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Abstract
The development of a green and scalable construction of a three-dimensional (3D) hierarchically
porous carbon as an electrode material for supercapacitors is promising but challenging. Herein, a
carbon nanotube-backboned microporous carbon (CNT-MPC) was prepared by molten salt-confined
pyrolysis, during which the salt eutectics simultaneously acted as a high-temperature reaction solvent
and reusable template. Among the CNT-MPC, the CNT backbone provided a 3D conductive
framework, whereas the MPC sheath possessed integrated mesopores and micropores as an
efficient ion reservoir. As a result, the as-obtained CNT-MPC exhibited a high specific capacitance of
305.6 F g−1 at 1 A g−1, high energy density of 20.5 W h kg−1 and excellent cyclic stability with no
capacitance losses after 50 000 cycles. The molten-salt confined pyrolysis strategy therefore provides
a low-cost, environmentally-friendly and readily industrialized route to develop a hierarchically
porous carbon that is highly required for high-energy-density and durable supercapacitors.
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1. Introduction

Supercapacitors have received extensive attention due to their
unique features including high power density, long cycling life
and low cost [1, 2]. However, their relatively low energy den-
sities have largely limited the wide uses requiring both high
energy and power density [3]. Rapid electron and ion diffusions
are of great importance to achieve high-energy-density porous
carbon electrodes [4]. To address this issue, the rational design

and preparation of three-dimensional (3D) carbon materials
with a hierarchical porosity are expected to significantly
enhance both the energy and power density of porous carbon
electrodes [5]. Among the various porous carbon, dendroid
carbon materials are competitive in terms of their highly porous
structure and 3D interconnected framework allowing an effi-
cient and fast electron/ion transport [6, 7]. The practical
applications of dendroid carbon materials in supercapacitor
electrodes are urgent to address the following issues [8]. For
instance, the production of these dendroid carbons should be
avoided in high-cost and time-consuming supercritical CO2
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drying processes [9, 10]. Besides, the electrical conductivity of
dendroid carbon materials pyrolyzed at a high temperature is
barely satisfactory at the expense of sacrificing their high sur-
face area. Therefore, the rapid and large-scale production of
dendroid carbon materials with a 3D conductive framework and
tailored porosity in the usual synthesizing and drying conditions
is attractive yet challenging [11].

Significant efforts have been focused on the preparation of
dendroid carbon materials via hard- and soft-templating methods
[12]. However, these traditional templating methods have
obvious drawbacks such as the uses of toxic chemicals, the
complicated operations to remove the templates, and the diffi-
culties in precisely controlling the pore sizes [13]. An emerging
salt-templating method provides a novel and environmental-
friendly strategy for the preparation of dendroid carbon materials
with high surface area and large pore volume [14, 15]. Com-
pared with traditional templating methods, the salt eutectics used
in the salt-templating were easily removed and recycled for the
subsequent synthesis. Besides, the hierarchical porosity and
microstructure evolution of carbon were tailored by simply
employing different kinds of eutectics under mild pyrolysis
conditions [16]. However, the effective conductive pathway is
easily collapsed upon cycles due to the essence of interconnected
carbon nanoparticles among the dendroid structures [17].

Herein, a molten salt-confined pyrolysis strategy is pre-
sented for preparing a carbon nanotube-backboned micro-
porous carbon nanocomposite (CNT-MPC), among which a
highly conductive CNT was closely enclosed by an MPC
sheath, thus forming a ‘carbon-in-carbon’ coaxial structure.
The CNT backbone provided a high electrical conductivity,
while the MPC sheath possessed integrated mesopores and
micropores as efficient ion reservoirs. The as-prepared CNT-
MPC showed superior electrochemical capacitive perfor-
mance including high specific capacitance, excellent rate
performance and good cycling stability when evaluated as an
electrode material for supercapacitors.

2. Experimental details

2.1. Synthesis of the CNT-MPC in a KCl/ZnCl2 eutectic

A designed amount of CNTs, 1 g of glucose, and 10 g of
KCl/ZnCl2 eutectic (0.363/0.637 by weight) were

ball-milled for 10 min. The mixture was transferred into a
covered crucible and pyrolyzed at 800 °C for 1 h with a
heating rate of 5 °C min−1. Upon cooling, the products were
washed with 5% HCl and water several times, respectively, to
remove the impurities, and dried overnight in a vacuum
at 60 °C. The CNT-MPC-1, CNT-MPC-2 and CNT-MPC-3
represent the CNT-MPC samples prepared with the addition
of CNTs of 900, 300 and 100 mg, respectively. For com-
parison, neat MPCs were prepared similarly to the above
procedure without the addition of CNTs.

2.2. Synthesis of the CNT-MPC in LiCl/ZnCl2 and NaCl/ZnCl2
eutectics

The CNT-MPC was prepared similarly to the above proce-
dure for synthesizing the CNT-MPC-2, except using the
LiCl/ZnCl2 (0.093/0.907 by weight) and NaCl/ZnCl2
(0.312/0.688 by weight) eutectics, and the products were
denoted as CNT-MPC-LZ and CNT-MPC-NZ, respectively.

3. Result and discussion

Figure 1 exhibits the preparation procedures of the CNT-
MPC. Pristine CNTs, glucose and KCl/ZnCl2 eutectics were
ball-milled and then pyrolyzed under a nitrogen atmosphere.
The glucose is green and cheap biomass extracted from nat-
ural carbohydrates. Meanwhile, the glucose is a sustainable
and low-cost precursor for pyrolysis synthesis of carbon
materials with a high carbonization yield [18]. The thickness
of the MPC sheath among the CNT-MPC was tailored by
varying the initial weight ratio of CNTs and glucose. The
kinds of eutectics also showed great influences on the por-
osity of the resultant CNT-MPC. The preparation procedure is
convenient for large-scale production of CNT-MPC in one
batch. The green and cheap biomass glucose is used as the
precursor, and the pristine and commercially available CNTs
(100 euros kg−1) were directly used. The eutectics as a unique
porogen promoted the formation of high-surface-area MPCs,
which were simply devoted to a simple closed-loop process
for the reproduction by being dissolved in water and subse-
quently evaporated [19]. The resultant CNT-MPC exhibited
advantages when evaluated as an electrode material for
supercapacitors. Especially, the highly conductive CNT

Figure 1. Schematic of the preparation procedure of the CNT-MPC in a molten-salt confined pyrolysis strategy.

2

Nanotechnology 32 (2021) 095605 S Liu et al



framework provides fast electron transport, as well as
relieving the volume expansion/contraction of MPCs during
cycling [20]. The MPC sheath with high surface area and
large pore volume provides an ion reservoir for efficient ion
adsorption and desorption [21].

The morphologies of CNTs, MPCs and CNT-MPC were
characterized by field-emission scanning electron microscopy
(FESEM) and transmission electron microscopy (TEM). Long
and curly CNTs were observed with an outer diameter of
20–30 nm and an average length larger than 10 μm, figures
S1(a), (b) and S2(a), (b) (available online at stacks.iop.org/
NANO/32/095605/mmedia). The MPCs with a 3D network
of interconnected carbon nanoparticles were observed
(figures S1(c), (d)). Closer TEM observations indicated that
the 3D porous framework was composed of interconnected
primary MPCs with an average particle size of 30 nm, and
amorphous graphitic domains were observed within these
irregularly shaped MPCs (figures S2(c), (d)). These primary
MPCs were composed of tiny amorphous carbon with
abundant micropores and mesopores, demonstrating their
highly porous structure and easy transport of ions [22]. Owing

to their nanoscale sizes and hierarchical porosities, the pri-
mary MPCs showed the potentials to serve as sheath layers on
the 3D CNT skeletons [23]. The morphological evolutions of
CNT-MPC with different contents of MPCs were investi-
gated. Figures 2(a)–(f) displayed FESEM images of the CNT-
MPC with various thicknesses of decorated MPCs, and
figures 3(a)–(f) indicated the coaxial structures of CNT-MPC.
The average thicknesses of enwrapped MPCs were ∼4, 10,
and 30 nm for the CNT-MPC-1, CNT-MPC-2 and CNT-
MPC-3, respectively. The thicknesses of MPC increased with
the increased feeding ratios of glucose to CNTs. The CNT-
MPC-2 showed that the CNT skeletons were uniformly
coated with MPCs, suggesting that the CNTs acted as a
unique template and guided a nucleation growth of MPCs in
the molten salt.

The electrochemical behaviors of CNT-MPC are closely
related to its favorable micro/mesopore structures. The for-
mation of carbon materials with significantly distinguished
pore volumes and pore size distributions during the molten-
salt pyrolysis depends on the kinds of eutectic salts, ascribed
to their molten state with diverse clusters and percolation

Figure 2. FESEM images of (a), (b) CNT-MPC-1, (c), (d) CNT-MPC-2 and (e), (f) CNT-MPC-3 at low and high magnifications,
respectively.
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structures [16]. Therefore, different kinds of eutectic salts
were used to tailor the pore structures of the resultant MPCs
on CNT skeletons [24]. The CNT-MPC-LZ and CNT-MPC-
NZ were designed and prepared in the LiCl/ZnCl2 and
NaCl/ZnCl2 eutectic at a CNT/glucose feeding ratio similar
to that of CNT-MPC-2. FESEM images of CNT-MPC-LZ
(figures 4(a), (b)) and CNT-MPC-NZ (figures 4(c), (d)) were
measured and compared with that of CNT-MPC-2 to inves-
tigate the structural evolutions derived from respective
eutectics. For the CNT-MPC prepared in different eutectics,
all the MPCs were strongly decorated on the surface of CNTs,
indicating that CNTs were uniformly dispersed in all eutectic
salts and guided the growth of MPCs. Compared with the
relatively uneven yet smooth surface of MPCs within the
CNT-MPC-LZ, the surface roughness of MPCs decorated on
CNTs in the CNT-MPC-NZ and CNT-MPC-2 dramatically
increased, suggesting the relatively low melting point and
large salt clusters of eutectic salts resulted in the formation of
the macro/mesopores instead of micropores among the car-
bon products [16]. Large mesopores as well as macropores
resulted from unique salt-templating mechanisms by respec-
tive eutectics.

The compositions of CNT-MPC were characterized by
x-ray diffraction (XRD) and Raman spectra analysis. Neat
MPCs in figure 5(a) exhibited a weak and broad diffraction
pattern at 2θ=24.5°, which was assigned to (002) plane of
carbon lattices, suggesting the nature of amorphous carbon of
MPCs [25]. When CNTs are introduced to form the CNT-
MPC, typical graphitic (002) diffraction pattern shifted to
25.6° and a low-intensity (100) diffraction pattern at 42.6°
was observed, implying the existence of a highly graphitic
carbon of CNTs and MPCs [26, 27]. No diffraction patterns
ascribing to LiCl and KCl were observed from XRD results.
Raman spectra were used to elucidate the graphitic structures
of the CNT-MPC (figure 5(b)). The D-band at ∼1350 cm−1

represented the A1g mode (structural defects) corresponding
to disordered carbon structures [28]. The G-band at ∼1580
cm−1 was associated with the E2g mode representing the C=C
stretching in the graphitic carbon. Generally, the relative peak
intensity ratio of the D band (ID) to G band (IG) represented
graphitic degrees and graphitic crystallite sizes of carbon [29].
Compared with the ID/IG ratio of MPCs (0.95), the ID/IG
ratios of CNT-MPC gradually decreased from 0.89 to 0.79
with increased CNT contents, indicating higher crystallized

Figure 3. TEM images of (a), (b) CNT-MPC-1, (c), (d) CNT-MPC-2 and (e), (f) CNT-MPC-3 at low and high magnifications, respectively.
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and larger graphitic domains due to the presence of CNTs
[30]. Compared with neat MPCs, the appearances of sharp 2D
peaks (∼2643 cm−1) of CNT-MPC were also features
indicating a successful hybridization of CNTs in the
nanocomposites.

The nitrogen adsorption–desorption isotherms and pore
size distributions of CNTs, CNT-MPC and MPCs were
measured in figures 5(c), (d) and S3(a), (b). The first nitrogen-
uptake steps at relatively low pressure (p/p0<0.2) and small
hysteresis at p/p0 from 0.2 to 0.8 in the CNT-MPC and MPCs

Figure 4. FESEM images of (a), (b) CNT-MPC-LZ, (c), (d) CNT-MPC-NZ at low and high magnifications, respectively.

Figure 5. (a) XRD patterns and (b) Raman spectra of CNTs, CNT-MPC and MPCs. (c) Nitrogen adsorption–desorption isotherms and (d)
pore size distributions of CNTs, CNT-MPC-2 and MPCs.
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demonstrated the presences of micropores and mesopores in
these samples [31]. The steep increases of the CNTs, CNT-
MPC and MPCs at a high relative pressure (p/p0>0.9) are
attributed to macropores derived from interstitial voids
between particles. The pore size distributions of CNT-MPC
and MPCs with humps from 0.7 to 12 nm revealed the
presence of micropores and good degrees of mesoporosity.
The values of the specific surface area and pore volumes of
CNTs, CNT-MPC and MPCs were calculated (table S1).
With increased contents of MPCs within the CNT-MPC, the
Brunauer–Emmett–Teller (BET) surface areas increased from
257 (CNT-MPC-1) to 832 m2 g−1 (CNT-MPC-3), mean-
while, the pore volumes increased from 0.59 to 1.18 ml,
indicating that the surface area and meso/micropore volume
were simply controlled by altering mass ratios of CNTs and
glucose for the synthesis of CNT-MPC. Compared with CNT-
MPC-2, the isotherm of CNT-MPC-LZ derived from
LiCl/ZnCl2 eutectics showed the hysteresis with defined
plateau region at p/p0 from 0.2 to 0.8, indicating the micro-
porous structure among the sample, meanwhile, the isotherm
of CNT-MPC-NZ derived from NaCl/ZnCl2 eutectics
showed a further uptake of nitrogen in the medium relative
pressure region as well as a small hysteresis, reflecting a
combined contribution of micro/mesopores (figures S3(c),
(d)) [32]. Although the BET surface area did not change too
much when the eutectics changed, great changes in pore
volumes and pore size distributions were observed. The
proportions of mesopores among the CNT-MPC-NZ (69%)
and CNT-MPC-LZ (50%) greatly decreased compared with
that of CNT-MPC-2 (83%). The CNT-MPC-2 had almost two
times larger pore volume than those of CNT-MPC-NZ and
CNT-MPC-LZ. More mesopores within the composites con-
tributed to lower ion diffusion resistances, and while the
micropores played an important role in enlarging the electric
double-layer surfaces and therefore boosting the specific
capacitances. Therefore, the unique hierarchical porosities
endowed CNT-MPC-2 with high capacitive values and
excellent rate performances [33].

The elemental contents of carbon, hydrogen and oxygen
within CNTs, CNT-MPC and MPCs were measured by an
elemental analysis using a combustion method (figure S4). The
C/O weight ratios of CNTs, CNT-MPC-1, CNT-MPC-2, CNT-
MPC-3 and MPCs were calculated to be 54.4, 19.4, 6.8, 5.6 and
4.2, respectively. The efficient oxygen doping within the carbon
frameworks contributed to generating additional pseudocapaci-
tances with an efficient electron transfer. All the CNT-MPC
exhibited high graphitization degrees with carbon contents larger
than 83 wt%. The theoretical carbonization yield of converting
glucose into carbon materials is ∼32 wt% in the eutectics,
and the C/O weight ratios of CNTs and MPCs are measured as
54.4 and 4.2, respectively. The theoretical C/O weight ratios of
the CNT-MPC-1, CNT-MPC-2 and CNT-MPC-3 are calculated
as 40.1, 28.3 and 16.1, respectively, which are larger than the
actual C/O weight ratios of the as-prepared CNT-MPC. The
result indicates that the CNTs greatly increase the graphitization
degree of the decorated MPCs.

The electrical conductivity of CNTs, CNT-MPC and
MPCs were characterized by a four-probe method, and the

electrical conductivities were summarized in table S2.
According to the percolation theory, an electrical percolation
network is achieved by using 1D conductive nanofillers
compared with 3D MPCs, and the electrical conductivities of
the CNT-MPC increased from 0.83 to 1.8 S cm−1 with
increasing content of CNTs within the CNT-MPC, indicating
that highly conductive CNT skeletons were very helpful to
improve the electrical conductivity of the nanocomposites.
When evaluated as an electrode material, the electrons could
be easily and continuously transported through the CNT-
MPC, in which good interfacial interactions and low inter-
facial resistances were simultaneously achieved due to the
formation of efficient junctions between individual CNT-
MPC structures.

Elemental composition and chemical states of the atoms
within CNTs, CNT-MPC and MPCs were measured by x-ray
photoelectron spectroscopy (XPS) [34]. The typical XPS
wide scan spectra of MPCs, CNTs and CNT-MPC were
measured in figure 6(a). The spectra of each sample exhibited
peaks for C1s and O1s, indicating the presence of carbon and
oxygen [35, 36]. There were no obvious Zn, K and Cl ele-
mental peaks in the XPS spectra, indicating that the molten
salts were completely removed after water washing. All the
samples had low oxygen contents and high C/O ratios,
consistent with the results of elemental analysis. The high-
resolution C1s XPS spectra of CNTs, CNT-MPC and MPCs
were deconvoluted into four peaks, corresponding to different
types of carbon species (figures 6(b)–(f)). The peak at
284.5eV corresponded to the sp2-hybridized carbon atoms
(C=C), and the peaks at 285.7, 286.5, and 287.7eV are
assigned to C–OH, C=O, O–C=O groups, respectively
[37, 38]. The oxygen-containing functional groups in elec-
trode materials facilitated electrolyte infiltrations. With an
increased glucose/CNT ratio, the content of C=C groups
among total carbon species decreased from 89.7% (CNTs) to
64.1% (MPCs), indicating that the proportion of MPCs within
the CNT-MPC was strongly influenced by the precursor
compositions.

Cyclic voltammetry (CV) and galvanostatic charge/dis-
charge (GCD) measurements were used to investigate the
electrochemical performance of CNT-MPC. CV curves of all
the electrodes presented nearly rectangular shapes and sym-
metric characteristics, indicating an ideal electric double-layer
capacitance and fast adsorption/desorption rate. Figure 7(a)
showed CV curves of the CNT-MPC, CNTs and MPCs at a
scan rate of 10 mV s−1 in a 6 M KOH electrolyte, among
which the CNT-MPC-2 electrode exhibited a high specific
capacitance and excellent electrochemical performance. The
effects of pore structures of MPC sheath among the CNT-
MPC on the electrochemical performance were investigated.
Figure 7(b) exhibits the CV curves of CNT-MPC-2, CNT-
MPC-LZ and CNT-MPC-NZ. The CNT-MPC-2 electrode
exhibited a higher specific capacitance compared with those
of CNT-MPC-LZ and CNT-MPC-NZ, indicating the CNT-
MPC-2 exhibited a low ion transfer resistance during the
charging/discharging due to its large surface area and opti-
mized micro/mesoporous structure [39]. The CNT-MPC-2
exhibited a nearly rectangular shape even at a high sweep rate
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of 200 mV s−1 (figure S5(a)), demonstrating the fast ion
transport among the electrode. The extremely fast current–
voltage responses were ascribed to the unique skeleton/
sheath structure of CNT-MPC-2. The GCD curves of CNT-
MPC-2 were further measured at a current density ranging
from 2 to 20 A g−1 (figure S5(b)). The isosceles triangular
shapes without obvious iR drops among the charge/discharge
curves of CNT-MPC-2 were observed, suggesting a fast
electric transport due to the highly conductive CNT skeletons.
The closely anchored MPCs on CNT skeletons also improved
the interfacial interaction between CNT skeleton and MPC
sheath, greatly shortening the diffusion and migration path-
ways for ions and electrons during rapid charge/discharge
processes [40].

The specific capacitances of CNT-MPC, CNTs and MPCs
at various scan rates were calculated from GCD curves

(figure 7(c)). Compared with MPCs (98 F g−1) and CNTs
(124 F g−1), the CNT-MPC-2 performed a high specific
capacitance of 306 F g−1 at 1 A g−1, indicating its excellent
electrochemically accessible surface area. This result further
explained that the CNTs served as an ideal conductive
framework while decorated MPCs acted as an ion reservoir
contributing to large capacitances [41]. The lower capacitances
of CNT-MPC-1 were ascribed to a rare ion reservoir due to
lower MPC content within the CNT-MPC. On the contrary, the
low capacitances of CNT-MPC-3 especially at a large current
density were attributed to low electrical conductivity with an
insufficient conductive pathway. The specific capacitance of
CNT-MPC-2 only decreased ∼26% when the current density
increased from 1 to 20 A g−1. In comparison, the specific
capacitances of MPCs and CNTs decreased ∼39% and 45%,
respectively. Moreover, the CNT-MPC-2 delivered a high

Figure 6. (a) XPS survey spectra of CNTs, CNT-MPC and MPCs. C1s XPS spectra of (b) CNTs, (c) CNT-MPC-1, (d) CNT-MPC-2,
(e) CNT-MPC-3 and (f) MPCs.
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specific capacitance of 227 F g−1 at a high current density of
20 A g−1, almost three and four times larger than those of neat
CNTs (68 F g−1) and MPCs (60.5 F g−1), respectively. The
specific capacitances of CNT-MPC-LZ and CNT-MPC-NZ at
various scan rates were calculated (figure S6(a)). Compared
with CNT-MPC-LZ (199 F g−1) and CNT-MPC-NZ
(228 F g−1), the CNT-MPC-2 performed a high specific
capacitance at 1 A g−1. The specific capacitances of CNT-
MPC-LZ and CNT-MPC-NZ decreased by 30% and 32%,
respectively, still larger than those of CNT-MPC-2, with the
current density ranging from 1 to 20 A g−1. The excellent rate
capacitances of CNT-MPC-2 were ascribed to lower ion
exchange resistance, more rapid electrolyte penetration and
better electrical conductivity, benefiting from the 3D

interconnected hierarchical porosity and conductivity frame-
work. The abundant micro/mesopores derived from the MPC
sheath played essential roles for optimized electrical double-
layer surfaces, efficiently enlarging the capacitances due to
short immigration distances for ions. In contrast to other
porogen salts, KCl/ZnCl2 eutectics efficiently optimized
interconnected mesopores and therefore provided abundant
mesopore volume [19]. The electrochemical parameters of
CNT-MPC-2 were compared with various CNT/porous carbon
electrodes in the previous literature and summarized in table 1.
In contrast to various CNT/porous carbon reported before, the
CNT-MPC-2 showed a competitive electrochemical capacitive
behavior. Considering the tunable micro/mesopore structure,
excellent electrical conductivity and environmental-friendly

Figure 7. (a) CV curves of CNTs, CNT-MPC and MPCs at 10 mV s−1. (b) CV curves of CNT-MPC-2, CNT-MPC-LZ and CNT-MPC-NZ at
10 mV s−1. (c) Specific capacitances of CNTs, CNT-MPC and MPCs at various current densities. (d) Nyquist plots of CNTs, CNT-MPC and
MPCs. Inset of (d) showing the enlarged high-frequency region and the equivalent circuit. (e) Cyclic stability of CNTs, CNT-MPC-2 and
MPCs for 50 000 cycles. (f) Ragone plots of supercapacitor devices with CNTs, CNT-MPC-2, MPCs and other carbon electrodes in the
literature.
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synthesis route, this study therefore demonstrated great
potentials for fabricating promising carbon electrode materials
for supercapacitors.

To further understand the electrochemical performances of
the CNT-MPC, electrochemical impedance spectroscopy was
used to investigate ion diffusion kinetics during electro-
chemical processes. Nyquist plots of CNTs, CNT-MPC and
MPCs showed nearly straight lines in low-frequency regions,
indicating their ideal electric double layer behaviors
(figure 7(d)). Compared with MPCs and CNT-MPC, the
Nyquist plot of CNTs was closer to the y-axis, resulting from a
highly graphitic structure and excellent electrical conductivity
of neat CNTs. The Nyquist plots of all the electrodes matched
up with Randle’s equivalent circuit (Inset of figure 7(d)). In the
high-frequency region, there were no obvious semicircles,
suggesting the low charge-transfer resistance (Rct) and ion
diffusion resistances (Zw) among the electrodes of CNTs,
CNT-MPC and MPCs [56]. Also, the CNT-MPC performed
decreased equivalent series resistances (Rs) compared with that
of neat MPCs and CNTs, indicating the relatively low internal
resistances, balanced micro/mesoporosity and fast ion pene-
tration within the CNT-MPC electrodes.

Cycling stabilities of CNTs, CNT-MPC and MPCs were
evaluated by repeating the GCD measurements at 10 A g−1

(figure 7(e)). The CNT-MPC-2 showed excellent cycling
stability with no capacitance losses after 50 000 cycles,
compared with that of CNTs (96.2%) and MPCs (82.1%),
respectively. The excellent cycling stability of CNT-MPC-2
indicated that MPCs with the CNT skeletons effectively
alleviated volume changes during cycling [57]. Besides, the
CNT skeleton also offered a unique 3D framework with high
electrical conductivity to overcome the drawbacks of efficient
connections between randomly scattered MPCs [58].

The Ragone plots corresponding to the energy density and
power density of as-assembled symmetric supercapacitors were
calculated. When the power density increased from 0.5 to 5
kW kg−1, the resulting energy densities of the supercapacitor

device with CNT-MPC-2 decreased only 11% (from 21.2 to
18.9 W h kg−1), smaller than those of CNT-MPC-1 (18%) and
CNT-MPC-3 (14%) (figure S6(b)). The Ragone plot of
CNT-MPC-2 was further compared with neat CNTs, MPCs as
well as CNT/porous carbon composites in the literature
(figure 7(f)). The supercapacitor device with CNT-MPC-2
electrodes displayed an energy density of 20.5 W h kg−1 at a
power density of 2 kW kg−1, much larger than those of CNTs
(7.8 W h kg−1) and MPCs (6.3 W h kg−1). The energy density
of the supercapacitor device with CNT-MPC-2 electrodes
outperformed most of the CNT/porous carbon composites
in the literature, indicating the skeleton/sheath structured
CNT-MPC with a hierarchical porosity and excellent electrical
conductivity efficiently boosted the energy storage [59].
Although very few CNT/porous carbon composite electrodes
with an even larger energy density were reported compared
with CNT-MPC-2, their relatively larger energy densities
were only realized by using complicated synthetic routes or
introducing transition-metal compounds suffering sacrifices of
cycling stability [53, 60].

4. Conclusion

In summary, the CNT-MPC nanocomposites with a hier-
archical porosity and 3D conductive framework were pre-
pared in an extremely simple, environmentally friendly and
easily scalable molten salt-confined pyrolysis strategy.
Among the as-prepared CNT-MPC nanocomposites, the CNT
backbone is beneficial to the formation of a 3D conductive
framework, while the MPC sheath helps to provide an effi-
cient ion reservoir. Compared with the eutectics of
LiCl/ZnCl2 and NaCl/ZnCl2, the CNT-MPC-2 that was
prepared in the KCl/ZnCl2 eutectics showed high specific
capacitance of 305.6 F g−1 at 1 A g−1, high energy density of
20.5 W h kg−1 and excellent cyclic stability with no capa-
citance losses after 50 000 cycles. The proof-of-concept study

Table 1. Summary of electrochemical parameters of the CNT-MPC with CNT-based composites in the literature.

Electrode materials Specific capacitances Electrolytes References

Activated carbon/CNT hybrid 140 F g−1, 5 mV s−1 Basic [42]
Biomass carbon/CNT hybrid 111 F g−1, 10 mA cm−2 Acidic [43]
N-doped porous carbon/CNT hybrid 262 F g−1, 0.5 A g−1 Acidic [44]
N-doped carbon polyhedra/CNT hybrid 308 F g−1, 5 mV s−1 Acidic [45]
B/N-doped CNT/CNS hybrid 389 F g−1, 1 A g−1 Basic [46]
Activated carbon-wrapped CNT film 110 F g−1, 5 mV s−1 Basic [47]
Phosphated CNT/carbon composite 160 F g−1, 0.1 A g−1 Basic [48]
Activated carbon/CNT composite film 270.9 F g−1, 10 mV s−1 Basic [49]
Carbon/CNT composite microelectrode 6 mF cm−2, 10 mV s−1 Acidic [50]
CNT@N-doped carbon layer composite 205 F g−1, 20 mV s−1 Basic [51]
P-doped carbon/CNT monolith 220 F g−1, 300 mA g−1 Acidic [40]
ZIF8 derived carbon/CNT composite 293.4 F g−1, 5 mV s−1 Acidic [52]
CNT@mesoporous carbon composite 538 F g−1, 1 A g−1 Acidic [53]
N-doped carbon/CNT composite 56 F g−1, 2 mV s−1 Acidic [54]
Activated carbon-coated CNT composite 103 F g−1, 2 mV s−1 Neutral [1]
CNT/N-doped porous carbon monolith 216 F g−1, 10 mV s−1 Acidic [55]
CNT-MPC-2 305.6 F g−1, 1 A g−1 Basic This work
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of the fabrication of hierarchically porous carbon fully
demonstrates its potentials as promising electrode materials
for high-energy-density supercapacitors.
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