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-doped porous carbon film as
binder-free electrode for high-capacity
supercapacitor and Li–S battery†

Yazhi Liu,‡a Gaoran Li,‡b Zhongwei Chenb and Xinsheng Peng *a

A novel lightweight, free-standing, CNT-threaded nitrogen-doped porous carbon film (CNCF) has been

synthesized as a binder-free electrode for supercapacitor and Li–S battery. The meticulous structural

design of using CNT to thread the ZIF-8-derived porous carbon polyhedrons together endows the

porous carbon thin film with nice flexibility, high surface area (645.2 m2 g�1), and hierarchical pore

structure as well as good nitrogen doping (2.8 at%) and overall electrical conductivity. When used as

binder-free electrode for a supercapacitor, the CNCF delivers a high specific capacitance of 340 F g�1 at

2 A g�1, long-term stability with a coulombic efficiency of 97.7% after 10 000 cycles at 20 A g�1, and

high energy density of 21.1 W h kg�1 with a power density of 5000 W kg�1. It can also serve as an

efficient sulfur host for the Li–S battery. The S@CNCF electrode exhibits a high discharge capacity of

926 mA h g�1 after 200 cycles at 1C, and 614 mA h g�1 after 1800 cycles with an ultra-low overall

capacity decay of 0.02%/cycle with sulfur loading of 3 mg cm�2. Moreover, when the sulfur loading is

increased to 6.9 mg cm�2, the electrode shows a high initial areal capacity of 7.3 mA h cm�2 and

a volumetric capacity of 0.94 A h cm�3. This film holds promising potential for flexible or film-like high-

energy storage systems.
1. Introduction

The blooming development of portable electronic devices has
stimulated intensive research on efficient and lightweight
energy storage devices.1–6 Among various energy storage devices,
the supercapacitor and lithium–sulfur battery are recognized as
two promising energy suppliers, with the supercapacitor
providing high power and the Li–S battery exhibiting high
energy density.7–11

Activated carbon has been extensively used as electrode
material for supercapacitors and Li–S batteries due to its large
BET specic surface area (SBET), chemical stability and low
cost.12–16 Recently, considerable efforts have been focused on
increasing the SBET of activated carbon to improve its specic
capacitance. Nevertheless, the internal surface area is not
entirely accessible to ions, not to mention the broken electron
conductive pathways caused by the post-activation treatment
(e.g. KOH activation), which leads to unsatisfactory specic
capacitance.17,18 Besides, most of the activated carbon materials
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require the use of nonconductive polymer binder and black
carbon to fabricate the working electrode, which unavoidably
increases the inner resistance and introduces unnecessary
weight.19,20 All of these disadvantages prevent the activated
carbon from fullling the requirements of high-performance,
efficient, and lightweight devices.

By contrast, mechanically robust, binder-free carbon mate-
rial with large SBET and high electrical conductivity shows great
potential to solve the aforementioned problems.21–29 Recently,
metal–organic frameworks (MOF) have been intensively
explored as carbon precursors to prepare porous carbon mate-
rials due to their large surface area and regular pore struc-
tures.30–32 Especially, as a subclass of MOF, zeolitic imidazolate
frameworks, such as ZIF-8, have attracted much more attention
due to their intrinsic N abundancy, which can increase the
electrical conductivity and wettability of the carbon mate-
rials.33–37 However, similar to activated carbon, the fabrication
of ZIF-derived carbon electrode requires additives, signicantly
limiting the utilization of their surface area and leading to poor
rate performance and cycling stability. On the basis of these
concerns, carbon nanotubes (CNT), possessing exceptional
long-range conductivity with unique one-dimensional
structure, are deservedly considered as the most competitive
candidate to overcome the drawbacks of powder carbon
materials.38–40

Here, we develop an effective method to prepare CNT-
threaded ZIF-8 polyhedrons derived free-standing N-doped
J. Mater. Chem. A, 2017, 5, 9775–9784 | 9775
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porous carbon lm (CNCF) through a simple vacuum ltration,
in situ reaction and subsequent pyrolysis. Beneting from its
interconnected conductive network and CNT penetration in
between porous carbon polyhedrons to form a lamellate struc-
ture, the as-prepared CNCF exhibits high SBET (645.2 m2 g�1),
hierarchical pore structure and abundant nitrogen doping. The
CNCF delivers high specic capacitance (340 F g�1 at 2 A g�1)
and high energy density (21.1 W h kg�1 at a power density of
5000 W kg�1) when used as electrode for aqueous electrolyte
supercapacitor. More remarkably, the sulfur-loaded CNCF
(S@CNCF) exhibits extraordinary cycling stability when utilized
as cathode for the Li–S battery, i.e., with extremely small
capacity decay of 0.02%/cycle over 1800 cycles at a high rate of
1C with a sulfur loading of 3 mg cm�2. Simultaneously, the
S@CNCF shows high initial areal and volumetric capacity of 7.3
mA h cm�2 and 0.94 A h cm�3, respectively, at a high sulfur
loading of 6.9 mg cm�2.
2. Experimental section
2.1 Preparation of ZIF-8/CNT hybrid thin lm

Before the synthesis of ZIF-8/CNT hybrid thin lm, the nega-
tively charged oxidized CNTs were prepared by chemical
oxidation in 6 M HNO3 for 12 h and then dispersed in water by
sonication.41 The positively charged zinc hydroxide nanostrands
(ZHN) were prepared by mixing 1.6 mM aminoethanol aqueous
solution with 4 mM zinc nitrate aqueous solution under stir-
ring, followed by aging at room temperature for 30 min. Then,
a certain amount of CNT solution was added into the ZHN
solution under vigorous stirring to form a homogeneous
suspension. Next, the suspension was ltered onto a porous
polycarbonate (PC) substrate with a pore size of 200 nm, and
aer peeling off the substrate, a free-standing ZHN/CNT thin
lm was obtained. The ZIF-8/CNT thin lm was obtained aer
immersing the ZHN/CNT hybrid thin lm in 25 mM 2-methyl-
imidazole (2-mIm) ethanol–water (vol : vol ¼ 2 : 3) solution for
24 h. In this work, by simply controlling the volume ratio of
ZHN to CNT, ZIF-8/CNT thin lms with different weight ratios
of 5 : 1, 10 : 1 and 15 : 1 were fabricated, denoted as ZIF-8/CNT-
5/1, 10/1 and 15/1, respectively.
2.2 Preparation of free-standing CNCF

The conversion of ZIF-8/CNT thin lm into exible CNCF was
achieved through a two-step thermal conversion process. Typi-
cally, the ZIF-8/CNT thin lm was heated at 80 �C under
nitrogen gas for 1 h and then pyrolyzed at 900 �C for 3 h with
a heating rate of 5 �C min�1. Subsequently, the black product
was immersed in diluted HCl aqueous solution to remove zinc-
related inorganic nanoparticles resulting from the pyrolysis of
ZIF-8 precursor, and then washed with abundant water to
obtain the CNCF. Here, three CNCF thin lms with weight ratios
(ZIF-8/CNT) of 5/1, 10/1 and 15/1 were fabricated under the
same conditions and designated as CNCF-5/1, 10/1 and 15/1,
respectively. Meanwhile, the pyrolysis product of ZIF-8/CNT-
10/1 without acid treatment was named CNCF-10/1@Zn. For
comparison, the performance of pure ZIF-8 powder pyrolyzed
9776 | J. Mater. Chem. A, 2017, 5, 9775–9784
under the same conditions and that of pure CNT samples were
also measured and denoted as ZNC and CNT, respectively.

2.3 Characterization

The morphology and structure analyses were carried out on
scanning electron microscopy (SEM, Hitachi SU-4800), trans-
mitting electron microscopy (TEM, Fei Tecnai G2 F20 S-TWIN),
X-ray diffraction (XRD, Shimadzu XRD-6000 diffractometer
instrument), X-ray photoelectron spectroscopy (XPS, ESCA-
LAB_250Xi X-ray photoelectron spectrometer), FTIR (Tensor 27
FTIR spectrometer) and Raman spectra (Laser Raman Spec-
troscopy, Renishaw RM1000). The N2 sorption analysis was
conducted with a Micromeritics specic area analyser (Micro-
meritics, 3Flex, SN#340) at 77 K applying the Brunauer–
Emmett–Teller (BET) method for the specic surface area. The
pore size distribution was obtained by using the density-
functional-theory (DFT) model on the adsorption branch of
the N2 isotherm. Electrical conductivity was obtained from
a four-point probe resistivity measurement system (RTS-8 Four
Probes Tech).

2.4 Electrochemical evaluation

The as-prepared free-standing CNCF specimens were directly
used as working electrode without any additives. Electro-
chemical experiments for individual electrodes were per-
formed in a three-electrode conguration with Pt foil as
counter electrode, Ag/AgCl as reference electrode and 6 M
KOH as electrolyte. The cyclic voltammetry (CV), galvanostatic
charge–discharge (GCD) and electrochemical impedance
spectroscopy (EIS) data were recorded using a CHI660D elec-
trochemical workstation (Chinstruments, China) at room
temperature. For the Li–S battery test, the exible S@CNCFs
electrodes were prepared via a typical melt-infusion process.
The S/CS2 solution was rst inltrated into the CNCFs and
then dried at 40 �C. Aer heat treatment at 155 �C for 4 h
under N2 atmosphere, S@CNCFs with uniform sulfur distri-
bution were obtained. The sulfur loading for each electrode
was controlled at around 70 wt% by the addition of S/CS2
solution.42 For the Li–S battery test, the exible S@CNCF-5/1,
S@CNCF-10/1 and S@CNCF-15/1 electrodes were prepared via
a typical melt-infusion process, in which the sulfur loading
for each electrode was controlled at around 70 wt%. The
electrochemical measurements were carried out by using
CR2025 coin cells, where the S@CNCF electrode served as
cathodes. As for the aluminum-laminated, rectangular-
shaped, so-packed cell, the S@CNCF-10/1 electrode was
cut into a 2 � 3 cm2 rectangular slice as cathode. Both coin
and so-packed cells used lithium foil as anode, Celgard 2400
membrane as separator and a solution of 1 M lithium bis-
(triuoromethane sulfonyl)imide (LiTFSI) in a binary solvent
of dimethoxyethane (DEM) and 1,3-dioxolane (DOL) (1 : 1 by
volume), with 1 wt% lithium nitrate (LiNO3) additive, as
electrolyte. The GCD tests were performed using a LAND
cycler (LAND, Wuhan China). The current and capacity were
calculated based on the mass of the sulfur element. The EIS
study was conducted using a CHI660D workstation with an
This journal is © The Royal Society of Chemistry 2017
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amplitude of 5 mV in the potential range of 1.8 V to 2.6 V (vs.
Li+/Li).
3. Results and discussion
3.1 Physicochemical properties of CNCF

As shown in Scheme 1, the free-standing CNCF lm was
prepared via pyrolysis of the hybrid ZIF-8/CNT lm. First,
a ZHN/CNT hybrid lm was obtained by ltering the homoge-
neous mixture of ZHN and CNT through vacuum ltration.
Then, the ZIF-8/CNT thin lm was prepared through in situ
reaction by immersing ZHN/CNT into 2-methylimidazole (2-
mIm) solution. Subsequently, aer pyrolysis of ZIF-8/CNT lm
at 900 �C and washing with acid solution followed by abundant
water, free-standing CNCF was obtained and used as electrode
for supercapacitor and Li–S, respectively.

As shown in Fig. S1a,† the obtained ZHN/CNT thin lm
displays a well-ordered structure with a thickness of �17 mm.
Aer immersion in 2-mIm solution for 24 h, the thickness of the
lm increases to �46 mm due to the successful formation of the
crystalline ZIF-8 polyhedrons (Fig. 1a and b), as conrmed by
the XRD pattern in Fig. S1b.† The peaks at 7.2�, 10.9�, 12.7�,
14.4�, 16.56�, 17.9�, 18.8�, 21.8�, 23.8�, 26.3�, 29.0�, and 30.2�

are attributed to (011), (002), (112), (022), (013), (222), (123),
(114), (233), (134), (044) and (334) crystal planes of ZIF-8,
respectively.43 Moreover, the CNT are partially threaded
through the ZIF-8 crystals (Fig. 1c), contributing to the forma-
tion of interconnected carbon lm. Aer pyrolysis and acid
treatment, the ZIF-8/CNT precursor is transformed into a ex-
ible three-dimensional (3D) interconnected carbon lm, the
thickness of which decreases to �40 mm, and the carbon poly-
hedrons present a rough surface due to the decomposition of
Scheme 1 A schematic to fabrication of free-standing CNCF film.

This journal is © The Royal Society of Chemistry 2017
functional groups during the pyrolysis (Fig. 1d–f). The thickness
of CNCF-5/1 and CNCF-15/1 is �40 mm as well (Fig. S1c and d†).
The obtained CNCF in this work shows excellent exibility and
is capable of restoring its initial shape without any cracks aer
folding (Fig. S1e and f†). This could be ascribed to the CNT's
interweavement in both longitudinal and transverse directions
and to the porous features of the lm, which help release stress
and prevent damage of CNCF during bending. The ultimate
tensile strengths of CNCF-5/1, 10/1 and 15/1 are 5.47 MPa,
4.66 MPa and 3.52 MPa with ultimate strains of about 2.67%,
2.15% and 1.53%, indicating that our lms are mechanically
robust and exible (Fig. S2 and Movie S1†). In addition, based
on the thickness and resistance, the electrical conductivities of
CNCF-5/1, 10/1 and 15/1 were calculated as 1370 S m�1, 1690 S
m�1 and 800 S m�1, respectively.

The TEM images of CNCF-10/1 highlight CNT's penetration
through the porous carbon (Fig. 1g). Magnication of the
porous carbon (Fig. 1h) clearly shows the existence of abundant
micro- and mesopores, demonstrating the nanoporous charac-
teristic of the carbon material. Some of the pores are inherited
from the porous ZIF-8 crystals, and others may come from the
removal of Zn species during the acid treatment.28 Moreover,
the CNTs maintain their structures aer the growth of ZIF-8 and
pyrolysis at high temperature. The TEM images of CNCF-10/
1@Zn are displayed in Fig. S3a.† The elemental mapping
results of C, N, O and Zn (Fig. 1i and S3b†) conrm the uniform
distribution of N atoms and the removal of Zn species aer acid
treatment. This unique structure composed of hierarchical
porous carbon, heteroatom doping and CNT not only ensures
wettability but also promotes charge transfer and improves ion
diffusion efficiency.
J. Mater. Chem. A, 2017, 5, 9775–9784 | 9777
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Fig. 1 SEM images of (a) surface and (b) cross section of 10/1 ZIF-8/CNT films; (d) surface and (e) cross section of CNCF-10/1 after pyrolysis; (c)
and (f) are high-magnification SEM of (b) and (e), respectively; (g)–(i) are TEM, HRTEM images and mapping result of CNCF-10/1.
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XPS was conducted to determine the chemical contents of
CNCF-10/1@Zn and CNCF samples. The overview XPS spectra of
all the samples (Fig. S4a†) show signals from C 1s, N 1s and O
1s, while the Zn 2p signals are only detected in CNCF-10/1@Zn.
Fig. 2 (a)–(c) are the N 1s spectra of the samples, respectively; (d)–(f) rep
samples, respectively.

9778 | J. Mater. Chem. A, 2017, 5, 9775–9784
This indicates the absence of Zn metals and the steady doping
of N atoms in the carbon matrix, all of which agree with the
TEM results. Fig. S4c† and 2a–c represent the detailed high-
resolution XPS data of C 1s and N 1s peaks aer
resent the XRD, Raman, and N2 adsorption/desorption isotherms of the

This journal is © The Royal Society of Chemistry 2017
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deconvolution. For the C 1s spectra, the peaks at 284.4 eV
correspond to the C–C bonds of sp3 carbon, and the other peaks
at 285.3 eV and 286.7 eV represent C–N (and C–O) and C]N
(and C]O) functional groups, respectively.44,45

A small peak at 290.7 eV can be assigned to p–p* electronic
transitions, conrming the presence of CNT.46 The N 1s spectra
can bemainly deconvoluted into four peaks, including pyridinic
N (�398.6 eV), pyrrolic N (�400.1 eV), quaternary N (�401.2 eV)
and oxidized N (�405.6 eV).47 The atomic ratios according to the
XPS measurements are summarized in Table 1; the nitrogen
contents in the CNCF-5/1, 10/1 and 15/1 are 1.9 at%, 2.8 at%
and 3.0 at%, respectively. Previous studies suggest that N atoms
can enhance the conductivity of the carbon materials and
provide additional pseudocapacitance together with structural
defects by redox reactions.48,49 We further characterize the
structure of the CNCF samples by XRD and Raman analysis. The
XRD pattern (Fig. 2d) shows that all the samples present
a prominent but obviously broadened peak at around 24� that
can be assigned to the (002) plane, suggesting the amorphous
state of the porous carbon. In the Raman spectra (Fig. 2e), apart
from the disorder-induced D band (�1344 cm�1) and in-plane
vibrational G band (�1580 cm�1), the samples also show a D*
peak at �2659 cm�1, implying the existence of CNT.28 It is
generally accepted that the IG/ID value is a reection of defects
or disorder of the carbon lattice.50 Hence, the lowest IG/ID value
of CNCF-15/1 (Table 1) may originate from the increased
structural defects induced by the higher heteroatom content.

Furthermore, the N2 adsorption/desorption isotherm was
measured to determine the detailed pore characteristics of the
CNCF (Fig. 2f). The CNCF samples show a typical type IV
adsorption/desorption isotherm with a sharp rise in the low-
pressure and vertical tails at �1.0 relative pressure, suggesting
the coexistence of micro- and macropores. Additionally, the
hysteresis loops indicate the existence of mesopores. Pore size
distribution of the CNCF (Fig. S4d†) based on the density
functional theory (DFT) further conrms the hierarchical
porosity of the CNCF. The detailed pore structural characteris-
tics are listed in Table 1. The CNCF-5/1 has the lowest SBET value
(467.6 m2 g�1) with the highest pore volume (0.85 cm3 g�1),
which may be ascribed to its lowest porous carbon polyhedron
content and excessive meso- and macropores formed by inter-
CNT spaces. By comparison, the CNCF-10/1 shows a relatively
Table 1 Composition, pore characteristics, electrical conductivity and R

XPSa/at%

SBET
b/m2 g�1 Smicro

c/m2 gC N O

CNCF-5/1 93.4 2.7 4.0 467.6 178.5
CNCF-10/1 91.2 3.9 4.8 645.2 406.9
CNCF-15/1 90.5 4.8 4.7 599.8 425.4

a Atomic percentage of elements obtained from XPS analysis. b Specic s
c Specic surface area of micropores was calculated by t-plot method. d

adsorbed at a relative pressure of 0.99. e The average pore size was ob
intensity of the G and D bands. g Conductivity was tested by four-probe c

This journal is © The Royal Society of Chemistry 2017
more compact structure with a SBET value of 645.2 m2 g�1 and
pore volume of 0.46 cm3 g�1.

In view of the unique free-standing 3D interconnected
conductive structure with high SBET, hierarchical porosity and
heteroatom doping, it is reasonable to expect the CNCF to
possess exceptional conductivity, short ion diffusion path and
low diffusion resistance, making it a promising electrode for the
supercapacitor and Li–S battery, respectively.
3.2 Electrochemical behavior of CNCF for supercapacitor
electrode

Encouraged by the hierarchical porous structure of the CNCFs,
a three-electrode conguration was carried out to investigate
their supercapacitive performance in 6 M KOH aqueous elec-
trolyte. We rstly conducted a CV test for all the samples at
100 mV s�1. As shown in Fig. 3a, the curves of CNCF-5/1, 10/1
and 15/1 show rectangle-like shapes with a few humps caused
by pseudocapacitive processes. The electrical double-layer
capacitance (EDLC) and the pseudocapacitance can be sepa-
rated and calculated from the CV curve, respectively (Fig. S5a
and b†).51,52 The CNCF-10/1 possesses the largest EDLC, while
the CNCF-15/1 has the largest pseudocapacitance, implying the
contribution of SBET and dopants to the increased charge
storage capability.

Since it is well recognized that the GCD test is more reliable
than the CV test for determining the specic capacitance,53 here
the GCD proles were carried out at different current densities.
The GCD proles of the CNCFs, ZNC and CNT at 2 A g�1 and the
proles for CNCF-10/1 from 20 A g�1 to 400 A g�1 are shown in
Fig. S5c† and 3b, respectively. All these curves are symmetric,
and the shapes are well maintained even at a high current
density of 400 A g�1, suggesting the robust electrochemical
response and fast-ion adsorption–desorption at the electrode/
electrolyte interfaces. The gravimetric capacitance as a func-
tion of current density was calculated (based on eqn (1) in ESI†)
and is summarized in Fig. S5d.† The specic capacitance was
calculated for CNCF-5/1, CNCF-10/1 and CNCF-15/1 to be 243,
340 and 270 F g�1 at 2 A g�1, respectively, while the capacitance
values of ZNC and CNT were 180 and 70 F g�1 under the same
current density. This means that the large capacitance of the
CNCFs primarily comes from the ZIF-8 derived porous carbon,
with minor contribution from the CNT. On the other hand, the
aman results of the samples

�1 Vt
d/cm3 g�1 Dave

e/nm IG/ID
f Conductivityg/S m�1

0.85 7.30 1.90 1583
0.46 2.85 1.79 1538
0.43 2.86 1.16 793

urface area was calculated by Brunauer–Emmett–Teller (BET) equation.
The total pore volume was determined from the amount of nitrogen
tained from the equation: Dave ¼ 4 � Vt/SBET.

f IG/ID is the integral
onductivity test.

J. Mater. Chem. A, 2017, 5, 9775–9784 | 9779
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Fig. 3 (a) CV curves of the samples at 100 mV s�1; (b) GCD curves of CNCF-10/1 at different current densities; (c) and (d) are the cycling
performance and EIS spectra of the samples; (e) GCD curves of the CNCF-10/1-based symmetric supercapacitor cell; (f) the Ragone plots and
performance comparison of the as-prepared symmetric cell vs. previously reported carbon symmetric supercapacitors in aqueous electrolyte.
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capacitance decay rates of CNCF-5/1, CNCF-10/1 and CNCF-15/1
were 27% (152 F g�1 to 111 F g�1), 20% (254 F g�1 to 201 F g�1)
and 24% (156 F g�1 to 118 F g�1) as the current density
increased from 5 A g�1 to 50 A g�1, conrming the impressive
capacitive behavior and rate performance of CNCF-10/1. More-
over, the CNCF-10/1 retained 43% of its initial specic capaci-
tance when the current density increased to 400 A g�1. Though
some MOF-derived porous carbons, ZIF-8 included, have been
used as electrode material for supercapacitors, their electro-
chemical performance is inferior to CNCF-10/1 (Table S1†).
Besides, our result is also higher than those of other exible
carbon electrodes in aqueous electrolyte (Table S2†). The
outstanding performance of CNCF is due to the high electrical
conductivity, sufficient physical contact points and continuous
electrolyte ion diffusion pathways throughout the electrode,
generated from the rich cross-linked CNT/carbon-polyhedron
network.

We also explored the effect of lm thickness on the capaci-
tive behaviour. CNCF-10/1 with different thicknesses (40 mm, 60
mm and 80 mm) were prepared, and their electrochemical
performance at 2 A g�1 was measured (Fig. S5e†). Obviously, 40
mm was the optimal thickness for CNCF-10/1, as 60 mm and 80
mm lms had shorter discharging time than 40 mm. The smaller
capacitance of 60 mm and 80 mmCNCF-10/1 can be attributed to
the higher inner ionic diffusion resistance caused by the
increased thickness, as conrmed by the EIS results (Fig. S5f†).

The long-term cycling tests of the samples were conducted by
repeating the GCD test at a high current density of 20 A g�1 for
10 000 cycles (Fig. 3c). The CNCF-10/1 shows a coulombic effi-
ciency of up to 97.7%, higher than that of CNCF-5/1 (91.1%) and
CNCF-15/1 (91.4%). Fig. 3d shows the Nyquist plots of CNCF-5/1
to CNCF-15/1 electrodes. The diameter of the semicircle from
9780 | J. Mater. Chem. A, 2017, 5, 9775–9784
the high- to mid-frequency region indicates the charge transfer
resistance (Rct). Obviously, CNCF-5/1 displayed the largest Rct,
while CNCF-10/1 displayed the smallest, indicating the lowest
charge transfer resistance and highest ionic conductivity of the
CNCF-10/1 electrode. In addition, judging from the intersection
of the real axis, which reects the equivalent series resistance
(Rs), CNCF-10/1 and CNCF-15/1 present similar Rs, while CNCF-
5/1 shows the largest. The lowest equivalent internal resistance,
coupled with the highest electrical conductivity, proper N-
doping content, and the highest BET surface area result in the
best electrochemical performance of CNCF-10/1.

We also assembled a symmetric supercapacitor cell based on
CNCF-10/1 to further explore its application potential. The GCD
curves show linear and near-triangular shapes within the
voltage window of 0–1.0 V (Fig. 3e), suggesting a small resis-
tance and ideal capacitive behavior. The specic capacitance
was 191.2 F g�1 (calculated from eqn (1) in ESI†) at 1 A g�1, and
80% of the initial capacitance was retained at 10 A g�1,
demonstrating the excellent rate capability of CNCF-10/1. The
energy density and power density were also calculated (based on
eqn (2) and (3) in ESI†) and are shown in Fig. 3f. The Ragone
plot of the CNCF-10/1//CNCF-10/1 symmetric supercapacitor
shows a maximum energy density of 26.6 W h kg�1 and remains
at 21.1 W h kg�1 with a power density of 5000 W kg�1—superior
to those of recently reported heteroatom-doped, carbon-based
aqueous symmetric supercapacitors.2,54–57
3.3 Electrochemical performance of CNCF for Li–S battery
cathode

As for the Li–S battery, the CNCF with high SBET and
outstanding conductive networks can serve as effective host for
sulfur species. In addition, the functional N species show great
This journal is © The Royal Society of Chemistry 2017
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capability for chemisorption of sulfur and polysuldes, which
not only provides more reactive sites but also promotes poly-
sulde xation for improved Li–S battery.58,59 Hence, the free-
standing CNCFs are also considered as an excellent choice for
the Li–S battery.

Sulfur electrode based on the CNCF (S@CNCF) was prepared
via a typical melt-infusion process. The sulfur content in the
S@CNCF electrode was controlled at�70%, as conrmed by the
TGA analysis (Fig. S6†). As shown in Fig. S7a,† the S@CNCF-10/1
electrode presents similar thickness (�40 mm) and lamellate
structure to that of the pristine CNCF-10/1, indicating the good
structural integrity of the CNCF during the sulfur loading
process. The TEM and elemental mapping results (Fig. S7c and
d†) reveal the good dispersion of sulfur in the carbon matrix,
matching well with the XRD result of S@CNCF-10/1
(Fig. S7b†).60 The ultimate tensile strength of the S@CNCF-10/
1 is maintained at 2.46 MPa with a strain around 1.26%,
implying that our sulfur electrode still retains mechanical
exibility.

The electrochemical performance of S@CNCF electrodes as
cathode in Li–S battery with a sulfur loading of 3 mg cm�2 is
shown in Fig. 4. The galvanostatic charge–discharge test
(Fig. 4a) of S@CNCF-5/1, 10/1 and 15/1 shows typical two-
platform voltage curves in the discharge process, correspond-
ing to the electrochemical reduction of S8 to soluble long-chain
Fig. 4 (a) The first charge–discharge curves and (b) cycling performanc
rate performance of S@CNCF-10/1 at various current densities from 0.2

This journal is © The Royal Society of Chemistry 2017
polysuldes Li2Sx (x ¼ 4–8) at 2.3 V and, subsequently, to short-
order insoluble Li2S2/Li2S at 2.1 V, respectively.61–64 Noticeably,
the S@CNCF-10/1 delivers a high initial capacity of 1258.8 mA h
g�1, much higher than those of S@CNCF-5/1 and S@CNCF-15/
1. Fig. 4b compares the cycling performance of S@CNCF-5/1,
10/1 and 15/1 at a current density of C/5. The discharge
capacity of S@CNCF-5/1 and 15/1 decreased to 763.3 mA h g�1

and 890.5 mA h g�1, with the low capacity retention of 68.6%
and 48.8% aer 100 cycles, respectively. In contrast, the
S@CNCF-10/1 retains a discharge capacity of 1104.1 mA h g�1

aer 100 cycles, corresponding to a capacity retention of
87.0%—higher than that of 5/1 and 15/1. The outstanding
cyclability of S@CNCF-10/1 can be explained by the EIS result
(Fig. 4c). S@CNCF-10/1 has the smallest Rct and Rw, indicating
an accelerated charge transfer process in the highly conductive
porous carbon. Thus, it can be suggested that the CNCF-10/1 is
the best sulfur host among the samples.

Besides, sulfur electrodes based on CNT (S@CNT) and ZNC
(S@ZNC) were prepared via the conventional slurry-coating
method. The cycling performance of S@CNT and S@ZNC was
also measured at the rate of C/5 with a sulfur loading of 3 mg
cm�2 (Fig. S8a†). In contrast, the S@CNT and S@ZNC elec-
trodes show much lower initial capacity (947.1 and 1030.7 mA h
g�1, respectively) as well as inferior capacity retention (61% and
67%, respectively) than those of the S@CNCF-10/1 aer 50
e of S@CNCF-5/1, 10/1 and 15/1 at C/5; (c) EIS tests of the samples; (d)
C to 10C; (e) long-term cycling performance of S@CNCF-10/1 at 1C.

J. Mater. Chem. A, 2017, 5, 9775–9784 | 9781
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Fig. 5 (a) Cycling performance of S@CNCF-10/1 with high sulfur loading at C/5; (b) comparisons of volumetric capacity and sulfur weight
content of the S@CNCF-10/1 with those of other self-standing sulfur electrodes; (c) photographs of a soft-package Li–S battery lighting a red
LED device under flat and bent states.
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cycles. The excellent performance of S@CNCF-10/1 is due to its
superior structural integrity originating from the synergistic
effect of CNT and ZIF-8-derived porous carbon polyhedrons
with small electrochemical impedance (Fig. S8b†).

The multi-rate test of S@CNCF-10/1 was further performed
to study its rate capability. In Fig. 4d, the S@CNCF-10/1 obtains
a capacity of 1235 mA h g�1, 986 mA h g�1, and 782 mA h g�1 at
current densities of C/5, 1C and 5C, respectively. As the current
density increases to 10C, a high capacity of 652 mA h g�1 is still
restored. Furthermore, when the current density is abruptly
reduced back to C/5, the capacity is recovered to 1147 mA h g�1,
demonstrating the electrode's robust electrochemical kinetics
and excellent rate performance. Moreover, the S@CNCF-10/1
exhibits considerable long-term stability at the high current
rate of 1C. As shown in Fig. 4e, a discharge capacity of 973 mA h
g�1 is achieved aer an initial activation process at C/5. The
capacity remains at 926 mA h g�1 aer 200 cycles, indicative of
only 4.8% capacity loss, and 807 mA h g�1 aer 600 cycles,
presenting a capacity loss of 11.1%. Even when the cycle life is
extended to 1800 cycles, the capacity still remains at 614 mA h
g�1, corresponding to a capacity retention of 64.1% and an
overall capacity decay rate as low as 0.02%/cycle. The excellent
cycling stability achieved in this work is superior to that of other
nitrogen-doped carbon materials (Table S3†). These results
powerfully demonstrate the CNCF's high efficiency in
conning/absorbing polysuldes, restraining the shuttle
phenomenon, and its superb structural integrity during the
long-term charge–discharge process.

Since high sulfur loading is crucial to satisfy the high energy
density demand for practical application, the sulfur loading was
raised to 6.9 mg cm�2 (�71 wt%) to explore the practical
9782 | J. Mater. Chem. A, 2017, 5, 9775–9784
potential of S@CNCF. The cycling stability of S@CNCF-10/1 at
C/5 with a sulfur loading of 6.9 mg cm�2 is shown in Fig. 5a. The
electrode exhibits an initial discharge capacity of 1067 mA h g�1

and remains above 790 mA h g�1 aer 300 cycles. Moreover, the
electrode obtains an initial areal capacity of 7.3 mA h cm�2 and
stabilizes at 5.5 mA h cm�2 even aer 300 cycles, exceeding that
of commercial Li-ion battery (around 4.0 mA h cm�2). More
importantly, the initial volumetric capacity reaches 0.94 A h
cm�3 and still remains at 0.84 A h cm�3 at the 50th cycle, which
is much higher than that of other free-standing carbon-based
sulfur cathodes reported previously (Fig. 5b and Table S4†).
Aiming to verify the exibility of the electrode, we fabricate
a so-package Li–S cell based on S@CNCF-10/1. This so-
package Li–S cell is able to light up a red LED when it is at
or bent, implying excellent exibility and stability, as shown in
Fig. 5c.

The superior electrochemical performance of the CNCF for
Li–S battery can be attributed to the structural advantages. First,
the ZIF-8-derived porous carbon provides the electrode with
a large surface area that not only increases the contact area for
electrolyte ions but also helps the uniform distribution of sulfur
and allows high sulfur loading for improved energy density.
Second, the nitrogen dopants can strengthen the immobiliza-
tion of the soluble polysuldes by additional chemisorption.
Third, the CNT threads the electrode into a exible and
conductive lm, effectively improving the electrical conductivity
and suppressing the volume expansion during the charge–
discharge process. Finally, the interconnected hierarchical
porous structure offers smooth and continuous electrical
pathways for ion diffusion.
This journal is © The Royal Society of Chemistry 2017
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4. Conclusions

In conclusion, we have prepared free-standing, CNT-threaded
nitrogen-doped porous carbon lm (CNCF) through simple
pyrolysis of CNT-threaded ZIF-8 polyhedron lm for application
in binder-free supercapacitor and Li–S battery. When applied as
supercapacitor electrode, the as-prepared CNCF-10/1 displays
a high specic capacitance of 340 F g�1 at 2 A g�1 and good
cyclic stability at 20 A g�1. The CNCF-10/1//CNCF-10/1
symmetric supercapacitor cell shows a high energy density of
21.1 W h kg�1 with a power density of 5000 W kg�1. When used
as sulfur cathode, the S@CNCF-10/1 electrode exhibits an
extraordinary cyclability of up to 1800 cycles with an ultralow
capacity decay rate of 0.02%/cycle at 1C. It also obtains high
energy density at high sulfur loading (6.9 mg cm�2), e.g. an
initial areal capacity of 7.3 mA h cm�2 and a volumetric capacity
of 0.94 A h cm�3. This work opens up a promising approach to
the design of free-standing and exible nitrogen-doped porous
carbon thin lm for binder-free, high-performance super-
capacitor and Li–S battery.
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