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Highly dispersed polypyrrole (PPy) is firstly designed for decorating
onto the surface of pristine multiwalled carbon nanotubes (CNTs),
then used in the facile synthesis of a CNT/PPy core/shell composite,
which provides a potential application for further modification as a
base-material due to its high dispersibility. The hybrid material with a
PPy shell thickness of 1.61 nm displayed a high specific capacitance of
276.3Fg~"in 1 M KCl electrolyte, four times higher than pristine CNT.
Such an improvement in performance is closely correlated with the
integrated advantage of the decorated PPy shell, which enhanced
the dispersibility and active surface area.

High-energy and power density energy-storage devices are
urgently demanded to meet challenges of the ever-increasing
development of largescale electric energy storage for renewable
energy and sustainable road transport.'> Among the electro-
chemical energy-storage devices, supercapacitors are consid-
ered as one of the promising energy storage devices because of
their superior features such as high rate performance, long-
term operational stability and friendly environmental impact of
composing materials.®*'® A supercapacitor stores energy
through charge accumulation at the electrode/electrolyte
interface. Such a charge storage mechanism requires the elec-
trode material to have a sufficiently high surface area and a
good electrical conductivity. Nowadays, transition metal
oxides,"** carbon materials®*™*® and conducting polymers'”*®
are widely used for electrode materials with prominent capaci-
tive properties.

Carbon nanotubes (CNT) as one of the most widespread
carbon materials are an attractive solution for energy storage
devices due to their unique properties such as high chemical
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stability, high aspect ratio, strong mechanical strength, and a
relatively high activated surface area.'®?° In spite of having ideal
properties, CNT-based supercapacitors still do not meet the
expected performance for capacitance (20-100 F g ').?' The
specific surface areas of pure CNT film based materials are low
because CNT tend to form irreversible agglomerates or even
restack, leading to a low capacitance. Much effort has gone into
preventing the accumulation of CNT based materials, such as
compositing conductive polymers (CP) with CNT.>*>*

Polypyrrole (PPy) is one of the most promising CP among
various CP due to its superior conductivity, electrochemical
reversibility, high polarizability, and ease of preparation
through chemical or electrochemical routes.”® Recently,
CNT/PPy composite materials have been reported as super-
capacitor electrodes for improving the dispersibility with addi-
tion of a surfactant and enhancing the performance of
capacitance.”® However, the fabrication process is relatively
complex and not easy to control. Herein, in the present work,
novel highly dispersed PPy is firstly designed for decoration
onto the surface of pristine multiwalled CNTs, which facilely
synthesize a CNT/PPy core/shell composite via m-m interac-
tion.>”*° The decorative PPy shell could prevent the aggregation
of CNT by electrostatic repulsive interaction between them and
lead to a high dispersibility of the prepared composite, which
provides a potential application for further modification as a
base-material. Moreover, the thickness of the decorated PPy
shell is easy to control with the additive amount of the pyrrole-
FeCl,-H,0, mixture, which significantly affects the capacitive
properties of CNT/CP composite materials (Fig. 1).

To investigate the morphology of the fabricated CNT/PPy
core/shell composite with different weight ratios of PPy, scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) were carried out and the results are shown in
Fig. 2 and 3. The images of pure CNT show a typically smooth
surface in Fig. 2A and 3A. By contrast, the surface of nanotubes
is rougher after the decoration of PPy, and the diameter
increases with the additional amount of PPy particles, which
also indicates an increasing thickness of the PPy shell (Fig. 3E
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Fig. 1 Scheme showing the chemical route to the synthesis of CNT/PPy core/
shell composites.

Fig. 2 SEM images of (A) CNT, (B) CNT/PPyqs,, (C) CNT/PPyq6q, and (D)
CNT/PPy3 46 composites.

and F). Moreover, it is obvious that there are plentiful PPy
nanospheres coated on the core/shell nanotubes due to the
excess addition of PPy particles as shown in Fig. 2D and 3D.
These phenomena are further confirmed by the transmission
electron microscopy (HRTEM) images (see Fig. 3E and F and
S1t), and the core/shell structure can be demonstrated clearly
with exact scales. The CNT/PPy composites with different
average thicknesses of the PPy shell as 0.52, 1.61 and 3.46 nm
are named as CNT/PPy,s,, CNT/PPy,;q;, and CNT/PPys; 4,
respectively (Table S17).

The structures of the CNT/PPy composites were studied by
Raman spectra as shown in Fig. 4. The spectrum of sample CNT
contains two strong peaks at 1583 and 1355 cm ™' assigned to
tangential mode (G-band) and disorder mode (D-band),
respectively. The D/G band intensity ratio expresses the atomic
ratio of sp*/sp® carbons, which is a measure of the extent of
disordered graphite.*® It is shown that, as the PPy content
increases, a significant decrease in the D/G band intensity ratio
can be observed. Meanwhile, the characteristic peak for PPy of
C-H out-of-plane deformation, ring deformation and C-H in-
plane deformation at 925, 981, and 1039 cm ™ * increases. Both
of these phenomena imply the successful fabrication of
CNT/PPy hybrids. X-ray photoelectron spectroscopy (XPS) is a
powerful technique to discern the surface chemical species of
materials. Therefore, the synthesized composites have been
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Fig. 3 TEM images of (A) pure CNT, (B) CNT/PPygs,, (C) CNT/PPy; ¢4, (D)
CNT/PPy3 46, and HRTEM images of (E) CNT/PPy g1, (F) CNT/PPy34¢ cOmposites.
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Fig. 4 Raman spectra of pure CNT and CNT/PPy core/shell composites.

subjected to XPS analysis. From careful inspection of wide
region spectroscopy (see Fig. S2, ESIT) and elemental analysis of
pure CNT and CNT/PPy composites of the XPS study, the peak of
N 1s in the CNT/PPy composites was obviously observed, further
corroborating the presence of PPy in the concerned composites.

Fig. 5 displays the resulting pictures of the dispersions after
sonication to reveal the dispersibility directly perceived through
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Fig.5 Photographs of pure CNTand CNT/PPy core/shell composites dispersed in
water (1 mg mL~") after 1 h ultrasonication and a stand for 72 h, pH =7.0.

naked eye. It can be seen clearly that the CNT dispersion cannot
be stably dispersed in aqueous solvents. However, the CNT/PPy
composite dispersions exhibit no sedimentation due to the
electrostatic repulsive interaction between the decorative PPy
shells, which could prevent the aggregation of pristine CNT and
lead to a high dispersibility. Table S2, ESIf, presents the data of
zeta potentials of pristine CNT and prepared CNT/PPy
composites, which are in accordance with the results above.
Cyclic voltammetry (CV) and galvanostatic charge-discharge
measurements were employed to evaluate the electrochemical
properties and to calculate the specific capacitances of the
prepared hybrids. Fig. 6A shows the CV curves of the
CNT/PPy, s, electrode at different scan rates. No obvious
distortion in the CV curves is observed as the sweep rate
increased in the range of 10 mV s~ " to 250 mV s~ ' suggesting a
highly reversible system. The galvanostatic charge-discharge
curves of the prepared CNT/PPy, ¢, at different current densities
are shown in Fig. 6B, which displays a symmetric shape, indi-
cating a good electrochemical capacitive characteristic. The
correlations between specific capacitance (calculated based on
the discharge curves) and current densities for various CNT/PPy
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Fig. 6 (A) CVs of the CNT/PPy, ¢ electrode in 1.0 M KCl solution between —0.2
and 0.6 V at different scan rates; (B) galvanostatic charge—discharge curves of the
CNT/PPy, g1 supercapacitor with different current densities; (C) the specific
capacitances of pure CNT and CNT/PPy core/shell composite modified electrodes
at different current densities; and (D) Ragone plots of the CNT/PPy; 1 hybrid.
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samples are presented in Fig. 6C. The CNT/PPy,; has the
highest capacity among all samples at the same current density
and possess a specific capacitance approaching 276.3 F g~ " at
1 A g, which is four times higher than that of pure CNT
(70.0 F g~ (see Fig. S5, ESIT). Notably, the capacitance shows
only a slight decrease to 220.1 F g~ ' even at a discharge current
density of 10 A g™, suggesting that the addition of PPy plays a
significant role in improving the electrochemical performance
of CNT due to the enhancement of effective surface area.

To estimate the effective surface area of the CNT/PPy, ¢,
electrode, CV measurements of these electrodes in a solution
containing 10 mM K;Fe(CN)s and 0.1 M KCl were performed
(see Fig. S3A, ESIT). According to the Randles-Sevcik equation:

iy = (2.687 x 10%n¥*'2D"24C

where i, refers to the peak current (A) and 4 is the surface area
(cm?). For 10 mM K;Fe(CN)g, n = 1, D = 5.7 x 10" ® em” s™*
(0.1 M KCl), C is the concentration of K;Fe(CN)s (M), and v is the
scan rate (V s '). The effective surface area (4) is proportional to
i,/"” through this equation.***> The linear relationship
between i, and v"* is shown in Fig S3B, ESI{. The surface area of
a bare GCE is calculated to be 0.067 cm?, and it compares well
with the geometric area of 0.071 cm®. The calculated effective
surface areas of the CNT and CNT/PPy, s; modified electrodes
were 0.095 and 0.268 cm? respectively. The latter is 2.8 times
larger than the former, illustrating that the introduction of a
PPy shell effectively enhanced the effective surface area of CNT.

Galvanostatic charge-discharge measurements were carried
out at the same current density of 1 A g~" to reveal exactly the
electrochemical capacitive performances of different weight
ratios as shown in Fig. S4, ESIf. The CNT/PPy composite
displays high capacitance due to the enhancement of
dispersibility, which originates from the decoration of PPy and
leads to a higher surface area. However, the capacitance of
CNT/PPys; 46 is dramatically reduced compared to that of CNT/
PPy, 61 because of the poor electrical conductivity of excess
conducting polymers. The electrolytic conductivity directly
affects the internal resistance of a capacitor which leads to
energy loss during charge-discharge cycling.**>** The electrolytic
conductivity of highly dispersed PPy in the present work is
relatively poor due to plenty of oxygenic groups, which lead to a
lower specific capacitance (30 F g~ ' at 1 A g~ ") than some other
traditional PPy. So this dramatic result could be due to the
excessive thickness of the PPy shell and abundant PPy spheres,
which play a leading role in the composite. This is further
confirmed by the results of UV-vis spectroscopy. Individual CNT
are active in the UV-vis region and exhibit characteristic
bands,* however, bundled CNT are hardly active in the wave-
length region between 200 and 600 nm most probably because
of carrier tunneling (Fig. 7a).** The increasing amount of
dispersed CNT results in an increasing effective surface area
according to the absorbance of the spectrum. Therefore, UV-vis
spectroscopy can be used to monitor the dynamics of this
composite process of CNT and PPy, allowing the determination
of the optimal weight ratio. The UV-vis spectra of CNT/PPy
composite dispersions with different weight ratios show a

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 UV-vis spectra of (a) pure CNT (20 mg L™"), (b) PPy (5 mg L™"), (c) CNT/
PPyo52 (25 mg L"), (d) CNT/PPy; 61 (40 mg L™"), and (e) CNT/PPy5.46 (100 mg L™").

maximum between 200 and 300 nm (Fig. 7c and d).*” However,
the characteristic bands of CNT nearly disappear with an excess
addition of PPy (Fig. 7e), indicating a lower effective surface area
of CNT. This result proves that the excessive thickness of the
PPy shell and abundant PPy spheres play leading roles in
the composite. All the above phenomena illustrate that the
CNT/PPy, s; possesses the optimal capacitive performance
mainly owing to its improvement of effective surface area and a
suitable thickness of the PPy shell.

Energy and power densities are important factors for evalu-
ating power applications of electrochemical supercapacitors.
Fig. 6D shows the Ragone plots of CNT/PPy, ¢; modified elec-
trodes, which indicate that the CNT/PPy,¢; supercapacitors
possess a high energy density (24.56 W h kg™ ') at a satisfactory
power density (0.4 kW kg~ '). More importantly, the energy
density was very stable with the increase in the power density,
and reached up to 19.56 W h kg™ ' even at a power density as
high as 4.00 kW kg~ !, much higher than most of the current
commercial supercapacitors.

The usable limit of a supercapacitive device depends on its
percentage of cycling stability. The cycling stability performance
of the CNT/PPy, ¢, electrode was tested using the galvanostatic
charge-discharge technique at a current density of 10.0 A g~
Fig. 8A reveals the specific capacitance retention as a function of
cycle number, which shows a slight decrease at the initial 400
cycles and then remained stable with increasing cycle number.
About 86.4% specific capacitance was preserved after 1000
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Fig. 8 (A) Cycle stability of CNT/PPy; g1 during the long-term charge—discharge
process and (B) charge—discharge profile of the CNT/PPy, g1 modified electrode
for the middle 4 cycles and last 4 cycles at a current density of 10 Ag™".
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cycles, illustrating a good cycling stability of CNT/PPy, ;. The
good long-term electrochemical stability of CNT/PPy,¢; is
further evident from the stable charge-discharge curves for the
middle 4 cycles and last 4 cycles (Fig. 8B). The curve shape of the
latter is similar to that of the former (497-500 cycles), which
remains essentially a symmetric triangular shape.

In conclusion, we report a hybrid core/shell material
comprised of CNT and PPy (thickness of the PPy shell is
1.61 nm), which provides a supercapacitor with a specific
capacitance of 276.3 F g~ ' at 1 A ¢~ ' and which is capable of
delivering an energy density of 24.56 W h kg™ at room
temperature. This excellent performance is closely correlated
with the integrated advantage of the decoration of the PPy shell
with an enhancement of dispersibility and effective surface
area. We believe, with such a unique integrated feature,
CNT/PPy would also demonstrate a wide potential for further
modification as a base-material and application in some other
fields such as lithium batteries, fuel cells, and catalysis.
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