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Ultrahigh performance supercapacitors utilizing
core—shell nanoarchitectures from a metal-—
organic framework-derived nanoporous carbon
and a conducting polymer
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Hitherto, many reports on composite materials for electrochemical applications are based on one-
dimensional carbon nanotubes or two-dimensional graphene materials. However, these composite
materials usually suffer from a stacking problem during electrochemical cycling. A smart
nanoarchitectural design is needed for composite materials in order to overcome this problem. Recent
research on electrochemical energy storage (EES) applications has focused on the development of
three-dimensional (3-D) core—shell structures. The basis for high performance electrochemical energy
storage is to control the efficient intercalation of ions in such a 3-D structure. Here, we demonstrate
controlled synergy between the physicochemical properties of nanoporous carbon and conducting
polyaniline polymer (carbon—PANI), which leads to some new interesting electrochemical properties.
The time-dependent controlled optimization of the core-shell nanocomposites consisting of
nanoporous carbon with a thin layer of PANI nanorod arrays gives useful control over supercapacitor
performance. Furthermore, these carbon—PANI nanocomposites can electrochemically access ions with

remarkable efficiency to achieve a capacitance value in the range of 300-1100 F g~*. When assembled
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Accepted 14th May 2016 in a two electrode cell configuration, the symmetric supercapacitor (SSC) based on carbon—PANI//

carbon—PANI shows the highest specific energy of 21 W h kg™ and the highest specific power of 12 kW
kg™t More interestingly, the SSC shows capacitance retention of 86% after 20 000 cycles, which is
highly superior compared to previous research reports.
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3-D structured electrode for EES applications is comprised of
a core-shell architecture consisting of nanoporous carbon as

Introduction

Since the last decade, many research efforts have been directed
towards the development of three-dimensional (3-D) electrodes
for electrochemical energy storage (EES) applications.*™ This is
because they offer a number of advantages, such as increased
mass loading per unit area and improved electron and ion
transportation through the porous network, as well as better
mechanical stability over repeated cycle operations.>” The ideal
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the core with easy ion diffusion and a conductive redox active
material as a shell with high electrical conductivity. For such
a core-shell 3-D structure, it is possible to combine two
different functionalities into one, where their functions can be
operated independently but still perform synergistically.® Such
smart material design can bridge the gap between super-
capacitors with high power densities and battery materials with
high energy densities. The structural stability over repeated
charge-discharge cycles is also an important factor for practical
applications. Although several promising 3-D electrodes have
been reported very recently, their lifespan is very limited."

So far, many different types of nanoporous carbon materials
have been employed for EES applications, owing to their unique
properties such as high specific surface areas, good electrical
conductivities, controlled pore structures, good thermal and
mechanical stabilities, and relatively low costs.” Among carbon
allotropes, graphite, consisting of sp>bonded carbon atoms,
gives high conductivity because the electrons associated with
the m-bonds become available to carry the charge.' Surface

This journal is © The Royal Society of Chemistry 2016
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functional groups and the degree of graphitization also play
important roles in increasing the overall EES performance of
the carbon."™ Additionally, a recent study has highlighted that,
in order to achieve high energy density as well as high power
density, the presence of both micropores and mesopores is very
important.” Micropores (generally less than 2 nm) are impor-
tant for achieving high capacitance values and thereby high
energy density, while mesopores (generally from 2 nm to 50 nm)
can provide ions with easy access to the surface, and thereby
high power density. Most micropores are inaccessible at high
scan rates in aqueous electrolyte, which results in the slow
diffusion of ions in micropores at high scan rates.’> Metal-
organic framework (MOF) derived nanoporous carbons
(including zeolitic imidazolate framework (ZIF) derived nano-
porous carbons) have gained much attention due to their
intriguing micro-meso porous architectures, their high surface
areas (>1000 m* g~ ') and their moderate electrical conductivi-
ties."*"” However, studies on electrical-double-layer capacitors
(EDLCs) that take advantage of the performance of ZIF-derived
nanoporous carbons are still limited.

On the other hand, conductive redox polymers, such as
polyaniline (PANI), have proven to be promising electrode
material for high capacitance applications, however they
always suffer from limited stability."® There are many reports
available in the literature on the development of PANI as well as
PANI-based nanocomposites using different synthetic routes for
EES applications.”? A recent study has demonstrated the
importance of obtaining the shortest diffusion paths for
ordered PANI structures for better utilization of the high surface
area as well as for improvement of the power density.”"** Several
composites of PANI with different carbon materials, such as
one-dimensional (1-D) carbon nanotubes/nanofibers**2 and
two-dimensional (2-D) graphene,**** have been reported so far.
The main disadvantage of such a 1-D or 2-D structure, however,
is that stacking of layers can easily occur before or during
electrochemical cycling, leading to blocking of ions by surface
layers, resulting in poor cycling stability.

To further improve the EES performance, a well-designed
composite material containing nanoporous carbon as the core
and ordered polymer arrays as the shell is an ideal architecture.
The advantage of this configuration is that it can improve the
mechanical stability of the polymer without hampering the
electronic conductivity of the carbon core, and it also provides
the shortest diffusion path to the core (Scheme 1). Although
a few reports are available on the development of core-shell
composites of nanoporous carbon and PANI,"** sophisticated
hybridization of nanoporous carbon with PANI nanorods has
been never reported.

Herein, we present a facile controlled synthesis of core-shell
nanocomposites (carbon-PANI) by chemical oxidative poly-
merization. Nanoporous carbon prepared from ZIF-8 was
selected as the core for PANI nanorod growth (Scheme 1). By
tuning the PANI shell thickness, we can control the synergy of
these nanocomposites to achieve high capacitance perfor-
mance. Finally, supercapacitor devices were successfully fabri-
cated using three different symmetric configurations, carbon//
carbon, PANI//PANI, and carbon-PANI//carbon-PANI. These
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three systems were compared to each other in terms of their
specific energies and specific powers. The specific energy ob-
tained in the present study is about ten times higher than that
of commercially available activated carbon. This novel carbon-
PANI electrode exhibits high capacitance retention as well as
high specific capacitance.

Experimental
Synthesis of ZIF-8 derived carbon

For the synthesis of ZIF-8, 2-methylimidazole was dissolved in
methanol in a beaker and stirred to prepare a clear transparent
solution. In another beaker, Zn(CH3;COO), was dissolved in
polyvinylpyrrolidone (PVP) and this solution was stirred for
30 min to obtain a clear transparent solution. Then, these two
solutions were mixed together and stirred for another 20 min.
The resultant solution was aged for about 20 hours. After that,
a white-coloured precipitate was observed at the bottom of the
beaker. This precipitate was collected and dried for 12 h. In
order to convert this ZIF-8 sample into nanoporous carbon, the
sample was directly carbonised at 800 °C under a nitrogen
atmosphere with a heating rate of 5 °C min~' for 4 h. The
carbon samples were washed with HF four times in order to
remove Zn species and they were then used directly for further
use.

Polymerization of PANI and preparation of PANI-grown ZIF-8
derived carbon

For the PANI polymerization process, 30 ml of HCIO, (1 M) was
mixed with ethanol (10 ml) in a beaker. This solution
was stirred for about 10 min. After adding aniline monomer
(0.05 M), the solution was stirred for about 30 min at —5 °C.
Meanwhile, in another beaker, 0.03 M ammonium persulfate
((NH,4),S,04) was added to 10 ml of 1 M HCIO, and the solution
was kept at —5 °C, before being used as an oxidant in the
reaction. The above two solutions were mixed together with
stirring and the polymerization of PANI started with a slow
reaction after 1 h at —5 °C. Thus obtained PANI was washed
with ethanol and distilled water several times, and then dried
and stored for further use.

To grow the PANI nanorods on nanoporous carbon, 9 mg of
nanoporous carbon was added to a monomer-dissolved solu-
tion and the resulting solution was stirred, affording a uniform
coating of monomer on the carbon surface. Then, the poly-
merization was carried out by adding the oxidant solution. The
PANI chains result in one-directional growth of nanorods on the
nanoporous carbon surface. The polymerization times were
gradually varied from 1 h up to 5 h to control the thickness of
the PANI shell. After polymerization, the obtained powder was
washed with ethanol and distilled water several times and
collected by centrifugation.

Material characterization

The surface morphologies and structures of the obtained
samples were characterized by scanning electron microscopy
(SEM, HITACHI SU8000) and transmission electron microscopy
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Scheme 1 Schematic illustration of the synthetic process for the attainment of nanoporous carbon—PANI core—shell nanocomposite materials,
starting from the rhombic dodecahedron ZIF-8. For the preparation of nanoporous carbon, ZIF-8 was carbonized and Zn was removed by
washing with HF. The SEM images of the bare carbon and carbon—PANI nanocomposite are as shown. The scale bars are 500 nm in length. The
PANI nanorods were grown on nanoporous carbon and the lengths of the nanorods were controlled by the polymerization time.

(TEM, TECNAI 3010). Powder X-ray diffraction (XRD, Rigaku
Rint 2500, Cu Ko, A = 1.5406 A) was used in order to determine
the crystalline structures of the samples. The details of the
different bonds present on the surfaces of these materials were
characterized using FTIR (Nicolet 4700) and a micro-Raman
(Horiba-Jobin Yvon T65000) analysis station. N, adsorption-
desorption isotherms were obtained using a BELSORP-max
instrument.

Electrochemical analysis

Electrochemical analysis was carried out using cyclic voltam-
metry (CV) and galvanostatic charge-discharge (CD) measure-
ments. Furthermore, galvanostatic CD studies were carried out
using a symmetric configuration. For this purpose, 1 M H,SO,
was used as an electrolyte. All of the electrochemical studies
were carried out using an electrochemical workstation (CHI
660E, CH instruments USA). The carbon-PANI composite
samples were mixed with poly(vinylidene difluoride) (PVDF,
20%) in N-methyl-2-pyrrolidone (NMP) as a solvent. The
resulting slurry was homogenized by ultrasonication and coated
onto a graphite substrate, which was then used as the working
electrode (with the graphite substrate serving as the current
collector). Each electrode contained 0.5 mg cm ™2 of electro-
active material. The SSC cells were fabricated from carbon-PANI
composites with similar weight loadings. A two electrode cell
containing positive and negative electrodes with a separation of
0.3 cm was used to test the electrochemical properties of the
symmetric cell. For comparison purposes all of the electro-
chemical tests were carried out in the same potential window of
0.0 to 0.8 V. The CV and galvanostatic CD results were collected
using an electrochemical workstation (CHI 660 E).

Specific capacitance values were calculated from the CV and
galvanostatic CD results using the following equations:
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I: current (A), m: mass of the active electrode (g), s: scan rate (V
s 1), AV = V; — V;: potential window (V), At: discharge time (s),
and Cy: gravimetric capacitance (F g~ ).

The specific energy (SE) and specific power (SP) of the
supercapacitors were calculated according to the following
equations:

. % v
SE (W h kg ) = 3% (3)
Sp (W kg‘l) _ 3600 x SE )

t

C: the total capacitance of the two electrode cell, v: the effective
potential range during the discharging process, and ¢: the dis-
charging time (s).

Results and discussion
Preparation and characterization of carbon-PANI composites

The synthesis of PANI was carried out through an oxidative
polymerization, which is a typical method for PANI synthesis.
The polymerization was performed by HCIO, and ammonium
persulfate in the presence of aniline monomer. The prepared
PANI was used and compared with nanoporous carbon-PANI
composites. On the other hand, nanoporous carbon was
prepared through the thermal treatment of ZIF-8 in nitrogen
atmosphere. Studies comparing the porosity of our carbon

This journal is © The Royal Society of Chemistry 2016
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sample with that of commercially available activated carbon
were carried out (Fig. S1 in the ESIf). The Brunauer-Emmett-
Teller (BET) surface areas are 2370 m”> g~ and 1610 m* g~ for
activated carbon and our carbon sample, respectively. The
relative micropore ratio of the activated carbon sample is higher
than that of our carbon sample (detailed analysis data is tabu-
lated in Table S17). For the preparation of nanoporous carbon-
PANI composites, 9 mg of nanoporous carbon was added to
a monomer-dissolved solution. The polymerization times were
gradually varied from 1 h (S1) to 2 h (S2), 3 h (S3), 4 h (S4) and
5 h (S5) to control the thickness of the PANI shell. All details of
material preparation are described in the Experimental section.

Wide angle X-ray diffraction (XRD) measurements were
carried out on the carbon, PANI and carbon-PANI composite
samples. As seen from Fig. 1a, in the case of the carbon sample,
the peaks at 25° and 44° are associated with the (002) and (101)
interlayer peaks, characteristic of graphite-type carbon.*®* The
XRD peaks at 19° and 25° are the characteristic peaks of
PANIL.**® As the reaction time increases from sample S1 to
sample S5, the peak intensity at 25° gradually increases. This
peak at 25° is associated with the m-7 interchain stacking
distance between the phenyl rings. The increase in this peak
intensity can indicate improved conductivity.*

Raman scattering can give more detailed information on the
chemical bonds present at the surface (Fig. 1b). For the carbon
sample, two peaks at 1591 cm™ ' (G band) and 1351 cm ™'
(D band) are observed, which correspond to graphitic carbon
and disordered carbon, respectively.* The corresponding peaks
for both carbon-PANI composite samples are basically similar
to those observed in the carbon sample, but the peak intensities
and peak positions are slightly different as a result of the time-
dependent coating of PANI. For the PANI sample, four major
peaks can be observed (marked by asterisks in Fig. 1b). These
are (1) C-H bending of the quinoid ring at 1176 cm™ ", (2) C-N"*
stretching vibration of cation radical species at 1332 cm™ ", (3)
C-C stretching of the quinoid ring at 1497 cm ™', and (4) C-C
stretching of the benzene ring at 1615 cm ', and they are
characteristic of the presence of PANL.** As the shell thickness
increases (e.g. from S1 to S3 in Fig. 1b), the intensity in the range
of 1500 to 1600 cm ™" also increases, due to overlap with the

Q
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Fig.1 XRD and Raman characterization of the samples. (a) Wide angle
XRD patterns of carbon, PANI and carbon—PANI nanocomposites (S1
and S3). (b) Raman spectra for carbon, PANI and carbon-PANI
nanocomposites (samples S1 and S3).
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peaks derived from PANI. Furthermore, as the shell thickness
increases, the peak at 1332 cm ™' corresponding to the C-N"*
stretching vibration in PANI shifts to the higher wavenumber of
1360 cm ™ ". This is due to the strong interaction of the C-N"*
species of PANI with a negative surface species of carbon
(COO™).* Also, this phenomenon can be more clearly observed
with an increased coating time. Thus, peak shifting observed in
the range of 1300 cm™ " to 1400 cm ' is the result of the
combined contribution of the carbon peaks and PANI peaks.
Increasing the intensity (I) ratio Ic_y+/Ic_p can promote protonic
acid doping of the material.*® Thus, the XRD and Raman anal-
ysis give a clear indication of the successful formation of PANI
with good properties.

The Fourier transform infrared (FTIR) spectra of carbon,
PANI and carbon-PANI nanocomposites are shown in Fig. 2. For
the carbon sample, the C=N bond (at approximately
1600 cm ') and N-H bonding (at approximately 1300 cm ")
show that forms of nitrogen bonding are present on the carbon
surface.** For PANI and carbon-PANI composites, the adsorp-
tion bands at 1495 cm ™" and 1579 cm ™" can be assigned to the
C=C stretching vibration modes of the benzenoid and quino-
noid rings of PANI, respectively.*” The adsorption band that
appears at 1301 cm ' is related to C-N stretching modes,
whereas the adsorption band appearing at 1141 cm ™" is asso-
ciated with the C-H in-plane bending mode of pernigraniline.*
Furthermore, a small adsorption band at 1243 em™* is associ-
ated with the protonated C-N" group. Thus, it is proven that the
PANI shell was successfully formed on the carbon surface.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were employed to study the
morphologies of the carbon-PANI samples. For comparison,
pure PANI was prepared without carbon supports. The complex
nanofiber morphology can be confirmed by SEM and TEM
images, as shown in Fig. S2.} Fig. 3 shows the time-dependent
morphological changes in the PANI nanorod arrays on the

1579
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Fig. 2 Fourier transform infrared (FTIR) studies for the samples. FTIR
spectra of carbon, PANI and carbon—PANI composites (samples S1 and
S3).
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carbon surface. By increasing the deposition time, the lengths
and widths of PANI nanorods increase progressively. The low
magnification SEM images of our carbon and carbon-PANI
composites (S1-S5) are shown in Fig. S3.t At the early stage of
PANI deposition, a very thin layer of oriented PANI gets coated
on the carbon surface (Fig. 3a). This is because the nanoporous
carbon surface provides abundant nucleation sites for the
uniform growth of PANI nanorods. The TEM image shows that
the length of these nanorods is about 10 nm, but the density of
these nanorods is low. With increasing PANI deposition time

View Article Online
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(samples S2 and S3), uniformly aligned nanorods can be
observed (Fig. 3b-c). The TEM image for sample S2 reveals that
the width of the nanorods is almost 10-12 nm, and that the
nanorods start to grow more densely. As shown in Fig. 3c,
the average length of the nanorods also increased up to about
20-25 nm. Interestingly, the original polyhedral shape of the
nanoporous carbon is totally retained, which can completely
avoid the particle aggregation that has been commonly seen in
previous research reports on carbon-PANI composites.>**® With
a further increase in the reaction time (4 h), the PANI nanorods

Fig.3 SEM (left column) and TEM images (middle and right columns) of carbon—PANI composites. (al-a3) Carbon—PANI composites afteralh
reaction time (sample S1); (b1-b3) after a 2 h reaction time (sample S2); (c1-c3) after a 3 h reaction time (sample S3); (d1-d3) after a 4 h reaction
time (sample S4) and (el-e3) after a 5 h reaction time (sample S5). Smaller sized particles were intentionally selected in order to clearly show the

coating of the PANI nanorods on the particles.
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become very dense due to agglomeration (Fig. 3d). The average
length of the PANI nanorods is about 50 nm for sample S4.
Although such a dense structure sets the limit for accurately
measuring the nanorod lengths, a further increase in the reac-
tion time leads to an increase in the length of the PANI nano-
rods (Fig. 3e). To confirm the presence of carbon and nitrogen
in the above samples, TEM elemental analysis was carried out
(Fig. S47), and carbon and nitrogen were confirmed to be
present in both the carbon and carbon-PANI samples.

Electrochemical capacitance of carbon-PANI composites

The capacitive behaviours of the carbon-PANI composites as
electrode materials were investigated using cyclic voltammetry
(CV) in a three-electrode configuration. Fig. 4a presents
comparative CV curves of carbon, PANI and carbon-PANI
composite (sample S3) samples in 1 M H,SO, electrolyte in the
potential window of 0.0 V to 0.8 V at a scan rate of 5 mV s~ . The
comparative CV curves and capacitance variation with different
scan rates for carbon, PANI and carbon-PANI nanocomposites
(S1-S5) at scan rates from 5-200 mV s~ ' are shown in Fig. $5.1
The difference in the capacitance values between the carbon
and the carbon-PANI composites is very remarkable. This fact
can be easily observed from the CV curve shapes in Fig. 4a.
Regardless of the PANI deposition time, the cyclic voltammetry
(CV) curves of each of the carbon-PANI composites present
a slightly sloped rectangular shape (Fig. 3a and S5%). The quasi-
rectangular CV shape has two strong peaks, similar to a pseu-
docapacitor. These CV curves are attributed to the redox tran-
sitions of PANI (i.e., the leucoemeraldine-emeraldine transition
and emeraldine-pernigraniline transition).*” The maximum
specific capacitance values obtained for these materials are 220,
629, 602, 651, 1100, 427 and 350 F g~* for the carbon, PANI, S1,
S2, S3, S4 and S5 samples, respectively (Fig. 4b). From this, it is
clear that the capacitance value of the S3 sample is much higher
than those of the other samples. This can be explained by the
synergic cooperation between the redox active PANI shell and
the EDLC supercapacitor (i.e., the carbon core). Compared to
previous reports, our samples show a very promising capaci-
tance performance. A direct comparison of our results with the
other reports in the literature is shown in Table S2.t

The variation of specific capacitance with scan rate is shown
in Fig. 4c and S5.1 Over the scan rate variation from 5 to 200 mV
s, the capacitance values are found to decrease to 68%, 39%,
45%, 65%, 57%, 38% and 20% for carbon, PANI, S1, S2, S3, S4
and S5, respectively. Carbon-PANI composites with smaller
shell thicknesses (samples S1-S3) show relatively good capaci-
tance retention in comparison with bare PANI and the other
carbon-PANI composites (S4 and S5). The optimized PANI shell
coating provides high synergistic cooperation with the carbon
core, improving the mechanical stability.

To evaluate the true performances of the electrode materials,
a two-electrode system is better than the three-electrode
measurement. A comparative symmetric supercapacitor (SSC)
study was carried out for carbon, PANI and carbon-PANI
composite (sample S3) samples, as shown in Fig. 5, S6 and S7.}
The comparative CVs of these three samples are shown in Fig. 5b.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Supercapacitor characterization. (a) Comparative CVs of
carbon, PANI and carbon—-PANI (composition S3) samples at a scan
rate of 5 mV s~%. (b) Comparison of the specific capacitance perfor-
mances of carbon, PANI and carbon—PANI nanocomposites (S1-S5) at
various time intervals. (c) Variation of capacitance with scan rate for
carbon, PANI and carbon-PANI nanocomposite (composition S3)
samples.

The charge-discharge (CD) studies were carried out at various
applied specific currents (1, 2, 3, 4, 5,6,7,9, 16, 20 and 30 A g™ ).
As seen in Fig. 5b, the discharge curves are very linear, and no IR
drop is observed up to 30 A g~ '. When the discharge profile curves
for bare PANI (Fig. S7bt) and the carbon-PANI composite samples
are compared with one another, it can be observed that bare PANI
has a strong IR drop, which is unusual for such a highly con-
ducting polymer. In the case of the PANI redox supercapacitor, the
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1D CNTs or 2-D graphene, allowing for the easy diffusion of ions deep inside the material. Furthermore, the PANI nanorod arrays provide the ions
with easy access to the carbon core, which leads to the enhanced synergy of these nanocomposites. The PANI nanorods also provide fast
conducting channels (electron highways) for electrons to reach the collector surface. (b) Comparative CVs of carbon—-PANI//carbon—PANI (S3),
PANI//PANI, and carbon//carbon capacitors in 1 M H,SO, electrolyte. (c) Discharge times for the carbon—PANI//carbon—PANI capacitor at
various applied specific currents. (d) Plot of the variation of the specific capacitance with specific current.

capacitance and charging capability strongly depend on the
charging potential windows used.”” In the present study, in order
to compare the cell performance for carbon, PANI and carbon-
PANI composites, the potential window is fixed from 0.0 Vto 0.8 V.
However, bare PANI undergoes strong mechanical stress in the
potential range of 0.6 to 0.8 V, which results in the observation of
a big IR drop. Thus, polymer degradation and mechanical stress
are critical factors responsible for the IR drop observed for the
PANI sample. However, in the case of the carbon-PANI composite
samples, the discharge profiles show no IR drop, which again
confirms the advantage of the nanoporous carbon support. The
specific capacitance values obtained are 236, 231, 229, 228, 226,
225, 223, 221, 202, 195 and 176 F g ' at the applied specific
currents of 1, 2, 3, 4, 5, 6, 7, 9, 16, 20 and 30 A g, respectively
(Fig. 5¢, the magnified view of the discharge profiles at high
current densities is shown in Fig. S87). A direct comparison of our
results with previous reports is shown in Table S3.t

5710 | Chem. Sci,, 2016, 7, 5704-5713

The observed decrease in capacitance with increasing
applied specific current is a common issue in capacitor appli-
cations. Although some studies have reported promising
performances for composites, retention at high scan rates is the
main issue. For example, flexible graphene-PANI composites
showed a retention of 82% when the applied current was varied
from 0.3-6 A g '.** In another example, the capacitance of
graphene-PANI composites decreased drastically, giving
a retention of only 40% when the applied current was varied
from 0.2-2 A g~ '.* This was probably due to the aggregation
problem. During fast charge-discharge, electrolyte ions cannot
intercalate/deintercalate across the deep void space. In the case
of our composite samples, however, the comparative capaci-
tance loss is only 6% when the applied specific currents are
varied from 1 to 10 A g~ ", as shown in Fig. 5d. Moreover, even
when the applied specific current is greatly increased up to the
very high value of 30 A g™, the decrease in the capacitance is

This journal is © The Royal Society of Chemistry 2016
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found to be only 26%. This indicates that our SSC with carbon-
PANI is suitable for high retention in high power applications.
As mentioned above, this unique core-shell composite shape
can effectively avoid serious stacking of particles, as seen in
Fig. 5a. The PANI network provides better conduction paths for
easy transfer of the electrons. Also, the small-sized PANI
nanorod array architecture provides good capacitance through
redox reactions as well as easy access for the electrolyte ions to
diffuse to the carbon core, which results in enhanced material
utilization. On the other hand, the carbon support reduces
the mechanical stress of PANI and enhances the stability of
the polymer. In other words, each material effectively over-
comes the other’s disadvantage, achieving a high and stable
performance.

The Ragone plot, which is a performance indicator for energy
storage devices, was studied for our SSCs. Fig. 6a shows plots of
specific energy versus specific power for three SSCs, using
carbon, PANI and a carbon-PANI composite (sample S3). The
specific power was found to increase with decreasing specific
energy. The specific energy and the specific power obtained for
the carbon sample are 10.26 W h kg™' and 400 W kg,
respectively. On the other hand, the PANI sample possesses
a specific energy of 12 W h kg™ " and a specific power of 400 W
kg~ " at the specific current value of 1 A g~'. For the carbon-
PANI composite sample, the specific power and specific energy
obtained at 1 A g~ ' are 400 W kg™ " and 21 W h kg™, respec-
tively. Even at the very high specific current of 30 A g, high
specific power and high specific energy are retained without
much loss. More interestingly, when we compare our carbon
sample for specific energy performance with a commercially
available activated carbon material with a high surface area, the
activated carbon sample has a remarkably low energy density
(1.45 W h kg™ ') in comparison with our carbon sample. This is
owing to the activated carbon containing a large number of
micropores compared to mesopores. Unlike in non-aqueous
electrolyte,*® the micropores are inaccessible in aqueous elec-
trolytes containing H,SO, ions (due to heavy and large ions —
H' ions: 0.024 nm and SO, : 0.24 nm), which results in
decreased specific energies for these materials.*

The specific energy value obtained in this study surpasses
previously reported SSCs using carbon fibre (CF)-PANI-RuO,
(10 W h kg™"),¥” mesoporous carbon (9.6 W h kg™ '),** and other
carbon materials (~10 W h kg~ ").*® Even when compared with
other SSCs based on metal oxides, such as RuO, (18.77 W h
kg™ "),"* Co(OH), (3.96 W h kg~ ')*> and MnMoO, (11 W h kg™ 1),
our value is much higher than in these reports. It is even more
interesting that our SSC shows a higher specific energy than
some recent asymmetric supercapacitors (ASCs), such as
NiMoO,//reduced graphene oxide (r-GO) (12.31 W h kg '),
Co(OH),//graphene (11.9 W h kg™ ')** and Ni-Co oxy-hydroxide
(17 Wh kg™ 1)

The electrochemical stability of the carbon-PANI composite
was examined in 1 M H,SO, aqueous electrolyte by galvanostatic
CD measurements (Fig. 6b) at a current density of 5 A g~ . The
electrochemical retention after 20 000 cycles showed a loss of
only 14%, which is much smaller than in previous reports.*”>°
The high stability of carbon-PANI originates from the synergistic

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Electrochemical performances. (a) Ragone plot for symmetric
supercapacitors based on activated carbon (AC-AC), carbon (C-C),
PANI (P-P) and the carbon—-PANI (CP-CP) nanocomposite. (b) Long-
term cycling performance for the carbon—PANI core-shell
nanocomposite.

cooperation of the carbon core and the PANI shell. This suggests
that the carbon materials covered with optimized PANI nanorod
arrays can sustain very long cycles of operation. This extraordi-
nary stability combined with high specific power and high
specific energy make this device a suitable candidate for future
supercapacitor applications.

Conclusion

We have demonstrated a unique synthetic approach for
enhanced electrochemical performance by taking full advan-
tage of the core-shell architecture. A uniform coating of PANI
nanorods on a nanoporous carbon surface can be achieved by
a simple oxidative polymerization. The multifaceted core-shell
particles avoid the serious decrease in electrochemically
active surface area that is caused by aggregation/stacking
of active materials. The PANI nanorod arrays on the polyhedral
carbon surface provide the electrolyte ions with high accessi-
bility to the nanoporous carbon core. The SSC based
on carbon-PANI electrodes achieves excellent capacitance

Chem. Sci., 2016, 7, 5704-5713 | 5711
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performance compared with previous reports. The superior
rate performance, even at high specific currents, is attributable
to the deep void spaces being highly accessible to the ions. The
high capacitance performances and good stabilities of our
composites highlight the controlled synergy of the core-shell
composites. This research provides a new pathway for the
synthesis of 3-D core-shell architectures with different
conductive polymers. By further optimizing the conductive
polymers, higher performances and improved stabilities can
be realized in the future.

References

1 H. Jiang, P. S. Lee and C. Li, Energy Environ. Sci., 2013, 6, 41—
53.

2 B. G. Choi, M. Yang, W. H. Hong, J. W. Choi and Y. S. Huh,
ACS Nano, 2012, 6, 4020-4028.

3 S. Chabi, C. Peng, D. Hu and Y. Zhu, Adv. Mater., 2014, 26,
2440-2445.

4 Y. Xu, G. Shi and X. Duan, Acc. Chem. Res., 2015, 48, 1666—
1675.

5 P. Simon and Y. Gogotsi, Nat. Mater., 2008, 7, 845-854.

6 M. Beidaghi and Y. Gogotsi, Energy Environ. Sci., 2014, 7,
867-884.

7 W.Yan, M. L. Thai, R. Dutta, X. Li, W. Xing and R. M. Penner,
ACS Appl. Mater. Interfaces, 2014, 6, 5018-5025.

8 Z. Yu and J. Thomas, Adv. Mater., 2014, 26, 4279-4285.

9 P. Simon and Y. Gogotsi, Acc. Chem. Res., 2013, 46, 1094—
1103.

10 A. G. Pandolfo and A. F. Hollenkamp, J. Power Sources, 2006,
157, 11-27.

11 A. Stein, Z. Wang and M. A. Fierke, Adv. Mater., 2009, 21,
265-293.

12 J. Huang, B. G. Sumpter and V. Meunier, Chem.-Eur. J., 2008,
14, 6614-6626.

13 R. R. Salunkhe, Y. Kamachi, N. L. Torad, S. M. Hwang,
Z. Sun, S. X. Dou, J. H. Kim and Y. Yamauchi, J. Mater.
Chem. A, 2014, 2, 19848-19854.

14 J. Tang, R. R. Salunkhe, J. Liu, N. L. Torad, M. Imura,
S. Furukawa and Y. Yamauchi, J. Am. Chem. Soc., 2015,
137, 1572-1580.

15 B. Liu, H. Shioyama, H. Jiang, X. Zhang and Q. Xu, Carbon,
2010, 48, 456-463.

16 B. Liu, H. Shioyama, T. Akita and Q. Xu, J. Am. Chem. Soc.,
2008, 130, 5390-5391.

17 J. K. Sun and Q. Xu, Energy Environ. Sci., 2014, 7, 2071-2100.

18 R. R. Salunkhe, S. H. Hsu, K. C. W. Wu and Y. Yamauchi,
ChemSusChem, 2014, 7, 1551-1556.

19 V. Gupta and N. Miura, Mater. Lett., 2006, 60, 1466-1469.

20 Y. Shi, L. Peng, Y. Ding, Y. Zhao and G. Yu, Chem. Soc. Rev.,
2015, 44, 6684-6696.

21 L. Liang, J. Liu, C. F. Windisch Jr, G. J. Exarhos and Y. Lin,
Angew. Chem., Int. Ed., 2002, 41, 3665-3668.

22 Y. G. Wang, H. Q. Li and Y. Y. Xia, Adv. Mater., 2006, 18,
2619-2623.

23 M. T. Byrne and Y. K. Gun'ko, Adv. Mater., 2010, 22, 1672—
1688.

5712 | Chem. Sci., 2016, 7, 5704-5713

View Article Online

Edge Article

24 V. Gupta and N. Miura, Electrochim. Acta, 2006, 52, 1721-
1726.

25 A. U. Haq, J. Lim, J. M. Yun, W. ]J. Lee, T. H. Han and
S. O. Kim, Small, 2013, 9, 3829-3833.

26 J. Jang, J. Bae, M. Choi and S. H. Yoon, Carbon, 2005, 43,
2730-2736.

27 S. R. Sivakkumar, W. J. Kim, J. A. Choi, D. R. MacFarlane,
M. Forsyth and D. W. Kim, J. Power Sources, 2007, 171,
1062-1068.

28 K. Wang, Q. Meng, Y. Zhang, Z. Wei and M. Miao, Adv.
Mater., 2013, 25, 1494-1498.

29 K. Wang, P. Zhao, X. Zhou, H. Wu and Z. Wei, J. Mater.
Chem., 2011, 21, 16373-16378.

30 N. A. Kumar, H. J. Choi, Y. R. Shin, D. W. Chang, L. Dai and
J. B. Baek, ACS Nano, 2012, 6, 1715-1723.

31 Z. F. Li, H. Zhang, Q. Liu, L. Sun, L. Stanciu and J. Xie, ACS
Appl. Mater. Interfaces, 2013, 5, 2685-2691.

32 R. R. Salunkhe, Y. H. Lee, K. H. Chang, J. M. Li, P. Simon,
J. Tang, N. L. Torad, C. C. Hu and Y. Yamauchi, Chem.-
Eur. J., 2014, 20, 13838-13852.

33 H. Wang, Q. Hao, X. Yang, L. Lu and X. Wang, Nanoscale,
2010, 2, 2164-2170.

34 Q. Wu, Y. Xu, Z. Yao, A. Liu and G. Shi, ACS Nano, 2010, 4,
1963-1970.

35 Z.S. Wu, K. Parvez, S. Li, S. Yang, Z. Liu, S. Liu, X. Feng and
K. Miillen, Adv. Mater., 2015, 27, 4054-4061.

36 J. Xu, K. Wang, S. Z. Zu, B. H. Han and Z. Wei, ACS Nano,
2010, 4, 5019-5026.

37 J.Yan, T. Wei, B. Shao, Z. Fan, W. Qian, M. Zhang and F. Wei,
Carbon, 2010, 48, 487-493.

38 K. Zhang, L. L. Zhang, X. S. Zhao and J. Wu, Chem. Mater.,
2010, 22, 1392-1401.

39 J. P. Pouget, M. E. Jozefowicz, A. J. Epstein, X. Tang and
A. G. MacDiarmid, Macromolecules, 1991, 24, 779-789.

40 K. Lee, S. Cho, S. H. Park, A. J. Heeger, C. W. Lee and
S. H. Lee, Nature, 2006, 441, 65-68.

41 N. L. Torad, R. R. Salunkhe, Y. Li, H. Hamoudi, M. Imura,
Y. Sakka, C. C. Hu and Y. Yamauchi, Chem.-Eur. J., 2014,
20, 7895-7900.

42 M. Cochet, G. Louarn, S. Quillard, J. P. Buisson and
S. Lefrant, J. Raman Spectrosc., 2000, 31, 1041-1049.

43 X. Yan, Z. Han, Y. Yang and B. Yang, J. Phys. Chem. C, 2007,
111, 4125-4131.

44 F. Zheng, Y. Yang and Q. Chen, Nat. Commun., 2014, 5, 5261.

45 Z. Lei, M. Zhao, L. Dang, L. An, M. Lu, A. Y. Lo, N. Yu and
S. B. Liu, J. Mater. Chem., 2009, 19, 5985-5995.

46 L. Wang, X. Feng, L. Ren, Q. Piao, J. Zhong, Y. Wang, H. Li,
Y. Chen and B. Wang, J. Am. Chem. Soc., 2015, 137, 4920-
4923.

47 C. Xia, W. Chen, X. Wang, M. N. Hedhili, N. Wei and
H. N. Alshareef, Adv. Energy Mater., 2015, 5, 1401805.

48 J. Chmiola, G. Yushin, Y. Gogotsi, C. Portet, P. Simon and
P. L. Taberna, Science, 2006, 313, 1760-1763.

49 Q.Wang, J. Yan, T. Wei, J. Feng, Y. Ren, Z. Fan, M. Zhang and
X. Jing, Carbon, 2013, 60, 481-487.

50 L. L. Zhang and X. S. Zhao, Chem. Soc. Rev., 2009, 38, 2520~
2531.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc01429a

Open Access Article. Published on 10 June 2016. Downloaded on 1/21/2026 10:10:14 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

51 H. Xia, Y. S. Meng, G. Yuan, C. Cui and L. Lu, Electrochem.
Solid-State Lett., 2012, 15, A60-A63.

52 A. D. Jagadale, V. S. Kumbhar, D. S. Dhawale and
C. D. Lokhande, Electrochim. Acta, 2013, 98, 32-38.

53 B. Senthilkumar, R. K. Selvan, D. Meyrick and M. Minakshi,
Int. J. Electrochem. Sci., 2015, 10, 185-193.

54 P. R. Jothi, K. Shanthi, R. R. Salunkhe, M. Pramanik,
V. Malgras, S. M. Alshehri and Y. Yamauchi, Eur. J. Inorg.
Chem., 2015, 2015, 3694-3699.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Chemical Science

55 R. R. Salunkhe, B. P. Bastakoti, C. T. Hsu, N. Suzuki,
J. H. Kim, S. X. Dou, C. C. Hu and Y. Yamauchi, Chem.-
Eur. J., 2014, 20, 3084-3088.

56 H. Y. Hsu, K. H. Chang, R. R. Salunkhe, C. T. Hsu and
C. C. Hu, Electrochim. Acta, 2013, 94, 104-112.

57 Y. Q. Dou, Y. Zhai, H. Liu, Y. Xia, B. Tu, D. Zhao and X. X. Liu,
J. Power Sources, 2011, 196, 1608-1614.

58 I. Kovalenko, D. G. Bucknall and G. Yushin, Adv. Funct.
Mater., 2010, 20, 3979-3986.

59 L. Li, H. Song, Q. Zhang, J. Yao and X. Chen, J. Power Sources,
2009, 187, 268-274.

Chem. Sci,, 2016, 7, 5704-5713 | 5713


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sc01429a

	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...
	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...
	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...
	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...
	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...
	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...
	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...

	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...
	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...
	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...

	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...
	Ultrahigh performance supercapacitors utilizing coretnqh_x2013shell nanoarchitectures from a metaltnqh_x2013organic framework-derived nanoporous...


