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ABSTRACT: All-carbon-based carbon nanotube (CNT)/microporous
carbon core−shell nanocomposites, in which a CNT as the core and high-
surface-area microporous carbon as the shell, have been prepared by in situ
resorcinol−formaldehyde resin coating of CNTs, followed by carbonization
and controlled KOH activation. The obtained nanocomposites have very
high Brunauer−Emmett−Teller surface areas (up to 1700 m2/g), narrow
pore size distribution (<2 nm), and 1D tubular structure within a 3D
entangled network. The thickness of the microporous carbon shell can be
easily tuned from 20 to 215 nm by changing the carbon precursor/CNT
mass ratio. In such a unique core−shell structure, the CNT core could
mitigate the key issue related to the low electronic conductivity of
microporous carbons. On the other hand, the 1D tubular structure with a
short pore-pathway micropore as well as a 3D entangled network could
increase the utilization degree of the overall porosity and improve the
electrode kinetics. Thus, these CNT/microporous carbon core−shell nanocomposites exhibit a great potential as an electrode
material for supercapacitors, which could deliver high specific capacitance of 237 F/g, excellent rate performance with 75%
maintenance from 0.1 to 50 A/g, and high cyclability in H2SO4 electrolyte. Moreover, the precisely controlled microporous
carbon shells may allow them to serve as excellent model systems for microporous carbons, in general, to illustrate the role of the
pore length on the diffusion and kinetics inside the micropores.
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■ INTRODUCTION

Supercapacitors have attracted considerable attention with their
series of unique advantages (high specific power, fast charge
and discharge processes, long cycle life, etc.).1−3 Porous carbon
materials such as activated carbons are the most commonly
used materials as electrodes in supercapacitor devices, as carbon
materials can have high surface area, are chemically and
thermally stable, of relatively low cost, and are environmentally
friendly.4−9 When carbon materials are employed as electrode
materials, the following characteristics are commonly required:
(1) high specific surface area to accumulate and keep the
charges on the thin layer of the electrode/electrolyte interface;
(2) suitable pore size distribution and pore length for
facilitating the diffusion of ions; (3) outstanding electrical
conductivity for efficient conductive networks; (4) robust
mechanical and electrical stability to maintain the long-term
cycling performance of electrodes.10−12 Although very high
surface area can be easily achieved for activated carbons
prepared by KOH activation, their relatively poor electrical
conductivity,13 originating from the short-range sp2 bonding
and a large amount of structural defects,14 may limit the power
characteristics of supercapacitors. In addition, the predominant

endohedral surface of the microporous structure results in the
transfer limitation of electrolyte ions during rapid charge and
discharge processes, deteriorating its rate capability.15−17 Thus,
various approaches including improving the carbon conductiv-
ity,18 constructing a hierarchical pore system,19 adding
mesoporosity,20 and reducing the dimensions of carbon
particles to the nanoscale14 have been widely used by
researchers.
Carbon nanotubes (CNTs) have excellent electrical con-

ductivity, high mechanical strength, and chemical stability.21−23

However, CNTs with closed tips have only limited accessible
surface area (typically less than 200 m2/g), which restricts the
direct usage of CNTs as electrodes for supercapacitors.24 An
enhancement of the specific capacitance given by CNTs could
be achieved by mixing with pseudocapacitive active materials to
introduce the fast redox reactions. Various active materials, like
conductive polymers polypyrrole,25,26 PANI,27 or metal oxide
RuO2,

28 MnO2,
29,30 or NiCo2O4,

31 have been directly grown on
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the external surface of CNTs. These hybrid structures could
achieve both high conductive performance and high surface
area/volume ratio as an electrode for supercapacitors.
A rational combination of CNTs and porous carbons could

also improve the capacitive performance based on the pure
principle of an electrochemical double layer. The embedding of
CNTs in the porous carbon matrix could help create networks
with better electrical conductivity and mechanical stability, thus
demonstrating highly stable capacitive performance at a high
rate. Various integrated CNT/porous carbon composites
including CNT/activated carbon,32−34 CNT/biopolymer-
based carbon,20 CNT/N-doped carbon,35 and phosphate-
functionalized CNT/carbon36 have been fabricated via carbon-
ization and/or activation of CNT/polymer composites.
However, in these mentioned reports, the CNTs were mostly
dispersed randomly in the carbon matrices, which might be
flocculated into bundles or agglomerates because of strong van
der Waals interactions during mixing and casting procedures.
Until now, there are only limited reports on the development of
well-designed CNT/carbon composites, especially for the
unique core−shell tubular structure. This is possibly due to
the poor CNT dispersion in solution or weak interaction of a
guest polymer with the CNT surface.37−39 Recently, Qian et
al.40 made a first attempt to prepare multiwalled carbon
nanotube@mesoporous carbon composites by combining a
coating pathway and a nanocasting strategy. The obtained
composite materials showed a unique tubular core−shell
structure but with a relatively low Brunauer−Emmett−Teller
(BET) surface area of 606 m2/g. In addition, the synthesis
needed the tedious steps that might limit their wide
applications as electrode materials. Therefore, there is still a
challenge of the direct configuration of high-surface-area CNT/
carbon core−shell nanocomposites by a facile method.
Herein, we developed a facile method to prepare high-

surface-area CNT/microporous carbon composite materials for
supercapacitor electrodes. The individual nanotube was
uniformly coated with resins by in situ chemical polymerization
of resorcinol−formaldehyde, followed by carbonization and
controlled KOH activation. The obtained nanocomposites have
a unique core−shell heterostructure with a CNT as the core
and high-surface-area microporous carbon as the shell, which is
distinct from conventional CNT-modified porous carbons that
were composed of a micron-sized or larger skeleton. In such a
core−shell nanostructure, the CNT core may mitigate the key
issue related to the low electronic conductivity of microporous
carbons. On the other hand, by creating a microporous carbon
shell with a short diffusion path and high microporosity, instead
of larger pores (little contribution to capacitance), these
nanocomposites could greatly increase the utilization degree of
the overall porosity and surface area. Therefore, these well-
tailored core−shell nanostructures with a synergistic combina-
tion of short diffusion path, high microporosity, and good
electrical conductivity should have great potential as electrode
materials for supercapacitor applications. In addition, the final
core−shell structure of the composite can be easily tailored,
which is crucial for illustrating the role of a conductive network
as well as short-pore-length pores and understanding the
frequency response and dynamic changes on the electrode.

■ EXPERIMENTAL SECTION
Material Preparation. An aqueous dispersion of CNTs

(TNWDM, 8 wt %) was purchased from Chengdu Organic Chemicals
Co. Ltd. without further treatment. The CNT/amorphous carbon

composites were prepared by in situ chemical coating of resorcinol−
formaldehyde resin onto CNTs, followed by carbonization and
activation. In the synthesis procedure, 6.46 g of resorcinol and 9.54
g of formaldehyde (37 wt % solution) were added into 200 mL of
deionized water under constant stirring until resorcinol was dissolved.
Then a certain amount of the aqueous dispersion of CNTs was added
into the solution under ultrasound treatment for 10 min. The mixture
was then stirred at 80 °C for a certain time (8−24 h). The obtained
polymer-coated CNTs were separated and dried at 100 °C. The yield
of polymer is around 90% for each batch. In this work, the amount of
CNT dispersion used was changed to adjust the shell thickness of the
composites. The obtained RF polymer-coated CNTs are denoted as
CNT/RF-x, where x is represented of the mass ratio of RF to CNTs.
The CNT/RF-x nanocomposites were carbonized at 800 °C in N2
flow for 3 h at the rate of 5 °C/min to obtain the CNT/carbon-x
composites.

The CO2 activation was performed by placing a ceramic boat with 1
g of CNT/carbon-x composites in a tube furnace under flowing
nitrogen with a heating rate of 5 °C/min up to 900 °C. After this
temperature was reached, the activating gas was introduced for 2 h and
then switched back to nitrogen to prevent further activation during the
cooling process. Activation of all samples was performed at 900 °C for
2 h. The CO2-activated samples are denoted as CA-CNT/carbon-x,
where x designates the weight ratio of RF polymer to CNTs.

The KOH activation was performed by placing a nickel boat with 3
g of KOH and 1 g of the CNT/carbon-x under a N2 flow at 800 °C for
2 h. The obtained materials were liberated by removing inorganic salts
using 2 mol/L HCl and washed with deionized water until a neutral
pH. The prepared CNT/activated carbon composites are denoted as
KA-CNT/carbon-x, where x designates the weight ratio of RF polymer
to CNTs.

Characterization. The weight contents of the CNT in the
composites are calculated based on the presumption that the CNTs
were fully retained in the polymer composites after the filtering and
did not experience the weight loss during carbonization and activation
processes. The morphologies of the nanocomposites were observed
under scanning electron microscopy (SEM, JEOL 7100F). The
microstructures were observed under transmission electron micros-
copy (TEM, JEOL 2100F) operated at 200 kV. Nitrogen adsorption/
desorption isotherms were measured at 77 K with a Quadrasorb SI
analyzer. Before the measurements, the samples were degassed in
vacuum at 473 K for 12 h. The BET method was utilized to calculate
the specific surface areas (SBET). The pore size distributions were
determined from the quenched solid-state density functional theory
(DFT) model. The total pore volumes (Vtotal) were estimated from the
amount adsorbed at the maximal relative pressure of 0.985. Micropore
surface areas (Smicro) and pore volume (Vmicro) were obtained via the
DFT method. The X-ray diffraction (XRD) patterns were acquired on
a Rigaku D/max 2550 diffractometer operating at 40 kV and 20 mA
using Cu Kα radiation (λ = 1.5406 Å).

Electrochemical Test. The KA-CNT/carbon-x powders were
processed into capacitor electrodes by mixing them with poly-
(tetrafluoroethylene) (5 wt %) and acetylene black (5 wt %)
homogenized in a mortar and pestle, then rolled into a thin film of
uniform thickness, and finally punched into pellets. Each electrode
contained active materials of ∼10 mg and had a thickness of ∼80 μm
and a geometric diameter of about 1 cm. The packing density of each
sample is around 0.16 g/cm3. Electrochemical experiments were
carried out with Teflon Swagelok-type two-electrode configuration,
which was constructed with two facing carbon electrodes, sandwiched
with a separator. H2SO4 (3 M) was employed as the electrolyte.

The electrochemical behaviors of the KA-CNT/carbon-x materials
were measured by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) analysis (Gamry Instrument, Warmin-
ster, PA, USA). CV was performed in the voltage range of 0−0.9 V and
EIS with the frequency in the range from 1 mHz to 100 kHz, ac
amplitude, 5 mV. Galvanostatic charge−discharge tests were
conducted to estimate the specific capacitance of samples on a
RABIN BT2000 apparatus. The gravimetric capacitance of the
electrode material was calculated according to the equation C =
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2IΔt/(ΔVm), where I is the discharge current, Δt is the discharge time
from 0.9 to 0 V, ΔV is the working voltage, and m is the mass of
carbon on an electrode.

■ RESULTS AND DISCUSSION
Preparation of the CNT/Carbon Nanocomposites. The

fabrication of the CNT/microporous carbon core−shell
nanocomposites is illustrated in Figure 1. Keys to the success

of our synthesis approach lie in the uniform coating of
resorcinol−formaldehyde polymer onto the surface of CNTs
that can preserve the core−shell structure during pyrolysis and
activation processes. The CNT dispersions with 8 wt %
concentration were obtained from the commercial source and
used instead of the CNT powders to solve the difficult
dispersion of CNTs, which have a nonionic surfactant for
superior dispersion and stability. After being mixed, the RF
oligomer with plenty of hydrophilic groups would be preferably
adsorbed on the surface of CNTs with the nonionic surfactant.
With prolonged reaction time, the thickness of the RF shell
gradually increases (Supporting Information Figure S1),
suggesting the layer-by-layer coating process. In addition, by
turning the initial mass ratio of RF/CNT, the thickness of the
RF shell could be easily adjusted. Thus, after carbonization and
activation, the CNT/carbon core−shell nanocomposites with
controlled thickness of the amorphous carbon shell could be
obtained. The CNT contents in the polymer composites can be
calculated to be 18.6, 10.1, 4.4, and 2.3%, according to the
yields and thermogravimetric (TG) analysis in Figure S2.
The direct carbonization of the CNT/RF polymer nano-

composites could result in the formation of the CNT/carbon
core−shell nanocomposites. Figure 2 shows the SEM images of
the pristine CNTs (Figure 2a) and the CNT/carbon core−shell
nanocomposites. Compared with the pristine CNTs, the
nanocomposites preserve well the one-dimensional tubular
structure of the CNTs but with apparently thickened diameter
(Figure 2b−e). The average outer diameter of the pristine
CNTs is about 50 nm, and after being coated with carbon, the
average diameter increases to about 90, 140, 300, and 480 nm,
respectively. Because the yield of the RF polymer is almost the
same at ∼90% for each sample, the diameter of the obtained
composites is strongly dependent on the initial mass ratio of
RF/CNT. By further fitting the diameter versus mass ratio of
RF/CNT, we established a linear relationship between the two
variables, showing a high correlation coefficient of 0.995
(Figure 2f). This enables one to alter the amorphous carbon
shell thickness continuously over a wide range of 20−215 nm
by changing the mass ratio of the reactants. The CNT/carbon
core−shell nanocomposites still have a very smooth surface,
indicating the compact and uniform coating of the carbon. The
TEM images in Figure 3 also confirm that the amorphous

carbon shells with different thickness could be continuously
wrapped on the sidewall of CNTs. These results clearly
demonstrate the strong shape and structure-directing role of
CNTs during the formation processes. If we assume that the
CNTs do not experience weigh loss during carbonization, the
CNT content is estimated to be about 30.6, 22.6, 11.1, and 6.5
wt % in the carbonized composites for CNT/carbon-5, CNT/
carbon-10, CNT/carbon-25, and CNT/carbon-50, respectively.
During the carbonization, the RF polymer shell could be

converted into the amorphous carbon shell as revealed by TEM
observation (Figure 3) and XRD patterns (Figure S3).
Meanwhile, considerable microporous structure could be
created by the decomposition and release of small organic
molecules during carbonization. Figure 4 shows N2 adsorp-
tion−desorption isotherms and the resulting DFT pore size
distributions of the pristine CNTs and the CNT/carbon core−
shell nanocomposites. The pristine CNTs have a type III
adsorption isotherm with an H3 hysteresis loop in IUPAC
classification, indicating the slit-shaped mesopores raised from
the packing of CNT aggregates. In contrast, the curves for all
the CNT/carbon core−shell samples exhibit type I with a sharp
increment at low relative pressure, which indicates the presence
of considerable micropores. The DFT pore size distributions
(Figure 4b) show that the CNT/carbon core−shell nano-
composites have relatively narrow micropore size distribution
centered at 0.6−0.7 nm. The detailed porosity parameters are
summarized in Table 1. With the mass ratio of RF/CNT
increasing, the specific surface area gradually increases up to
818 m2/g. The thicker the amorphous carbon shell, the higher
the specific surface area achieved for the nanocomposites.

Preparation of the CO2-Activated CA-CNT/Carbon
Composites. Although direct carbonization of CNT/RF

Figure 1. Illustration of the preparation of the CNT/microporous
carbon core−shell nanocomposites.

Figure 2. SEM images of the pristine CNTs (a), CNT/carbon-5 (b),
CNT/carbon-10 (c), CNT/carbon-25 (d), and CNT/carbon-50
nanocomposites (e), and the relationship between the RF/CNT
mass ratio and the average diameter of the CNT/carbon nano-
composites (f).

Figure 3. TEM images of the CNT/carbon core−shell nano-
composites: CNT/carbon-10 (a) and CNT/carbon-25 (b).
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polymer nanocomposites could produce the CNT/carbon
nanocomposites with a certain amount of micropores, higher
surface area is generally necessary for carbon materials in
adsorption and electrochemical applications where the micro-
pore plays a dominate role.41 In order to increase the
microporosity, the carbonized materials were further activated
by using CO2 as the gasifying agent or using KOH as the
chemical-activating agent.

CO2 is a mild oxidant at 800−950 °C, which can eliminate
carbon atoms via the reaction C + CO2 ↔ 2CO, in such a way
as to favor the selective burning of the interior of the carbon
materials with the subsequent creation of porosity.42 In the
present work, the CNT/carbon nanocomposites were activated
by CO2 at 900 °C for 2 h. The N2 adsorption−desorption
isotherms and resulting DFT microporous size distributions of
the CO2-activated CA-CNT/carbon nanocomposites are
shown in Figure 5. An initial rapid increase in the nitrogen

adsorbed is observed below P/P0 = 0.05, indicating the
presence of abundant micropores. The DFT pore size
distributions reveal that the CO2-activated samples still have
relatively narrow micropores with the average pore size <1 nm.
In addition, the appearance of hysteresis at high P/P0 suggests
that CO2 activation may produce some mesopores. As can be
seen from Table 1, the surface area of the CO2-activated CA-
CNT/carbon nanocomposites is around 1000 m2/g, which
indicates an approximate 200−500 m2/g enhancement
compared to the respective non-activated samples.
Generally, CO2 activation is a mild process which does not

destroy the structural morphology of the carbons as much.43,44

However, SEM images (Figure 6a,b) reveal that the CNT/
carbon-5 and CNT/carbon-10 experience severe corrosion and
destruction after CO2 activation. Some tubular structures are
cut down into small fragments and are damaged, creating many
cavities. From TEM observations (Figure 6c,d), it is found that
some CO2-activated samples possess larger hollow cores,
indicating that CO2 can react with the inner CNTs and
damage the CNTs. Similarly, Chen et al. also observed that
MWNTs activated by CO2 possessed larger hollow tubes.45 It is

Figure 4. N2 adsorption−desorption isotherms (a) and DFT pore size
distributions (b) of the pristine CNTs and the CNT/carbon
nanocomposites.

Table 1. Porosity Parameters and CNT Content of the
Pristine CNT and CNT/Carbon Nanocomposites

sample

CNT
content
(%)

SBET
a

(m2/g)
Smicro

b

(m2/g)
Vtotal

c

(cm3/g)
Vmicro

d

(cm3/g)

pristine CNTs 98e 44 0.21
CNT/carbon-5 30.6 498 418 0.3 0.17
CNT/carbon-10 22.6 549 493 0.32 0.2
CNT/carbon-25 11.1 609 563 0.31 0.24
CNT/carbon-50 6.5 818 757 0.34 0.28
CA-CNT/carbon-5 998 739 0.99 0.3
CA-CNT/carbon-10 1059 886 0.82 0.35
CA-CNT/carbon-25 1042 933 0.65 0.37
CA-CNT/carbon-50 1014 941 0.56 0.37
KA-CNT/carbon-5 43.7 1020 762 0.45 0.38
KA-CNT/carbon-10 33.2 1240 1109 0.79 0.47
KA-CNT/carbon-25 16.6 1598 1458 0.81 0.61
KA-CNT/carbon-50 10.1 1705 1582 0.82 0.75

aBET specific surface area. bMicropore (<2 nm) surface area
calculated by DFT method. cTotal pore volume at P/P0 = 0.995.
dMicropore (<2 nm) volume calculated by DFT method.
eDetermined from TG results.

Figure 5. N2 adsorption−desorption isotherms (a) and the resulting
DFT pore size distributions (b) of the CO2-activated CA-CNT/
carbon nanocomposites.
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well-accepted that CO2 preferentially reacts with the
amorphous carbons rather than graphitic carbons.46 Thus,
one possible reason for the larger hollow cores is due to the
residual catalyst Fe nanoparticles that are trapped in the CNTs
(∼2% from TG results in Figure S4), which promote the
catalytic gasification.47

Preparation of the KOH-Activated KA-CNT/Carbon
Nanocomposites. It is necessary to develop an appropriate
activation method to introduce more micropores into
amorphous carbon shells while maintaining the shapes and
properties of the CNT cores. Here we are able to demonstrate
that the KOH activation could achieve this goal. The reaction
of carbon and KOH starts with solid−solid reactions and then
proceeds via solid−liquid reactions.48 Due to the 3D open
entangled network and predeveloped microporous structure of
the CNT/carbon nanocomposites, KOH could be easily
infiltrated into the carbon structure for homogeneous
dispersion and activation.
As shown in Figure 7, SEM images of the KOH-activated

KA-CNT/carbon nanocomposites show a uniform 1D tubular

structure without separated segments, and the surface seems
similarly smooth as those of the unactivated samples. The
average diameters of the KOH-activated samples are about 85,
130, 280, and 460 nm respectively, slightly smaller than those
of their unactivated counterparts. The TEM images (Figure 8)
demonstrate that the developed microporous carbon shells with
different thicknesses could be uniformly wrapped around the
CNTs. The KOH should react with the carbon from outside to

inside, thus suppressing the etching of the CNTs. Such outside-
to-inside reaction of the CNT/carbon nanocomposites with
KOH endows the nanocomposites with electron pathways and
short-pore-length microporous shell, which may play a critical
role in enhancing the electrode kinetics of their electrochemical
applications.
Figure 9 shows the N2 adsorption−desorption isotherms and

resulting DFT pore size distributions of the KOH-activated
samples. With the same activation conditions, the nano-

Figure 6. SEM images of the CO2-activated CA-CNT/carbon
nanocomposites: CA-CNT/carbon-5 (a), CA-CNT/carbon-10 (b);
TEM images of CA-CNT/carbon-5 (c) and CA-CNT/carbon-10 (d).

Figure 7. SEM images of the KOH-activated KA-CNT/carbon core−
shell nanocomposites: KA-CNT/carbon-5 (a), KA-CNT/carbon-10
(b), KA-CNT/carbon-25 (c), and CNT/carbon-50 (d).

Figure 8. TEM images of the KOH−CNT/activated carbon
nanocomposites: KA-CNT/carbon-5 (a) and magnification of KA-
CNT/carbon-5 (b), KA-CNT/carbon-10 (c), KA-CNT/carbon-25
(d).

Figure 9. N2 adsorption−desorption isotherms (a) and DFT pore size
distributions (b) of the KOH-activated KA-CNT/carbon nano-
composites.
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composites with thicker shells have obviously higher porosity,
due to the CNT cores contributing a little to the total porosity.
From Figure 9b, the KOH-activated samples have pore size
predominantly ranging from 0.7 to 2 nm, significantly wider
than those of unactivated and CO2-activated samples. In
addition, the surface areas of the KOH-activated nano-
composites significantly increase to 1020−1705 m2/g, almost
double that of the unactivated counterparts. If we further
assume that the CNTs experience no weight loss during KOH
activation, the content of CNTs in the KA-CNT/carbon-5, KA-
CNT/carbon-10, KA-CNT/carbon-25, and KA-CNT/carbon-
50 can be estimated as 43.7, 33.2, 16.6, and 10.1 wt %,
respectively. By subtracting the contribution of the CNT core
to the total surface area, the microporous carbon shells for all
samples have almost similar specific surface areas of ∼1900 m2/
g with the same pore size distribution. Thus, these unique
CNT/carbon core−shell nanocomposites with a controllable
microporous carbon shell will allow them to serve as excellent
model systems for illustrating the role of pore length on
diffusion and other general performance of microporous
carbons.
Electrochemical Performance of the KOH-Activated

KA-CNT/Carbon Nanocomposites. To test the performance
of these high-surface-area KA-CNT/carbon core−shell nano-
composites, symmetrical cells with a two-electrode config-
uration were constructed to simulate actual device behavior.
The CV testing (Figure 10a) shows very rectangular curves
from 0 to 0.9 V at a scan rate of 20 mV/s, confirming the
formation of an efficient electric double layer and fast charge
propagations within the electrodes. Even at a scan rate of 100
mV/s, the CV curves of the samples still remain quasi-
rectangular with only little variance, indicating high rate

performance for supercapacitors (Figure S5). The galvanostatic
charge/discharge curves at a current density of 1 A/g are shown
in Figure 10b. The voltage drops at the initiation of the
discharge are negligible for all samples. The specific
capacitances are calculated from the discharge curves with
values of 131.8, 177.3, 210.7, and 237.0 F/g for KA-CNT/
carbon-5, KA-CNT/carbon-10, KA-CNT/carbon-25, and KA-
CNT/carbon-50, respectively, in proportion with the specific
surface area of the nanocomposites. If we neglect the capacitive
contribution of the CNT cores, the microporous carbon shells
for all samples can deliver the similar capacitance of around 13
μF/cm2. This is in agreement with the reported range of 7−21
μF/cm2 for carbon materials.49−51

To evaluate the rate capability of all samples, the capacitance
and its retention ratio versus the charge/discharge current
density are plotted in Figure 10c and Figure S6. In general, the
supercapacitor performance of these materials does not show
much degradation with an increase in the current density.
However, the nanocomposites with a thinner microporous
carbon shell show obviously superior rate performances. As the
current density increases from 0.1 to 50 A/g, the capacitance of
KA-CNT/carbon-5 decreases only 24.9% while that of KA-
CNT/carbon-50 decreases 55.3%. Apparently, this rate
performance difference should be ascribed to the ion diffusion
path and the conductivity of the electrode materials.
Furthermore, cycling performance of the KA-CNT/carbon-5,
KA-CNT/carbon-10, KA-CNT/carbon-25, and KA-CNT/
carbon-50 electrodes shows that nearly 99, 98, 96, and 92%
of their initial capacitances (1 A/g) are maintained after 20 000
cycles (Figure 10d), indicating excellent physical stabilities and
apparent cyclabilities for the electrodes. In addition, there is a
general tendency that the capacitance retention slightly

Figure 10. Electrochemical performance of the KOH-activated KA-CNT/carbon nanocomposites: (a) CV curves at 20 mV/s, (b) galvanostatic
charge/discharge curves at 1 A/g, (c) rate performances, and (d) cycling performances.
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decreases with the thickness of activated carbon shell
increasing.
To reveal the charge−discharge kinetics inside these KA-

CNT/carbon core−shell nanocomposites with different thick-
nesses, the EIS testing was performed, as illustrated in Figure
11. Each Nyquist plot is composed of a semicircle at high
frequency and a nearly vertical line at low frequency. The
vertical line indicates the ideal capacitive behavior of the cell.
The intercept of the curve with the real impedance axis
represents the internal or equivalent series resistance (ESR),
which is a key parameter in influencing the charge/discharge
rate, as a smaller ESR value represents a lesser internal loss and
a greater charge/discharge rate.52 The ESR value of KA-CNT/
carbon-5 is only 0.15 Ω, but it gradually increases to 0.75 Ω for
KA-CNT/carbon-50. The thicker the carbon shell, the longer
the diffusion path and the lower the electron conductivity, as a
result of higher ESR value.
To further illustrate the capacitance change of electrode

materials with frequency and electrolyte ion transfer kinetics at
different pore lengths, the real (C′(ω)) and imaginary (C″(ω))
capacitances versus frequency are plotted in Figure 11c,d,
respectively. The evolution of C′(ω) normalized by C′max (1
mHz) versus frequency demonstrates a transition between
purely resistive behavior (C′(ω)/C′max = 0) to purely capacitive
behavior (C′(ω)/C′max = 1).53 The capacitance of the KA-
CNT/carbon core−shell nanocomposites shows saturation at a
frequency below ∼0.1 Hz, suggesting that ion adsorption at
near equilibrium could be achieved within seconds. Comparing
the frequencies at which capacitance drops to 50% of its
maximum value ( f 0.5), we clearly see that the KA-CNT/carbon
with a thinner microporous carbon shell demonstrates the
faster frequency response (e.g., f 0.5 of 1.08 Hz for KA-CNT/

carbon-5 and 0.07 Hz for KA-CNT/carbon-50). This result
indicates that the ion diffusion at shorter pore length is more
convenient. The faster ion diffusion should correlate with their
better capacitance retention at higher current density in rate
testing.
Figure 11d shows the evolution of the imaginary capacitance

with frequency, demonstrating various peaks across the
frequency spectrum. These capacitive peaks are related to the
relaxation of the ion adsorbed in the pores and are related to
the energy loss of the cell at the low-frequency range in the
Nyquist plot.54 A relaxation time constant (τ0) is the reciprocal
of the frequency at the peak, which is the transition point of the
cell from capacitive to resistive behavior and corresponds to the
point of maximum energy dissipation. Thus, short relaxation
time indicates fast frequency response of the supercapacitor.
The τ0 values for KA-CNT/carbon-5, KA-CNT/carbon-10,
KA-CNT/carbon-25, and KA-CNT/carbon-50 are 0.9, 1.6, 3.7,
and 20.8 s, respectively, which are obviously related to the
thickness of microporous carbon shell. These results give
valuable insight into the role of pore length on the frequency
response of microporous carbon materials.

■ CONCLUSIONS

All-carbon-based CNT/microporous carbon core−shell nano-
composites, whose carbon shell thickness can be precisely
controlled over the nanometer length scale, were produced by
polymer surface coating of CNTs, followed by carbonization
and controlled activation. The obtained nanocomposites have a
unique core−shell nanostructure with a CNT as the core and
high-surface-area microporous carbon as the shell. In such a
unique hybrid structure, the CNTs offer multiple conducting
channels to improve the electrical conductivity, improving the

Figure 11. Nyquist plots (a) and the enlargement of the high-frequency region (b), evolution of the relative real capacitance (c), and imaginary
capacitance (d) with frequency for the KOH-activated KA-CNT/carbon nanocomposites.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/am5087374
ACS Appl. Mater. Interfaces 2015, 7, 4817−4825

4823

http://dx.doi.org/10.1021/am5087374


low electronic conductivity of microporous carbons. The 3D
entangled network constructed by the CNTs affords easy and
quick channels for mass (e.g., ion and electrolyte) transport.
Short-pore-length microporous carbon shells with precisely
tunable thickness could also minimize the ion paths within the
microporous channels, boosting the power performance of the
cell. The core−shell structure, benefiting from its rigidity,
guarantees the long-term cycling stability of supercapacitors.
Moreover, the proof-of-concept study of the correlation
between composite structure and frequency response may
provide some reference information for electrode material
design and related applications.
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