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ABSTRACT: The reduced graphene oxide/nonwoven fabric (rGO/NWF) composites have been fabricated through heating the NWF

coated with the mixture of GO and HONH2�HCl at 130�C, during which the GO is chemically reduced to rGO. Then the composites

of polypyrrole (PPy)/rGO/NWF have been prepared through chemically polymerizing pyrrole vapor by using the FeCl3�6H2O

adsorbed on rGO/NWF substrate as oxidant. Finally, multiwalled carbon nanotubes (MWCNTs) are used as conductive enhancer to

modify PPy/rGO/NWF through dip-dry process to obtain MWCNTs/PPy/rGO/NWF. The prepared composites have been character-

ized and their capacitive properties have been evaluated in 1.0M KCl electrolyte by using two-electrode symmetric capacitor test. The

results reveal that MWCNTs/PPy/rGO/NWF possesses a maximum specific capacitance (Csc) of about 319 F g21 while PPy/rGO/NWF

has a Csc of about 277.8 F g21 at the scan rate of 1 mV s21 and that optimum MWCNTs/PPy/rGO/NWF retains 94.5% of initial Csc

after 1000 cycles at scan rate of 80 mV s21 which is higher than PPy/rGO/NWF (83.4%). Further analysis reveals that the addition of

MWCNTs can increase the charger accumulation at the outer and inner of the composites, which is favorable to improve the stability

and the rapid charge-discharge capacity. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41023.
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INTRODUCTION

Energy storage has been considered as a key technology for the

development of renewable energy sources and reduction of

energy waste. Electrochemical capacitors, used as a kind of energy

storage between secondary batteries and traditional capacitors,

exhibit an unusually high energy density, long cyclic life and

good environmental friendliness.1–4 Mechanism of energy storage

in electrochemcial capactitors predominately includes two ways:

the electric double-layer capacitance (EDLC) and pseudocapaci-

tance5,6 based on the materials of the electrodes.7,8 Commonly,

porous carbon materials are mainly used as the electrodes in

EDLC while transition metal oxides and conducting polymers are

mainly used in pseudocapacitors.9 Recently, efforts have been

made to improve the rate capability of supercapacitors by design-

ing the microstructures of the materials.

Among the conducting polymers, polypyrrole (PPy) is considered

as promising material for electrochemical capacitors10–12 owing

to its high electrical conductivity, high energy storage capacity,

low cost, simple synthesis, and the benign property to environ-

ment.13–16 However, the cyclic lifetime of PPy is poor because

the repeated ionic exchange in the matrix of polymer during the

electrochemical cycles will change the structural conformation of

PPy. The combination of PPy and other conductive materials has

been considered as effective method to obtain PPy-based electro-

chemical capacitors with large capacitance, good rate capability,

and superior stability, and been attracted a great deal of atten-

tions. Carbon nanotubes (CNTs) exhibit excellent electrical con-

ductivity and high surface area17–19 and can be utilized as the

support for composites or the material of electrode for superca-

pacitor. Conversely, graphene constructed by one layer of carbon

atom is a promising material due to its low cost, remarkable

mechanical properties, large surface area, and good electrical con-

ductivity.20–25 Based on the aforementioned merits, CNTs and

graphene have been considered as attractive materials for the

PPy-based composites.10,17,26–30 For example, Sun et al.31 have

got a Csc of about 243 F g21 at a scan rate of 10 mV s21 for the

composite of PPy and functionalized multiwalled CNTs

(MWCNTs). Electrochemical performance of organometallic

functionalized CNTs-based PPy composites, determined by Mi

et al.,32 has achieved a Csc of about 304 F g21 in the low scan

rate. Ham et al.33 have found that the maximum Csc value (in

Additional Supporting Information may be found in the online version of this article.
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the presence of binder) for PPy/SWCNTs composite is only about

134 F g21. Furthermore, PPy/graphene composites have also

been investigated by several researchers in order to utilize the

composites as a supercapacitor electrode. Biswas et al.30 have

demonstrated a novel architecture involving nanostructured PPy

and graphene nanosheets in a multilayered configuration and

achieved a Csc value of 164 F g21 with high electrochemical cyclic

stability. Furthermore, the composites of PPy/graphene have also

been synthesized in situ polymerization by Zhang et al.,10 which

indicates that the interaction between PPy and graphene may be

probably due to the hydrogen bonding or p-p stacking, and that

the nanostructure of PPy is greatly affected by the addition of

graphene during the synthesis process.

With the development of the portable wearable electronic devi-

ces,34–36 solar cells,37 and flexible chemical batteries,38–40 flexible

energy storage devices have stimulated tremendous interest to

design new flexible materials for use in capacitors’ electrodes. It

is well known that the fabrication of new substrates is important

because the substrates must meet such requirements as mechani-

cal property, flexibility, and environmentally friendliness in the

development of flexible supercapacitor. Till now, the films formed

by CNTs and reduced graphene oxide (rGO) have been fabricated

and used as conducting substrates to load electroactive materials

such as MnO2, PPy, and polyaniline.7,10,17,28,41–43 However, the

fabrication of films of CNTs and rGO with large area is difficult

and costly. Recently, MnO2 deposited on the flexible substrates

coated with CNTs or graphene has been fabricated and it is

found that the capacitive properties of MnO2 have been

improved by the addition of the carbon materials.44,45 It is found

in our experiment that the addition of CNTs can improve the

capacitive properties of PPy deposited on the substrate of mela-

mine foam46 which has weak mechanical strength because of its

porous structure. However, the contribution of carbon materials

for the whole capacitance has not been demonstrated.44–46 Non-

woven fabrics (NWFs) of polyester, widely used in medicine,

clothing, industrial, and agricultural fields, exhibit such advan-

tages as light-weight, high porosity, flexibility, and high elasticity.

The NWFs will become ideal substrates for flexible electric devi-

ces when the NWFs are coated with conducting material.

Recently, graphene has been widely used to fabricate the transpar-

ent electrodes and other composites because of its high electrical

conductivity. Unfortunately, the rGO prepared from GO has a

small solubility in water which is the main limitation for loading

more rGO on substrates by using dip-dry method. Owing to the

fact that GO can be dispersed in water with high concentration,

the mixture of reducer and GO can be loaded on the substrates

with large amount by dipping process, then conductive rGO film

will be formed on the substrates after being heated at not-high

temperature.

In this work, the mixture of GO and reducer (hydroxylamine

hydrochloride) is first loaded on the NWFs by dipping process,

then the composites are heated at 130�C to obtain the conduc-

tive substrates. Consequently, PPy is conveniently deposited on

the substrates through a route of vapor polymerization in situ

according to the literature.47 To increase the electrical conduc-

tivity of the composites further, MWCNTs are loaded on the

surface of PPy by dip-dry process. The fabricated composites

are characterized and their capacitive properties have been eval-

uated in detail. Furthermore, the contribution of the additional

MWCNTs has also been investigated.

EXPERIMENTAL

Reagents and Materials

Acetonitrile, KCl, HONH2�HCl, FeCl3�6H2O, anhydrous ethanol

and methanol were of analytical grade and used without further

purification. Pyrrole (A.R., Shanghai Chemical Reagent) was

purified through distillation under reduced pressure and stored

at a temperature less than 5�C. MWCNTs were obtained from

department of chemical engineering of Tsinghua University and

treated in H2SO4-HNO3 mixed acid.48 Natural graphite powder

(NGP, 325 mesh) was purchased from Tianjin Guangfu Research

Institute. The GO was prepared by oxidizing the NGP according

to the method reported in literature.49 NWFs were purchased

from Wenjian Medical.

Preparation of the Composites of rGO/NWF

The NWFs were washed by ethanol to remove the impurities

before use. Firstly, the GO solution (5.0 mg mL21) was added

into 2.0 mL HONH2�HCl solution (0.125 mol L21, volume of

ethanol : water5 1 : 1), and then the mixtue was treated under

ultrasonic condition for 1 min. Secondly, the strips of NWFs

(20 3 15 mm) were immersed into the mixture of GO and

HONH2�HCl for 5.0 min, then the strips of NWFs were

removed from the mixture and transferred to a preheated oven

and heated at 130�C for 30 min. During the process, the color

of the GO loaded on NWFs changed from brown to black, indi-

cating that the GO was reduced and rGO formed. The compo-

sites were named as rGO/NWF and washed by water

thoroughly and dried at 130�C.

Preparation of Flexible PPy/rGO/NWF and

MWCNTs/PPy/rGO/NWF

The flexible PPy/rGO/NWF was prepared by using FeCl3�6H2O

dissolved in acetonitrile as oxidant to react with the pyrrole

vapor in an airtight vessel at room temperature. Briefly, the

films of rGO/NWF were soaked in the FeCl3�6H2O solution of

acetonitrile (250 mg mL21) for 5 min. After the excess solution

was eliminated by a filter paper, the rGO/NWF films containing

FeCl3�6H2O solution were suspended in a sealed vessel where

the oxidant reacted with the pyrrole vapor at room temperature

for 5 h. The composites of PPy/rGO/NWF were dried at 80�C
under vaccum for 4 h after the impurity was removed through

washing with ethanol and methanol for several times. To

improve the conductivity of the composite, the optimum PPy/

rGO/NWF composite was immerged in the dispersion of

MWCNTs (2 mg mL21) for 5 min, finally the composite of

MWCNTs/PPy/rGO/NWF was obtained after it was taken out

and dried at 80�C under vaccum.

Characterization and Electrochemical Measurements

The morphologies of the composites were observed on a scan-

ning electron microscope (JEOL SEM 6701F) and a transmis-

sion electron microscopy (TEM, JEOL-2010). The resistances of

the composites were measured by using a multimeter (Uni-

trend Technology, China), the weight of MWCNTs and the PPy

in the composites was measured by using a precision balance

(Mettler Toledo weighing equipment system). X-ray
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photoelectron spectroscopy (XPS) measurements were per-

formed with an AXIS ULTRA DLD spectrometer (Kratos Shi-

madzu Group company) using a monochromic Al Ka source at

1486.6 eV, the X-ray work power was generally 150 W, and the

area of sample ananlysis was about 700 3 300 lm.

The structural illustration of the capacitor cell assembled by the

composites was shown in Figure 1. Two nearly identical pieces

of (5 3 5 mm) composites were separated by a separator

soaked with 1.0 mol L21 KCl aqueous solution after they were

immersed into 1.0 mol L21 KCl for 30 min. The capacitors

were evaluated by using cyclic voltammetry (CV) and galvano-

static charge/discharge. All the electrochemical performances

were measured by using 1.0M KCl aqueous solution as electro-

lyte on a CHI 660C electrochemical station at room tempera-

ture. The CV curves of the unit cell were performed within the

voltage range of 20.5 to 0.5 V at a scan rate range of 1–200

mV s21. The Csc of the electrodes was gavanostatically measured

at a current density ranging from 0.2 to 10 A g21. The electro-

chemical impedance spectra (EIS) were recorded at open-circuit

potential in the frequency ranged from 105 to 1022 Hz with ac-

voltage amplitude of 5 mV.

To analyze the variation of Csc with various scanning rates, the

Csc of the electrodes can be calculated based on CV curves

according to following equation50:

Csc5

ð
IdV

� �
=ðvmDV Þ (1)

Where I is the response current (A), DV the potential difference

during the CV tests (V), v the potential scan rate (V s21), and m

the mass of the one electrode (g). Furthermore, the Csc can also

be calculated from the galvanostatic charge/discharge curves.51

Csc52ðIDtÞ=ðmDV Þ (2)

where I represents the constant discharge current, Dt the dis-

charging time, m the mass of one electrode, and DV the voltage

drop on discharging.

RESULTS AND DISCUSSIONS

Characterization

To investigate the changes of the element content and the

valence before and after GO being reduced, the XPS analyses

have been carried out. It is clear that the XPS spectrum of

GO shows obvious signals corresponding to O and C element

[Figure 2(A-a)]. However, rGO/NWF shows an obvious signals

Figure 1. Schematic structure of the capacitors used for test.

Figure 2. (A) The general XPS spectra of GO (a), rGO (b) and (B) high resolution C1s XPS of GO, (C) rGO, and (D) N1s XPS of rGO. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of N in the XPS spectrum after the composites have been

heated, and the content of C increases and the content of O

decreases compared with GO (Table I), which indicates that GO

has reacted with hydroxylamine hydrochloride during the heat-

ing process [Figure 2(A-b)]. The high-resolution C1s XPS spec-

trum of GO [Figure 2(B)] can be fitted by the five peaks

centered at 284.4, 285.0, 286.6, 28 7.1, and 288.5 eV, which are

corresponding to C@C, CAC, CAOR, C@O and OAC@O

groups, respectively.5 However, the intensities of the peaks cor-

responding to the oxygen-containing groups become weaker

after thermally treating [Figure 2(C)], revealing that some of

the oxygen-containing groups in GO have been removed during

the process of the reaction. The formed C@N bond may be dis-

covered at 285.7 eV. It is noticeable that the peak of CAN is

overlaid by C@O and the peak around 286.5 eV can be assigned

to C@O and CAN bonds. The N1s XPS peak of the sample

shown in Figure 2(D) can be divided into three components:

pyridinic-N (N1, 398.4 eV), pyrrolic-N (N2, 399.5 eV), and

quaternary-N (N3, 401.6 eV).52 The analysis based on the data

shown in Table I reveals that the C/O ratio increases obviously

from 2.06 to 4.85 after the GO has reacted with HONH2�HCl.

According to the XPS spectra and the data, it is found that the

O content in this rGO is relatively high compared with the rGO

obtained by hydrothermal method. The electrical conductivity

of the composites has been measured by using the two-

electrode method and found that the composites of rGO/NFW

are almost insulator before being heated, while rGO/NFW

exhibits a conductivity of about 0.4 S cm21.

The SEM image shows that the fibers in NWF are smooth and

arranged randomly (Supporting Information Figure S1) and it

is interesting to find that the fibers of NWF have been wrapped

by rGO sheets closely due to the surfance tension of solvent

except that some rGO sheets stand on the surface of fibers [Fig-

ure 3(A)]. However, the surface of the fibers becomes rough

and the diameter of the fibers changes large slightly in the com-

posite of PPy/NWF after the fibers are coated with PPy [Figure

3(B)]. As depicted in Figure 3(C), it is found that the films

formed by PPy particles have covered the surface of the fibers

in rGO/NWF, and that the surface of the fibers becomes

rougher with the increase of the content of PPy. Furthermore,

the rGO sheets become hardly to be seen, which may indicate

that the rGO sheets have been coated with PPy [Figure 3(C)

inserted figure]. From the SEM of MWCNTs/PPy/rGO/NWF

presented in Figure 3(D), it can be found that a thin layer of

MWCNTs has been coated on the PPy, which will enhance the

conductivity and improve the capacitive performance. The TEM

image shown in Figure 3(D) (inserted figure) demonstrates that

Table I. The Atomic Composition of the GO and rGO Measured by XPS

Samples

Elements content (at.%)
Ratios of
elements

C O N C/O C/(N1O)

GO 67.3 32.7 0.00 2.06 2.06

rGO 78.93 16.28 4.79 4.85 3.75

Figure 3. The SEM images of rGO/NWF (A), PPy/NWF (B), PPy/rGO/NWF (C), and MWCNTs/PPy/rGO/NWF (D). The inserted figures are the SEM

images in low magnification and TEM image.
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some particles with large size exhibit in the composites and

MWCNTs are dispersed on the surface of PPy/rGO composites.

The Capacitive Properties of the Composites

Figure 4(A) shows the photographs of MWCNTs/PPy/rGO/

NMF composite in the bending state, and it can be seen that

the composite exhibits good flexibility. The relationship between

the Csc and the content of PPy in PPy/rGO/NMF is shown in

Figure 4(B), from which it can be seen that the value of Csc

based on PPy increases with the increment of PPy in the com-

posites initially and reaches the maximum of 290 F g21, then

maintains almost 277.8 F g21 until the content of PPy reaches

to 15.4%. The values of Csc based on PPy decrease slightly

when the PPy content is higher than 15.4% and then keep

almost constant with the further increase of PPy content. It is

well know that the Csc value of PPy is strongly affected by the

amount of PPy deposited on substrates. In this case, the com-

posites of rGO/NWF are prepared by dip-dry process, and rGO

sheets deposited on the fibers are not more compact, so the

composites have less conductivity. Therefore the PPy has small

Csc when the PPy content is low because some PPy may be

deposited on the insulating fibers of NWF so that some PPy

have no contribution to Csc. With the increase of PPy content

in the composites, the continuous PPy/rGO films are formed,

which makes the Csc of PPy increase because more PPy contrib-

ute to the Csc. However, the Csc of PPy will keep constant or

decrease with the further increment of PPy’s thickness in the

composites because the doping/dedoping process of PPy can

only easily carry out on the surface. It is interesting that the val-

ues of Csc based on the total mass of the composites exhibit a

different trend. For example, the value of Csc increases with the

increment of PPy, it reaches to about 42.78 F g21 at PPy con-

tent of about 15.4% and increases slightly although the content

of PPy increases further. So in our experiments, the composite

of PPy/rGO/NWF containing 15.4% PPy is chosen as the elec-

trodes of the capacitors in order to make the capacitors have

the relatively high capacitance and rapid charge-discharge

capacity.

The CV curves of the cells assembled by the composites are

recorded between the potential of 20.5 and 0.5 V at different

scan rates of 5–200 mV s21 and shown in Figure 5. It can be

clearly found that the curves at different scan rates do not show

obvious redox peaks in the whole voltage range during both the

positive and negative sweeps (Supporting Information Figure

S2), indicating that the electrode is charged and discharged at a

pseudoconstant rate over the whole CV process. The shapes of

the curves are rectangular-like with the almost symmetric I–E

responses when the scan rates are lower than 100 mV s21,

which is much better than that of previous report46 and shows

high-rate capacitive properties. It can be also found that the CV

curves of MWCNTs/PPy/rGO/NWF [Figure 5(B)] display more

rectangular-like than that shown in Figure 5(A), which illus-

trates that the composite of MWCNTs/PPy/rGO/NWF exhibits

better capacitive property than that of PPy/rGO/NWF. Figure

5(C) shows the plots of the variations of Csc versus scan rates

ranging from 1 to 200 mV s21. It can be seen that the values of

Csc decrease gradually with the increment of the scan rate for

both MWCNTs/PPy/rGO/NWF and PPy/rGO/NWF. Further-

more, it is also found that the composite of MWCNTs/PPy/

rGO/NWF exhibits larger Csc at all scan rates and has less

decreasing trend than that of PPy/rGO/NWF, which also reveals

that MWCNTs covering over PPy can improve the properties of

the composites. To clarify the effect of each active material on

the Csc, the CV curves of rGO/NWF, PPy/NWF, and MWCNTs/

NWF have been measured at different scan rates (Supporting

Information Figure S3), and the values of Csc for rGO, PPy and

MWCNTs are calculated to be about 118.0, 72.6, and 222.9 F

g21 at scan rate of 5 mV s21, respectively. According to the

contents and the Csc values of each component, the total Csc

value of the components in composite is calculated to be only

about 187.1 F g21 which is far smaller than that of MWCNTs/

PPy/rGO/NWF (305.4 F g21) at the same scan rate, this may

indicate that certain synergistic effect exists among these three

active materials in the composites. Furthermore, the influence

of the amounts of MWCNTs and graphene on the Csc has also

been investigated. For example, the decrease of the amounts of

graphene and MWCNTs will decrease the Csc value of the com-

posites (Supporting Information Figure S4), which reveals that

graphene and MWCNTs in the composites are important

because the presence of graphene can increase the surface area

of PPy and the MWCNTs loaded on the surface of PPy can

enhance the composite’s conductivity.

Figure 4. The photograph of the MWCNTs/PPy/rGO/NMF composite under bending condition (A).The relationships between the specific capacitance

based on the active material and the total electrode for PPy/rGO/NWF and the content of PPy in the composites (B). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Figure 6 shows the typical galvanostatic charge/discharge curves

of the cells assembled by PPy/rGO/NWF and MWCNTs/PPy/

rGO/NWF at current densities of 0.2, 0.5, 1, 2, and 10 A g21, it

is found that the charging curves are almost symmetric to their

discharging counterparts in the whole potential region. It can be

also found from Figure 6(A,B) that the iR drops increase with

the increase of the discharged current densities, and that

discharged time is longer and iR drop is smaller for MWCNTs/PPy/

rGO/NWF compared with PPy/rGO/NWF at the same discharged

current density, which indicates that the capacitors of MWCNTs/

PPy/rGO/NWF have larger Csc and smaller internal resistance.

However, the cells fabricated by composite of MWCNTs/PPy/

CNTs/ melamine foam have large iR drops although the charge/

discharge current density is only 1 A g21. This demonstrates that

CNTs/PPy/rGO/NWF exhibits high-rate capacitive properties

compared with CNTs/PPy/CNTs/ melamine foam.46

From the plots of Csc versus the discharged current density

shown in Figure 7(A), it can be seen that the Csc decreases with

the increase of discharge currents for all the cells assembled by

the composites, but the cell assembled by MWCNTs/PPy/rGO/

NWF shows slighter decrement than that assembled by PPy/

rGO/NWF. Figure 7(B) shows the efficiency of charging and

discharging (ratio of discharged and charged time) of

MWCNTs/PPy/rGO/NWF (a) and PPy/rGO/NWF (b), it is also

proved that MWCNTs covering over PPy can improve the prop-

erties of the composites.

The repeated galvanostatic charge/discharge curves of the cells

assembled by the composites at current density of 2 A g21 are

shown in Figure 8, from which it is found that the cells

assembled by MWCNTs/PPy/rGO/NWF exhibit less deviation

from the cut-off potential and better stability compared with

that assembled by PPy/rGO/NWF. Furthermore, the capacitor

assembled by MWCNTs/PPy/rGO/NWF displays a much lower

iR drop at the beginning of the discharge process and a longer

discharged time. The iR drop is usually caused by the overall

internal resistance of the devices. Low internal resistance is of

great importance in energy-storing devices as less energy will be

wasted to produce unwanted heat during charging/discharging

processes. These results indicate that MWCNTs/PPy/rGO/NWF

is more suitable for fabricating safe and power-saving superca-

pacitors compared with PPy/rGO/NWF.

The EIS spectra of the capacitors fabricated by the composites

are shown in Figure 9(A). The nearly vertical slope of each plot

at the low-frequency region indicates a good capacitor behavior

of the cells. The negligible high-frequency resistor-capacitor

loop shows a good electrode contact.53 Equivalent series resis-

tances obtained from the Z’-intercept of the plot [Figure 9(A)

inset] show that the capacitor assembled by MWCNTs/PPy/

rGO/NWF has a smaller resistance than that by PPy/rGO/NWF.

As the service life is a very important factor for the electrode of

electrochemical capacitor, the stabilities of the cells assembled

by the composites have been evaluated by using CV method at

a scan rate of 80 mV s21 [Figure 9(B)]. As can be seen, the

value of Csc of PPy/rGO/SNWF decreases 16.6% of the initial

capacity after 1000 cycles. However, the capacity loss of the cell

assembled by MWCNTs/PPy/rGO/NWF is only 5.5% after 1000

cycles, which illustrates that the material of MWCNTs/PPy/

rGO/NWF exhibits good durability and may be developed as a

suitable material for electrochemical capacitors applications.

To clarify the difference of charge storage further between the

composite of MWCNTs/PPy/rGO/NWF and PPy/rGO/NWF, it

is essential to estimate the accumulation of total charge (q�total )
in the electrode materials. It is well known that the total charge

Figure 5. The CV behaviors of the capacitor cells assembled by PPy/rGO/

NWF (A) and MWCNTs/PPy/rGO/NWF (B), and the plots of specific

capacitances of PPy/rGO/NWF and MWCNTs/PPy/ rGO/NWF versus the

scan rates (C). [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4102341023 (6 of 10)



comprises of outer charge (q�out ) coming from the outer region

of the materials directly exposed to the electrolyte and the

inner charge (q�in ) correlating with the inner part of the mate-

rials hidden in pores, grain boundary and so forth. CV is the

simplest techniques to evaluate the accumulation of charge.

The accumulation of q* measured by CV at different potential

scan rates v (mV s21) can be usually obtained by integrating

the voltammetric curves, and is a mean between the cathodic

and anodic branches of CV.54 Generally, the obtained q*

increases with the decrease of scan rates (v) or with the

increase of v21/2. At higher scan rates, the diffusion of ions is

limited to the more accessible sites, that is, the outer surface

of the materials. Therefore, extrapolation of q* to the scan rate

with v5/ (i.e., v21/25 0) from the linear portion of the q*

Figure 6. Charged/discharged curves of the cell assembled by PPy/rGO/NWF (A) and MWCNTs/PPy /rGO/NWF (B) at various current densities. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. (A) The specific capacitance calculated according to discharge curves of MWCNTs/PPy/rGO/NWF (a) and PPy/rGO/NWF (b) at various dis-

charge current densities, (B) the efficiency of charging and discharging of MWCNTs/PPy/rGO/NWF (a) and PPy/rGO/NWF (b). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 8. Repeated charged/discharged curves of the cells prepared by PPy/rGO/NWF (A), MWCNTs/PPy/rGO/NWF (B) at current density of 2 A g21.
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versus v21/2 plot [Figure 10(A)] can provide the accumulation

of outer charge q�out related to the more easily accessible sites.

Conversely, total charge q�total which is related to both inner

and outer active sites of the materials can be given from the

plot 1/q* versus v1/2 by extrapolating [Figure 10(B)] to the

scan rate v5 0.55 Then, the charge related to the inner sites

needed for higher capacitance can be calculated by the relation

of q�in 5 q�total 2 q�out .

It can be calculated from Figure 10 that the values of q�total ðallÞ
on the basis of the active materials are about 301.4 and 351.7 C

g21 and the values of q�out ðallÞ are about 118.7 and 141.6 C g21

for the composite of PPy/rGO/NWF and MWCNTs/PPy/rGO/

NWF, respectively. Therefore, the values of q�in ðallÞ are calculated
to be about 182.7 and 210.1 C g21 for PPy/rGO/NWF and

MWCNTs/PPy/rGO/NWF, respectively. Excluding the impact of

the MWCNTs (Supporting Information Figure S5), the value of

q�total ðPPyÞ is estimated to be about 340 C g21 and the value of

q�out ðPPyÞ is calcuated to be about 132 C g21 for MWCNTs/PPy/

rGO/NWF, then the value of q�in ðPPyÞ is obtained to be about

208 C g21. These results reveal that the addition of MWCNTs

increases not only the q�out ðPPyÞ but also the q�in ðPPyÞ, which

makes the MWCNTs/PPy/rGO/NWF own better capacitive

properties than PPy/rGO/NWF due to the enhancement of the

conductivity caused by MWCNTs.

CONCLUSIONS

The composites of MWCNTs/PPy/rGO/NWF and PPy/rGO/NWF

have been synthesized via chemical polymerization of pyrrole

monomers in vapor phase. The results of electrochemical mea-

surement reveal that MWCNTs/PPy/rGO/NWF exhibits a rela-

tively larger Csc (about 319 F g21) than PPy/rGO/NWF (277.8 F

g21) based on the PPy content. The calculated total Csc of the

composite based on the Csc values of the components in the

composites is much smaller than the fabricated composite of

MWCNTs/PPy/rGO/NWF, which indicates that there is synergis-

tic effect among the three active materials in the composites

because the presence of graphene can increase the surface area of

PPy and the MWCNTs loaded on the surface of PPy can enhance

the composite’s conductivity. Furthermore, MWCNTs/PPy/rGO/

NWF exhibits high rate performance and good cycling stability,

for example, the Csc of MWCNTs/PPy/rGO/NWF after 1000 scan

cycles can still retain 94.5% of the initial capacitance. The further

investigation of the charge storage shows that the presence of

MWCNTs can increase not only the accumulation of the outer

Figure 9. (A) Nyquist plots of the capacitors assembled by PPy/rGO/NWF and MWCNTs/PPy/ rGO/NWF (insert: the high-frequency region). (B) The

relationships between the specific capacitance of the cells and the cycle numbers under successive CV scan at 80 mV s21. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. (A) The plots of charge (q*) determined by voltammetric versus inverse square root of scan rate (v21/2) and (B) the inverse charge (1/q*) ver-

sus square root of scan rate (v1/2). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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charge but also the inner charge, which makes MWCNTs/PPy/

rGO/NWF exhibit better performance than PPy/rGO/NWF.
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