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ABSTRACT: The novel hybrid polypyrrole (PPy)/polyani-
line (PANI) double-walled nanotube arrays (DNTAs) were
designed to exploit the synergistic effects and shape effects for
supercapacitive energy storage. The PPy/PANI DNTAs
showed large specific capacitance (Cg,) of 693 F/g at a scan
rate of S mV/s. The PPy/PANI DNTAs also exhibited good
rate capability and high long-term cycle stability (less 8% loss
of the maximum specific capacitance after 1000 cycles). The
synergistic effects between PPy and PANI, the shape effects of

Sectional View 2,900

—=— PPy/PANI

w
0a® = 7501 —e— PPy
oo %00, 9] o PANI

< 600
©

®

® =

o Q450
e 3300

8150
m m e o |

= w
Current PPy PANI H'
Collector

PPy@PANI DNTAs 200 " 400 " 600 ~ 800 1000
Cycles

nanotube arrays and double-walled nanostructures, and high utilization rate of electrode are crucial for the outstanding

performance of PPy/PANI DNTAs. The large C,,

good rate capability, and high long-term cycle stability offered by the PPy/

PANI DNTAs, make them promising candidate electrodes for high-performance supercapacitors.
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1. INTRODUCTION

Supercapacitors, as a new class of energy-storage and power-
supply devices, are developed to meet the increasing demand
for applications in powering vehicles and portable electronic
devices because of their high power density, long cycle-life,
simple principle, and speedy dynamic of charge propagation.'
To date, various materials, including carbonaceous materials,

conducting polymers,3_7 and transition-metal oxides/hydrox-
ides," "' have been extensively studied as electrodes for
supercapacitors. However, the electrode composed of above
single material usually can not fulfill the requirements of future
electrical energy storage devices because of the inherent
material limitations such as low energy density, slow kinetics
(low power density), or weak mechanical stability. Recently, the
hybrid electrode materials have attracted great attention for
energy storage because of the combining unique properties of
individual materials with synergistic effects, realizing the full
potential of electrode materials in terms of performance (e.g.
excellent mechanical stability, high energy density, and high
power density)."*” "

The designs of hybrid electrode materials have been widely
investigated, and most of them focused on pseudocapacitive
material/conductive matrix hybrid materials, such as NiO/ Nij,'
MnO,/Sn0,,"” MnO,/Zn,Sn0,,'* MnO,/graphene,'” and
polyaniline/graphene.””' When the unique properties of
individual constituents are combined, it has been demonstrated
that the performance of such an electrode can be improved. In
the above cases, the pseudocapacitive materials are relatively
low weight fractions in electrodes and usually have excellent
rate and cycling performance. However, the energy and power
densities of electrode are often sacrificed, and this prevents the
supercapacitors from becoming primary power supplies that are
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commercially viable. To overcome the above shortcomings,
some efforts have been devoted to searching for hybrid
pseudocapacitive materials such as the mixed metal oxides,
binary metal oxide/hydroxides, and mixed conducting poly-
mers.”> However, the pseudocapacitive performance of this
kind of hybrid materials usually is not satisfactory because of
lack of well-defined nanostructures and good synergistic effects.
A pivotal challenge in this field is to construct an integrated
smart nanoarchitecture for hybrid pseudocapacitive materials
with excellent synergistic effects,”** in which the structural
feature and electroactivity of every component can be fully
manifested and rapid ion and electron transports can be
provided.

Herein, the novel polypyrrole (PPy)/polyaniline (PANI)
double-walled nanotube arrays (DNTAs) are designed to
exploit the synergistic effects and shape effects for electro-
chemical energy storage. The PANI and PPy both are
promising pseudocapacitive materials because of their good
electrical conductivity, high energy storage capacity, environ-
ment-friendness, and low-cost synthesis,”>~>® and they have the
unique complemental performance and can co-contribute to
the enhancement of pseudocapacitive performance of electrode.
The orderly aligned DNTAs represent a novel prime example
of materials with well-defined pore structures because of the
uniquely hollow structures, double-walled structures, array
structures, and anisotropic nature. It has been demonstrated
that the diffusion parallel to nanotube array orientation can be
exceedingly fast, achieving nearly the same speed as ion
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Scheme 1. Schematic Illustration for the Fabrication of PPy/PANI DNTAs
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diffusion in a bulk electrolyte and substantially reducing
resistance of electrolyte penetration/diffusion.”” In addition,
the DNTAs can provide large surface area, high utilization rate,
and suflicient mass loading to store sufficient energy. What’s
more important is that the outer layer in DNTAs does not
prohibit ion permeation into the inner layer because of the
hollow nanotube array. Therefore, the PPy/PANI DNTAs are
hoped to have superior pseudocapacitive performance because
of the above favorable characteristics.

ZnO nanorod array template-assisted electrodeposition
method is developed for the synthesis of novel PPy/PANI
DNTAs. The utilized template electrodeposition route shows
following merits: (i) the hybrid PPy/PANI DNTAs can be
easily synthesized, (ii) the orderly DNTAs can directly grow on
current collector in a good solid contact, which largely
enhances the conductivity, (iii) the conducting additives and
binders are not needed for the fabrication of electrode because
of the good solid contact between current collector and PPy/
PANI DNTAs, and accordingly the weight and volume of
electrode will be reduced. Electrochemical measurements show
the synthesized PPy/PANI DNTAs exhibit high specific
capacitance (C,,), good rate capability, and excellent long-
term cycle stability because of the compositional (i.e., PPy/
PANI) and geometrical (i.e, DNTA structure) properties of
materials, and are promising electrode materials for the next-
generation high-performance supercapacitors.

2. EXPERIMENTAL SECTION

ZnO nanorod arrays (NRAs) as templates were electrodeposited in a
solution of 0.0l M Zn(NO;), +0.05 M NH,NO, by galvanostatic
electrolysis at a current density of 1.0 mA cm™ for 90 min at 70 °C
using HDV-7C transistor potentiostatic apparatus on a Ti substrate
(1.0 cm?). Then the electro-deposition of PPy was carried out on the
surfaces of ZnO NRAs in a solution of 0.01 M pyrrole + 0.05 M
Na,SO, by galvanostatic electrolysis at a current density of 1.0 mA
cm™ for 20 min at 70 °C using DJS-292B transistor potentiostatic
apparatus. After that, PANI layers were further electrode-posited on
the surf-aces of ZnO/PPy NRAs in a solution of 0.1 M aniline +0.05
M Na,SO, by galv-anostatic electrolysis at a current density of 1.0 mA
em™ for 30 min at 70 °C using HDV-7C transistor potentiostatic
apparatus. At last, the synthesized ZnO/PPy/PANI NRAs were put
into 28% ammonia water for 2 h to remove ZnO, and accordingly
PPy/PANI DNTAs were synthesized. The surface morphologies and
microstructures of the prepared samples were examined by using field-
emission environment scanning electron microscope (SEM, FE],
Quanta 400) and transmission electron microscopy (TEM, JEOL
JEM-2010HR). The structures of the prepared hybrid materials were
analyzed by X-ray diffraction (XRD, PIGAKU, D/MAX 2200 VPC).
Optical properties of PPy/PANI DNTAs were tested by Fourier
transform infrared spectrum (FT-IR, Nicolet 330) and Raman
spectrometer (Renishawin Via).
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The electrochemical properties of the synthesized PPy/PANI
DNTAs were studied in a CHI760D electrochemical workstation by
cyclic voltammetry in a three-electrode cell at room temperature. A
graphite sheet was used as the counter electrode. A saturated calomel
electrode (SCE) was used as the reference electrode. The hybrid
nanotube arrays were used as the working electrode. The cyclic
voltammetry experiments were performed in 1.0 M H,SO, solution at
a scan rate of 5—250 mV/s.

3. RESULTS AND DISCUSSION

The procedure used to synthesize PPy/PANI DNTAs is shown
in Scheme 1, and it is described in the Experimental Section.
SEM images of the synthesized ZnO NRAs template, ZnO/PPy
NRAs, and ZnO/PPy/PANI NRAs are shown in Figure 1a, 1b,
and 1g, respectively. Compared with ZnO NRAs template, PPy
layers are clearly seen on ZnO NRAs as shown in Figure 1b.

PPy

50 nm

Figure 1. SEM images of (a) ZnO NRAs template, (b) ZnO/PPy
NRAs, () ZnO/PPy/PANI NRAs, and (d) PPy/PANI DNTAs. (e)
TEM image of the typical PPy/PANI DNTAs. (f) Optical image of
PPy/PANI DNTAs film in a large-scale area. (Inset in f is optical
image of PPy/PANI DNTAs film under the slight bending).
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Figure 2. (a) XRD, (b) FT-IR, and (c) Raman spectra of PPy/PANI DNTAs.
724 (a) - (b) —a— PPyPANI
43 =) | 8001 —e—PPy
o) ~Q)| @ —e—PANI
E 241 -3)| 2
b @ gso&
E o -9 8
- Q.
c
G 24 8400—
= (&)
] =
48 =
© 8 200
721 &
00 01 02 03 04 05 06 07 0 50 100 150 200 250
Potential/V vs. SCE Scan rate (mVs")
900
. (C) —=— PPy/PANI
D 750 —e—PPy
L —e—PANI
[0]
[&]
C
8
‘©
]
Q.
©
O
[&]
(0]
Q.
()
04 ; . . ; .
0 200 400 600 800 1000
Cycles

Figure 3. (a) CVs of PPy/PANI DNTA:s at different scan rates: (1) 100 mV's™, (2) 70 mVs™, (3) SO0mVs™', (4) 20 mVs™,, (5) SmVs™'; (b) C;,
values of PPy/PANI DNTAs, PPy nanotube arrays and PANI nanotube arrays as a function of scan rate; (c) C,, values of PPy/PANI DNTAs, PPy
nanotube arrays and PANI nanotube arrays as a function of cycle number at 10 mV s™'; (d) SEM image of PPy/PANI DNTAs after 1000 cycles.

Compared with ZnO/PPy NRAs, PANI layers are also clearly
seen on ZnO/PPy NRAs as shown in Figure lc. Finally, the
PPy/PANI DNTAs are successfully fabricated by etching ZnO
from the ZnO/PPy/PANI NRAs, and their SEM image is
shown in Figure 1d. The lengths of PPy/PANI DNTAs are
about 2 pm, the inner diameters are 280 nm, and the wall
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thicknesses are 60 nm. Figure le shows a typical TEM image of
PPy/PANI DNTAs. The thickness of outer PANI layer is 20
nm, and that of inner PPy layer is 40 nm as shown in Figure le.
Figure 1f shows the PPy/PANI DNTAs are easily synthesized
in a large-scale area and they are flexible as shown in the inset in
Figure 1f.
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Figure 4. (a) Nanotube array architecture, double-walled structure, and high conductivity in electrode provide ion and electron “highways” and high
utilization rate of electrode; (b) cycling stability of PPy/PANI DNTAs at progressively varied scan rates.

XRD pattern of the synthesized PPy/PANI DNTAs is shown
in Figure 2a. Only the peaks of Ti substrate can be observed.
This suggests that the PPy/PANI DNTAs are amorphous.
Figure 2b shows the FT-IR spectrum of PPy/PANI DNTAs.
The bands at 1560 and 1380 cm™ are due to quinone-like
structure and symmetric and antisymmetric ring-stretching
modes of PANL™ The band at 1263 cm™" is assigned to C—N
stretching of a secondary aromatic amine which belongs to
PANL>" The C—N stretching vibration of PANI appears at
1100 cm™. In addition, it is clearly seen that the characteristic
peaks of polypyrrole locate at 1560 and 1480 cm™', because of
the symmetric and antisymmetric ring-stretching modes,
respectively.”> The peaks at 1050 and 1315 cm™ are attributed
to C—H deformation vibrations and C—N stretching vibrations,
respectively.>> Raman spectrum of PPy/PANI DNTAs is
shown in Figure 2c. The peaks at 1592 and 1330 cm™' come
from & conjugated structure and ring stretching mode of the
PPy backbone, respectively. The peak at 1050 cm™*
corresponds to the C—H in-plane deformation of PPy. And
the two small peaks at around 930 and 988 cm™ are thought to
be the quinoidpolaronic and bipolaronic structure of PPy,
respectively.** The C—C stretching vibration of quinoid rings
of PANI locates at 1420 cm™’, and the stretching vibration of
benzenoid rings of PANI appears at 1592 cm™.>> The above
results demonstrate the existences of PPy and PANI in
products.

The PPy/PANI DNTAs were investigated as electrodes for
supercapacitor application. Cyclic voltammograms (CVs) of the
PPy/PANI DNTAs in 1.0 M H,SO, electrolyte at different scan
rates are shown in Figure 3a, which shows nearly rectangular
shape in all CV curves, indicating symme-tric current-potential
characteristics and good supercapacitive properties of PPy/
PANI DNTAs. The specific capacitance (Cy,) of PPy/PANI
DNTAs at 5 mV/s is calculated 693 F/g, which is much larger
than 250 F/g of PPy nanotube arrays (NTAs) and those
reported for PPy samples at the same scan rate,* and is close to
846 F/g of PANI NTAs that have a high theoretical CSP. The
dependence of Cg, on scan rate is shown in Figure 3b, which
shows a decay of 47% in C,, of PPy/PANI DNTAs with scan
rate increasing from S to 250 mV/s. Even at a scan rate as high
as 250 mV/s, the PPy/PANI DNTAs still achive a CSp as large
as 366 F/g. However, for PPy NTAs, the C,, shows a severe
decay of 64% with scan rate increasing from 5 to 250 mV/s,
and it is only 90 F/g at 250 mV/s. The PPy/PANI DNTAs
show much larger C, at all scan rates and much better rate
capability than PPy NTAs as shown in Figure 3b and have a
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similar C, decay to PANI NTAs with scan rate increasing from
5 to 250 mV/s.

As we all know, besides high Copr the excellent long-term
cycle stability is crucial for real super-capacitor operations. The
variations of Cy, of PPy/PANI DNTAs, PPy NTAs, and PANI
NTAs as a function of cycle number are shown in Figure 3c. As
revealed from the above data, the PPy/PANI DNTAs almost
can withstand over 1000 cycles without any significant decrease
in Cg, value. It is seen that there is only a small decrease of 7.6%
in Cy, up to 1000 cycles. In addition, the electrolyte solution
still remains transparent after 1000 cycle tests, indicating almost
no dissolution of PPy/PANI DNTAs into solution. However,
the PANI NTAs show much more severe C, decay than PPy/
PANI DNTAs after 1000 cycles as shown in Figure 3c. The C,,
decrease of PANI NTAs is about 73.1% after 1000 cycles,
indicating that the individual PANI NTAs are not ideal
candidates for supercapacitor applications although they have
high C,, in initial stage. For PPy NTAs, the decrease of Cj, is
about 18.6% after 1000 cycles, which is also more severe than
that of PPy/PANI DNTAs. The above results demonstrate
PPy/PANI DNTASs synchronously own large C,, and excellent
long-term cycle stability, and they are much superior to
individual PPy NTAs and PANI NTAs for supercapacitor
applications.

The combination of PPy and PANI with independent
electroactivities into DNTAs architecture observably improve
the electrochemical performance, especially the cycle stability,
compared with the individual PANI and PPy NTAs. The above
situation is different from the performance enhan-cements by
the previous core-shell structures, such as MnO,/ZnO,*’
Mo0;/Zn0,*® and MnO,/Mn,*” in which only the shell
materials acted as active materials while the core materials were
only current collectors. Here it is believed that the synergistic
effects from hybrid pseudocapacitive PANI and PPy materials
and the shape effects of ordered DNTA configurations have
important contribution to high Cj, excellent long-term cycle
stability, and high rate capability of PPy/PANI DNTAs. The
composites of PPy and PANI have the unique complemental
performance compared with individual PANI and PPy and the
following synergistic effects have been demonstrated: (i) PPy/
PANI DNTAs show excellent long-term cycle stability and can
overcome the weak point of PANI NTAs that have poor cycle
stability (Figure 3c). After 1000 cycles, the surface morphology
of PPy/PANI DNTAs still is kept well as shown in Figure 3d.
(ii) the combination of PPy and PANI leads to PPy/PANI
DNTAs have much higher C,, and rate capability than PPy

dx.doi.org/10.1021/am404751k | ACS Appl. Mater. Interfaces 2014, 6, 642—647



ACS Applied Materials & Interfaces

Research Article

NTAs, overcoming the weak points of PPy NTAs that have low
Cy, and rate capability. The above improvements may be
attributed to the synergistic effects produced by the favorable
interactions between PPy and PANI layers at the interfaces. In
addition, the PPy/PANI DNTAs have smart shape effects and
show following advantages as super-capacitor electrode: (i) The
PPy/PANI DNTAs will relax the transport of ions because of
hollow nanostructures as shown in Figure 42 Also, the double
thin layers of PPy and PANI in DNTAs will enable fast,
reversible faradic reactions and provide short ion diffusion
paths. (ii) The DNTAs with double PPy and PANI shells can
obviously enhance the utilization rate of electrode materials
because of the anisotropic morphologies, large specific surface
areas, and hollow nanostructures. (iii) The DNTAs directly
grow on conductive substrate have excellent electrical contacts
with current collec-tor (Figure 4a), and this will let each PPy/
PANI nanotube effectively participate in electrochemical
reactions and almost no “dead” volume. Therefore, the above
synergistic effects and shape effects between PPy and PANI
jointly promote the synthesized PPy/PANI composites to have
high C,,, excellent long-term cycle stability, and high rate
capability.

To further investigate the advantage of PPy/PANI DNTAs,
we tested their cycle performance at progressively increased
scan rate, and the results are recorded in Figure 4b. Here even
we find the electrode material suffered from sudden scan rate
change, the PPy/PANI DNTAs still show the stable C, at each
scan rate. What is more important is that the C,, can still keep
470 F/g when the scan rate increases to 100 mV/s. The above
results further demonstrate that the synthesized PPy/PANI
DNTAs could meet the requirements of both long cycle
lifetime and good rate capability, which are highly important for
utilization in the practical energy storage devices.

4. CONCLUSIONS

In summary, the novel hybrid PPy/PANI DNTAs were
designed and fabricated to exploit the synergistic effects and
shape effects for electrochemical energy storage. The
preliminary studies indicate that the PPy/PANI DNTAs have
high C,,, excellent rate capability and superior long-term cycle
stabilitys. The synergistic effects together with shape effects of
PPy and PANI are responsible for the prominently enhanced
electrochemical performance of PPy/PANI DNTAs. Here the
reported electrode design concept also can be used for
inorganic materials, such as MnO,, NiO, and Co;0,, to build
the multifunctional hybrid nano-/microstructures, which will be
promising for a large spectrum of nanodevice applications.
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