broad diffraction peak originating from PPy. The
characteristic peak associated to GO and CG disappears in the two
composites, probably because the PPy coating are introduced be-
tween the layered GO and CG, increasing their interlayer spacing
[19]. The disappearance of peaks of CNT�COOH in the composites is
likely due to the weakening of such peaks, as well as their over-
lapping with PPy coating on the CNTs.

Fig. 5 (Top panels) present the SEM images of PPy/GO/CNT and
PPy/CG/CNT composites. Both images show a morphology of
wrinkled GO or CG nanosheets and intertwined CNTs. Meanwhile,
PPy acts as coating that covers the GO or CG nanosheets, respec-
tively, and wraps CNTs. The composites differ in that PPy/GO/CNT
presents more obvious wrinkled sheet-like morphology relative to
PPy/CG/CNT. This is because more PPy coating is introduced into
the latter, which covers the wrinkled morphology of CG nano-
sheets. TEM images of the two composites are shown in the middle
panels of Fig. 5 to reveal more morphological details. In line with
SEM images, both composites show microstructure in which PPy
coated GO or CG nanosheets serve as substrate to support PPy
wrapped CNTs. In addition, a careful inspection and comparison for
the edges of the two composites (markedwith red arrows) suggests
that obviously more PPy particles are present for PPy/CG/CNT
composite. The bottom panels of Fig. 5 exhibit the EDS patterns of
the two composites. Because of more introduced PPy, PPy/CG/CNT
shows an increased atom ratio of C:O and higher atom amount of N
from PPy than PPy/GO/CNT.

3.2. Electrochemical properties

A conventional two-electrode cell is used to compare the elec-
trochemical behaviors of the as-prepared composites, allowing a



Fig. 2. (a) Tyndall scattering effect of GO and CG (1mgmL�1) dispersed in DW; (b) UVeVis spectra for aqueous suspension of GO and CG (0.01mgmL�1); (c) Contact angle
measurement for GO and CG.
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Fig. 3. C 1s XPS spectra for CG and GO.
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better assessment close to practical use for supercapacitor elec-
trodes [49]. An ideal supercapacitor electrode material should
exhibit several characteristics in CV curves: high current density,
rectangular shape, and good symmetry in cathodic and anodic di-
rections [50]. Indeed, as shown in Fig. 6a, the curve of PPy/CG/CNT
electrodes presents larger area and the shape closer to rectangle
than those of PPy/GO/CNT, PPy/CNT, and PPy/CG electrodes at
various scan rates, indicating superior capacitive behavior for PPy/
CG/CNT electrodes. Note that the CV curves of PPy/CG/CNT elec-
trodes maintain rectangle-like shape up to 100mV s�1, suggesting
the good rate capability. In this study, supercapacitive perfor-
mances of electrodes are assessed using areal specific capacitance
(CS), which is usually adopted as supercapacitors are applied in
small scale or stationary electronic devices [51,52]. The CS (in F
cm�2) can be obtained on the basis of the CV curves through the
following equation: CS¼ ! I dV/(v�DV� S), herein ! I dV is the



Fig. 4. (a) FT-IR spectra for GO, CG, carboxylated CNT, PPy, PPy/GO/CNT, and PPy/CG/CNT; (b) XRD patterns for PPy/CG/CNT, PPy/GO/CNT, PPy, CNT-COOH, CG, and GO.



Fig. 5. SEM images (top panels), TEM images (middle panels), and EDS patterns (bottom panels) of PPy/GO/CNT and PPy/CG/CNT composites.
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integrated area for the CV curve; v the scan rate in V s�1; DV the
potential window tested in V, and S the surface area of active ma-
terial (i.e. the geometric surface area of the collector electrode,
which is fixed at 1 cm2 in this study). Fig. 6b reveals that PPy/CG/
CNT has the highest CS at various scan rates, indicating the obvi-
ously enhanced capacitive performances for the ternary composite
by introducing CG. In addition, compared with binary PPy/CNT and
PPy/CG composites, the promoted properties for PPy/CG/CNT
composite can be attributed to the factors that the introduced CG
and CNT increase the specific surface area and electrical conduc-
tivity for the binary composites, respectively.

The electrochemical capacitive properties of PPy/CG, PPy/CNT,
PPy/GO/CNT and PPy/CG/CNT composite electrodes are further
compared via GCD measurements. As shown in Fig. 6c, the 0.5 and
1.0mA cm�2 plots for all electrodes present triangle shape, and yet
the PPy/CG/CNT electrodes exhibit longer discharging time. The
columbic efficiency (h) of electrodes is defined as the ratio of
discharge time to charge time [53]. The h value at 0.5mA cm�2 for
PPy/CG/CNT is calculated to be 97.2%, which is larger than 94.9% for
PPy/GO/CNT, 93.8% for PPy/CNT, and 93.1% for PPy/CG. Low IR drop
is crucial for supercapacitors, because it will decrease the
production of unwanted heat during the charge-discharge process
[54]. The plots at 1.0mA cm�2 reveal that PPy/CG/CNT electrodes
have the lowest IR drop, suggesting that supercapacitor cell
composed of PPy/CG/CNT electrodes have the smallest internal
resistance.

The CS of single electrodes is obtained based on GCD curves
using the following equation: CS ¼ (2� I� t)/(DV� S), where I is
the discharge current in A, t the discharge time in s, DV the po-
tential window tested in V, and S the surface area of active material
(i.e. the geometric surface area of the collector electrode) in cm2.
Fig. 6d shows that PPy/CG/CNT electrodes have obviously higher CS
than PPy/GO/CNT, PPy/CNT, and PPy/CG electrodes at different
current densities. Herein, at 0.5mA cm�2, PPy/GO/CNT electrodes
achieve a CS of 170.4mF cm�2, whereas the CS of PPy/CG/CNT
electrodes rises to as high as 196.7mF cm�2. The latter value is also
larger than those of other electrode materials reported recently
based on CPs like PEDOT/Prussian blue/HeTiO2 (40.0mF cm�2)
[55], PPy/polyoxometalate (77.0mF cm�2) [56], graphene/PANI-
graphene hydrogel hybrid (190.6mF cm�2) [57], three-
dimensional porous PANI/graphene (67.2mF cm�2) [58], PEDOT/
rGO (43.75mF cm�2) [59], and PANI/graphite oxide hybrid
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(6.3mF cm�2) [51]. Further observation in Fig. 6d indicates that the
CS of PPy/CG/CNT electrodes shows a trend of relatively smooth
decline as compared to that of PPy/GO/CNT electrodes as the cur-
rent density increases. Here PPy/CG/CNT composite maintains
71.3% of initial capacitance as the GCD current density increases
from 0.5 to 10mA cm�2, whereas PPy/GO/CNT composite only re-
tains 58.2%. These numbers indicate that PPy/CG/CNT composite
has distinctly boosted rate capability.

Electrochemical properties of the electrodes are compared by
EIS characterizations to further confirm the superiority of PPy/CG/
CNT relative to PPy/GO/CNT as supercapacitor electrode material.
The obtained Nyquist plots of the electrodes are illustrated in Fig. 7.
Both impedance plots display the vertical trend at low frequencies,
demonstrating their capacitive behavior. However, PPy/CG/CNT
electrodes show better capacitive character, because the more
vertical the plot, the more like an ideal capacitor the supercapacitor
[60]. The intercept at x-axis in Nyquist plots represents the equiv-
alent series resistance (ESR) [61]. Fig. 7 (inset) exhibits that PPy/CG/
CNT electrodes (4.0U) have lower ESR than PPy/GO/CNT electrodes
(6.6U). This is a key specification to electrochemical energy-storing
devices because ESR is an important factor that affects the power
density [60]. Thus, EIS measurements further confirm the superior
supercapacitive performances for PPy/CG/CNT electrodes with
respect to PPy/GO/CNT electrodes. This can be ascribed to the
introduction of more polymerized PPy coating with high pseudo-
capacitance and their more dispersed distribution in PPy/CG/CNT
composite. Herein CG takes full advantage of carboxyl groups
distributed on basal and edged planes of nanosheets to combine
with more PPy coating, in contrast to only carboxyl groups
restricted on the edges for GO. Moreover, more hydrophilic CG
nanosheets promote the wettability of the composite, enabling
Fig. 6. (a) CV curves at 20, 50, and 100mV s�1, (b) areal specific capacitance as a function
capacitance vs. GCD current densities for PPy/CG, PPy/CNT, PPy/GO/CNT, PPy/CG/CNT comp
aqueous electrolyte to access more easily.
3.3. Cycling stability and Ragone plot

The cycling stability of electrode materials is an imperative
performance to evaluate their potential for practical uses. Fig. 8a
shows the cycling stability of PPy/GO/CNT and PPy/CG/CNT elec-
trodes using CV tests at 80mV s�1 for 5000 cycles. During initial
cycles, the stability tests result in an increase of specific capacitance
for both composite electrodes. This is because hydrophilic GO or CG
within both composites induce the surface gradual wetting during
cycling, thereby resulting in more electroactive surface area [62].
PPy/CG/CNT and PPy/GO/CNT electrodes maintain 98.1% and 96.5%
of initial capacitance after 5000 cycles, respectively, indicative of
excellent cycling stability for both composites. It is well known that
PPy commonly exhibits a poor cycle life, because the doping/de-
doping of counter anions leads to swelling/shrinkage of PPy [15].
Thus the excellent cycling stability for both PPy/CG/CNT and PPy/
GO/CNT composites is impressive. It can be attributed to the fact
that the introduced GO or CG nanosheets and CNTs provide me-
chanical support, simultaneously allowing space for swelling and
shrinkage of PPy. The higher stability for PPy/CG/CNT electrodes is
likely related to the relatively dispersed PPy coating introduced and
better hydrophilicity for CG as well, which is favourable for
improving the wettability of composite to electrolyte during
cycling.

Areal energy density (E) and power density (P) for the tested
symmetric supercapacitor consisting of PPy/CG/CNT electrodes are
calculated based on the GCD curves through the following equa-
tions [51], respectively: E ¼ (1/2� CS,cellDV2)/3600 and
P¼ 3600� E/t, where DV is the tested potential window (V), CS,cell
of CV scan rate, (c) GCD curves at 0.5 and 1.0mA cm�2, and (d) plots of areal specific
osite electrodes.



Fig. 7. EIS Nyquist plots for the PPy/GO/CNT and PPy/CG/CNT electrodes.

Fig. 8. (a) Cycle performance tested by CV at 80mV s�1 for PPy/GO/CNT and PPy/CG/
CNT electrodes; (b) Ragone plot of supercapacitor consisting of symmetric PPy/CG/CNT
electrodes, including the values for other CPs based supercapacitors reported.
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the areal capacitance of supercapacitor (F cm�2), and t the
discharge time (s). Fig. 8b exhibits the obtained Ragone plot, in
which the supercapacitor cell consisting of PPy/CG/CNT electrodes
delivers the maximum E (10.9 mWh cm�2) and the largest P
(8.1mWcm�2) at 0.5 and 30mA cm�2, respectively. These values
are higher than other CPs based supercapacitors reported recently
including PPy/GO [24], PPy/CNTs [44], GO/PEDOT [50], PANI/
graphite oxide [51], CNTs/PEDOT [63], and carbon paper/PPy [64],
which enable the PPy/CG/CNT composite to be used as an electrode
material for high-efficiency supercapacitors.
4. Conclusions

PPy/CG/CNT ternary composite has been fabricated as a super-
capacitor electrode material via one-pot co-electrodeposition. In
contrast to PPy/GO/CNT ternary composite, PPy/CG/CNT takes full
advantage of carboxyl groups distributed on basal planes and edges
of CG nanosheets to combine with PPy coating, resulting in obvi-
ously improved supercapacitive performances. The improvement is
associated to the introduction of more PPy coating with large
pseudo-capacitance and more hydrophilic CG nanosheets. The PPy/
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CG/CNT composite electrodes deliver high specific capacitance
(196.7mF cm�2 at 0.5mA cm�2) and superior rate capability.
Furthermore, after 5000 CV cycles, the PPy/CG/CNT electrodes
retain 98.1% of the initial capacitance. The present results make
PPy/CG/CNT ternary composite very promising for high-efficiency
supercapacitor applications.
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