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a b s t r a c t

The lithium-sulfur (Li-S) batteries are potential candidates for next-generation power sources with very
high-energy-density. The rational integration of three dimensional (3D) carbon skeletons into sulfur
cathode is an efficient and effective route to full use of conductive scaffolds with chemical and me-
chanical stability and ability to accommodate large amount of active materials. Herein, a 3D free-
standing electrode composed of nitrogen-doped porous graphene/sulfur composite granular and
super-long carbon nanotube (CNT) skeleton is proposed for Li-S batteries with high volumetric energy
density. With a facile calendering process, the mechanical properties, bulk conductivity, and the pore
distribution of the flexible graphene@S-CNT electrodes were tuned. The high rate capability, long-life
stability, and high volumetric energy density of Li-S batteries are highly depended on the nano-
structure evolution of composite carbon/sulfur electrode. A high rate capability of 40% retention of
discharge capacity of 2.0 C against that at 0.05 C, a high cyclic stability of 0.1%/cycle within 180 cycles,
and a high volumetric energy density over 850 Wh L�1 are demonstrated with the pressed graphene@S-
CNT electrode. This work unfolded a general strategy to modulate the bulk structure of electrodes, which
is an efficient route towards Li-S batteries with high volumetric energy density.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

With the ever-growing performance of electric vehicles and
personal devices, high-energy-density power sources are strongly
considered. As the major type of the high-performance battery
systems, the lithium ion batteries are approaching their theoretical
limit of energy density. Therefore, the explorations of the next-
generation battery system with very high energy density and
long cycle life have attracted great attention worldwide.

Lithium-sulfur (Li-S) battery system is considered one of the
most promising candidates for next-generation high-energy-
g), zhuwancheng@tsinghua.
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density power sources [1]. Li-S batteries are with a theoretical
energy density of 2600 Wh kg�1, which is 3e5 folds higher than
those for state-of-the-art lithium ion batteries [2]. The ultrahigh
energy density is originated from the electrochemical conversion
reactions (S8 þ 16Li48Li2S) between sulfur and lithium, instead of
the intercalation mechanism in a routine lithium ion cell [3,4].

The conversion reaction mechanism generates high capacity
with the formation of Li2S in a Li-S battery. However, such multi-
electron chemistry induces significant obstacles in the practical
applications of Li-S batteries, including the insulate nature of sul-
fur/Li2S materials, the high volume fluctuation rate of 79% from
element sulfur to Li2S, and the shuttle of polysulfides induced by
the dissolution and parasitic reaction of polysulfide intermediates
[5]. Great endeavors have been devoted in exploring advanced
cathode electrode building blocks to host sulfur active materials
[6e10]. Various sulfur composite building blocks have been pro-
posed, including carbon hosts such as porous carbon [11,12], carbon
nanotubes (CNTs) [13], hollow carbon spheres [14,15], graphene
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[16e18], graphene/CNT hybrids [19e22], heteroatom doped nano-
carbon [23e25], sp2 carbon/porous carbon hybrids [26e28], etc;
conductive polymers such as polyaniline and polypyrrole com-
posites [29]; and metal oxides [30,31] or sulfides additives [32].

The rational integration of the building blocks into macroscale
electrode stands a great chance towards practical applications of
the electrodes, especially for the large areal loading amount of
sulfur for Li-S cells with high energy density and efficient macro-
structure for Li-S cells with high volumetric energy density [33].
During the integration of sulfur cathode building block onto the
planar Al foil, the sulfur loading amount in the electrode is
commonly less than 1.5 mg cm�2 due to the limit in charge and ion
transfer, much lower than that can be practically applied. Recently,
3D current collectors are applied for high sulfur loading electrodes,
which realized the construction of high sulfur loading electrodes,
including 3D Ni foam [34], 3D Al foil [35], 3D carbon current col-
lectors (aligned CNT structures [36,37], CNT papers [38,39], and
graphene foam [16], interconnected carbon [40e42]), etc. The 3D
current collectors profoundly favor the use of sulfur, especially
under high areal sulfur loading amount in a working Li-S cell.
Within the interlinked 3D conductive network, the electrochemical
conversion of active sulfur is considerably influenced by the
structure of electrode [43]. In the bulk production of electrode,
calendering process is one critical step that determines the
macrostructure of the electrode [44], including the macroporous
structure, the mechanical properties, and the bulk conductivity.
Therefore, the calendering of an electrode is extremely crucial for
the construction of electrode with high volumetric energy density,
and also superb cyclic stability and excellent rate capability. How-
ever, the influence of calendering process on 3D flexible electrodes
in Li-S system has not been well documented yet.

In this contribution, we employed a flexible CNT paper electrode
as the model system and investigated the relationship between the
calendering process of the 3D current collectors and the electro-
chemical performance of sulfur cathode. Generally, we constructed
a flexible electrode with a nitrogen-doped graphene (NG)/sulfur
granular and interlinked super-long CNTs as the interlinked scaf-
folds of the 3D current collector. The macrostructure of the flexible
electrode were facilely compacted by a calendering process (Fig. 1).
The cyclic stability, rate capability, and bulk volumetric energy
density of electrode are highly depended on the calendering pro-
cess and corresponding 3D nanostructures of flexible NG@S-CNT
electrode.
2. Experimental

2.1. Raw materials

The NG materials were fabricated via a chemical vapor deposi-
tion on nanostructured MgO templates [45]. The NG raw materials
were purified with 5.0 M HCl at 70 �C for another 4.0 h. The super-
long CNTs were synthesized with a floating catalyst chemical vapor
Fig. 1. Schematic illustration of the calendering process to tune the structure of high-
sulfur-loading NG@S-CNT electrode. Red sheets: porous graphene/sulfur composite;
Yellow tubes: Ultralong carbon nanotubes. (A colour version of this figure can be
viewed online.)
deposition [46]. The sulfur powderwith a high purity of>99.9%was
purchased from Alfa Aesar and used without further purification.

2.2. Fabrication of free-standing electrode

Typically, the porous NGwas firstly uniformly mixed with sulfur
powder with a mass ratio of NG to sulfur as 7:3, followed by the co-
heating process at 155 �C in a sealed flask for 4.0 h. The as-obtained
composite was named NG@S and used as sulfur cathode building
blocks. Afterwards, 25 mg super-long CNTs dispersed in 120 mL of
ethanol saturatedwith sulfur and kept shearingwith a FLUKO high-
shear disperser for 3.0 min, then the NG@S composite (75 mg) was
added to co-disperser for another 1.0 min to achieve a uniform
dispersion. The NG@S-CNT flexible paper electrode was then
fabricated via a facile vacuum filtration. After that, the free-
standing NG@S-CNT film was dried at 60 �C for 6.0 h.

The flexible paper electrode sequentially went through a rolling
calendering process to tune the structure of the electrode. The
compacting rate of the NG@S-CNT flexible paper was controlled by
changing the spacing of two rollers of the rolling mill and the
thickness of compacted electrodes was obtained with the spiral
micrometer. The compaction ratio was calculated with the
following formula:

Compaction ratio ð%Þ ¼ ½ðHb � HaÞ=Ha� � 100 % (1)

where Ha and Hb are the thickness of flexible cathode paper before
and after compaction, respectively. The compacted NG@S-CNT
flexible paper electrodes with compaction ratio of 0.0, 15.6, 32.0,
46.6, and 60.6% were named as NG@S-CNT-1, NG@S-CNT-2, NG@S-
CNT-3, NG@S-CNT-4, and NG@S-CNT-5, respectively. The areal
sulfur loading of the flexible paper electrode was about
4.7 mg cm�2.

The electrolyte uptake amount of free-standing NG@S-CNT
cathode was calculated by the following equation:

Uptake amount ð%Þ ¼ ½ðMa �MbÞ=Mb� � 100 % (2)

where Ma and Mb represent the weights of the electrodes before
and after the electrolyte absorption, respectively. Sufficient elec-
trolyte was employed to immerse the cathodes with different de-
grees of compaction for 5.0 h. The cathodes were weighted after
removing the surface residual electrolyte and then the uptake
amount was calculated by equation (2).

2.3. Structural characterization

The morphology of the free-standing paper electrodes was
characterized by a JSM 7401F (JEOL Ltd., Tokyo, Japan) SEM oper-
ated at 3.0 kV and a JEM 2010 (JEOL Ltd., Tokyo, Japan) TEM oper-
ated at 120.0 kV. The structure of the sulfur in the electrode was
determined by an X-ray powder diffractometer (D8-Advance,
Bruker, Germany). The porosity of NG@S-CNT flexible paper was
detected by a Mercury Injection Apparatus (Auto pore IV 9520,
Mike, America). Raman spectra were recorded with He-Ne laser
excitation at 633 nm using Horiba-Jobin-Yvon LabRAM HR800
Raman Spectrometer. The electrical conductivity was detected by a
four-point probe method with Keithley 2636 SourceMeter. The
thermal gravimetric analysis (TGA) was carried out using TGA/DSC1
STARe system under N2 atmosphere to determine the sulfur content
of the NG@S composite and paper electrode.

2.4. Electrochemical evaluation

The flexible paper was punched into 13-mm-diameter disks as



P.-Y. Zhai et al. / Carbon 111 (2017) 493e501 495
the working cathodes for Li-S cells. Standard 2025 coin-typical cells
were employed as model batteries to evaluate the electrochemical
performance of NG@S-CNT as cathode. 1.0 mm-thick lithium foil
was used as the anode and Celgard 2400 were applied as the
separator in this contribution. The applied electrolyte was
1.0 mol L�1 lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in
1, 3-dioxolane (DOL) and 1, 2-dimethoxyethane (DME) (v/v ¼ 1/1)
with 1.0 wt% lithium nitrate (LiNO3) as additive. Approximately
60 mL of electrolyte was used. The coin cells were assembled in a
glove-box with Ar atmosphere and tested in galvanostatic mode
within a voltage window of 1.8e2.8 V using a Neware multichannel
battery cycler. The specific charge-discharge capacity was calcu-
lated based on the mass of sulfur in the cathode. The cyclic vol-
tammogram (CV, at scan rate: 0.1 mV s�1) and electrochemical
impedance spectroscopy (EIS) were performed on Solartron 1470E
electrochemical workstation.
Fig. 2. The Scanning electron microscopy (SEM) (a) and Transmission electron microscopy
EDS mapping showing the distribution of element C (c), N (d), and S (e). The insets in (g) sho
(A colour version of this figure can be viewed online.)
3. Results and discussion

We fabricated a free-standing paper electrode with NG@S
granular as sulfur host units and long CNTs as 3D conductive
scaffolds. The two dimensional wrinkled NG nanosheets agglom-
erated into bulk granules with micro/mesopores. The active sulfur
material wasmelt at 155 �C and diffused uniformly into the pores of
NG granule due to the high affinity of sulfur against graphitic car-
bon surface. As indicated in Fig. 2a, the NG@S granule exhibited a
loose structure. With a high sulfur content of 70 wt%, no obvious
element sulfur particle was observed. The 2D nanosheet structure
of NG@S was also characterized in TEM, which exhibited a 2D
porous structure hosting element sulfur (Fig. 2b). According to the
EDS mappings of NG@S (Fig. 2cee), a uniform distribution of car-
bon, nitrogen, and sulfur was observed. This confirmed the ho-
mogeneous doping of nitrogen and the evenly distributed sulfur
(TEM) (b) images of the NG@S, and NG@S-CNT free-standing (f, g) electrodes, with the
w the optical photos of the free-standing electrode in the extending and bending states.
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into the NG nanosheets. The nitrogen doped graphene herein also
affords extra pair of electrons that serve as electron-rich donors
with filled p orbitals and therefore act as Lewis-base sites to anchor
terminal Li atoms in polysulfides in a working Li-S cell [23,47].

The NG@S units were embedded into 3D conductive scaffolds
with ultralong CNTs in the 3D NG@S-CNT cathode (Fig. 2f and g).
The NG@S particles with a size ranging 2e5 mm served as the local
conductive pathways and host element sulfur in the pores. The
highly-dispersed 1D ultralong CNTs interlinked with each other
and wrapped NG@S granules to form a composite 3D electrode, in
which CNTs acted as long-range conductive pathways in the elec-
trode and rendered free-standing/flexible mechanical property to
the paper electrode. The inserts are optical photos of the 3D sulfur
cathode and the bending state of the electrode showing its excel-
lent flexibility. The cathode is capable to sustain the volume fluc-
tuation of sulfur materials in charged and discharged state at a very
high sulfur loading [38,48]. With only inert carbon materials
serving as current collectors, the flexible electrode is expected to be
free of electrochemical corrosion as the case in metal foil, and also
free of polymer swelling due to the addition of polymer binders
[43].

The sulfur content and the thermal stability in the NG@S
building blocks and NG@S-CNT electrode were measured by TGA
(Fig. 3a). The sulfur contents in nanocomposites were determined
Fig. 3. TG profiles (a) under N2 atmosphere and XRD patterns (b) of pure sulfur, NG,
and NG@S. (A colour version of this figure can be viewed online.)
to be up to 70 wt% in NG@S and 53 wt% in NG@S-CNT, respectively.
The peak weight loss temperature of NG@S nanocomposites
(450 �C) is higher than pure sulfur element (260 �C). This indicates a
strong affinity with the interaction between S and NG, mainly due
to the encapsulation of element sulfur in the porous NG nano-
sheets. Together with the high sulfur content 53 wt% and a 350 mm
thick electrode of 3D NG@S-CNT electrode with CNT current col-
lectors contributed to a high areal sulfur loading of ca. 4.7 mg cm�2

in the cathode.
Fig. 3b displays the XRD patterns of crystalline sulfur, NG, and

NG@S composites. The crystalline S and NG phases possess sharp
and strong diffraction peaks. However, after the melt diffusion
process for NG@S composite, no distinct intrinsic peak of the sulfur
phase is observed in the NG@S composites, indicating that the
element sulfur is uniformly distributed in ultrafine and amorphous
state.

To tune the structure of the 3D flexible electrode, a rolling
calendering process was employed to compact the loose 3D cath-
ode into a dense state, in which the interlinking structures were
dominant for better mechanical and conducting properties, the
pore distribution for the electrolyte infiltration and ion diffusion
were also altered. Five different NG@S-CNT electrodes were ob-
tained by tuning the compaction process with a compaction ratio of
0.0, 15.6, 32.0, 46.6, and 60.6%, namely NG@S-CNT-1, NG@S-CNT-2,
NG@S-CNT-3, NG@S-CNT-4, and NG@S-CNT-5, respectively. As
shown in Fig. 4a, the NG@S-CNT-1 without compaction presented a
large thickness of 350 mm, which was loosely packed. With the
compact degree enhanced to 15.6, 32.0, 46.6, and 60.6%, the inter-
linked 3D networks became dense, and the thickness of the elec-
trodes shrank to 300, 260, 160, and 70 mm, respectively (Fig. 4bee).
It is observed that some ultralong CNTs fractured at the highest
compaction ratio of 60.6%, which causes the irreversible cracking of
the flexible electrode (Fig. 4f).

The calendering process significantly influences the mechanical
strength of the paper electrodes. The mechanical properties of the
compacted 3D electrodes were quantitatively characterized by the
tensile tests. With the compaction ratio of the flexible electrode
increased, both the break elongation and the strength for the
electrodes increased, which however dropped for the electrode at
the highest compaction ratio of 60.6% (Fig. 5a). The NG@S-CNT-4
electrode with a compaction ratio of 46.6% endured the
maximum stress of 6.8 MPa, much higher than that of the electrode
without calendering at 1.1 MPa. For NG@S-CNT-5 of the highest
compaction ratio of 60.6%, the cracked structure delivers a small
stress of 1.8 MPa.With the compaction process of the electrode, the
loose structures were significantly condensed, which rendered
close packing of NG@S and CNTs, more direct contacts and there-
fore stronger interactions. The compacted electrode exhibits an
enhanced mechanical property, which is crucial for the long-life
electrode for Li-S batteries those suffer huge volume fluctuation
during the electrochemical cycles.

Inheriting from the extraordinary electrical conductivity of CNTs
and graphene, the 3D NG@S-CNT-1 to NG@S-CNT-5 electrode were
determined to be 6.4, 8.4, 11.8, 15.4, and 25.0 S cm�1, respectively
(Fig. 5b). This indicates that the calendering process can increase
the direct contacts among CNTs and graphene flakes, which affords
abundant contacts for electron transfer.

The calendering process also modulates the pore structure of
the 3D flexible cathode. To verify this point, the mercury intrusion
porosimetry test was employed. As shown in Fig. 5c, the macro-
pores with diameters ranging from 0.1 to 100 mm are significantly
eliminated. The cumulative pore volumes of the 3D flexible elec-
trode reduced from 3.5 cm3 g�1 for NG@S-CNT-1 to 1.5 cm3 g�1 for
NG@S-CNT-4, and then to 0.8 cm3 g�1 for NG@S-CNT-5 (Fig. 5d).
Meanwhile, the mesopores with diameters below 50 nm are hardly



Fig. 4. The SEM images of NG@S-CNT flexible electrode after calendering with different compaction ratios. Cross-section view: (a) 0.0%; (b) 15.6%; (c) 32.0%; (d) 46.6%; (e) 60.6%;
Birdview: (f) 60.6%. Inset in (e) shows the optical photo of NG@S-CNT cathode with a compaction ratio of 60.6%. (A colour version of this figure can be viewed online.)
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influenced. Consequently, the mesoporous structures in NG@S
building blocks are well preserved in the compaction process. In
this case, a stable sulfur host are expected to be well maintained
during the electrochemical process, while the influence of the bulk
structure on the electrolyte infiltration manner into the 3D flexible
electrode is significantly affected [37,49]. The 3D flexible electrodes
with compaction ratio at 0.0, 15.6, 32.0, 46.6, and 60.6% give rise to
corresponding electrolyte uptake amounts of 579.2, 481.2, 409.0,
362.0, and 206.3%, respectively. During the electrochemical charge/
discharge process of a sulfur cathode, the amount of electrolyte in
the 3D scaffold is responsible for the dissolution behavior of poly-
sulfide intermediates, and is related with the shuttle effect [49]. On
one hand, the shrinkage of the pore volume in macropores pro-
vided limited diffusion channels. On the other hand, the reduced
local electrolyte to sulfur ratio led to high polysulfide concentration
with large viscosity, which brought about more resistances for the
diffusion of anions and cations. Consequently, the shuttle of
polysulfides tends to decrease at a high compaction ratio and small
electrolyte uptake.

To probe the influence of the structure evolution of calendering
on specific electrochemical properties of Li-S batteries, the elec-
trochemical evaluation was further conducted on the 3D flexible
electrodes with different compaction ratios. Fig. 6a shows the
specific capacity of the cathode at different charge/discharge cur-
rent densities from 0.05 to 2 C (1 C ¼ 1675 mAh g�1) between 1.8
and 2.8 V. The initial capacity of the 3D NG@S-CNTcathode at 0.05 C
reached up to 1311 and 1375 mAh g�1 at a compaction ratio of 46.6
and 15.6%, respectively. With the current density rising from 0.05 to
2 C, the discharge capacities of all cathodes displayed a stepwise
degradation. However, much high capacity retention for NG@S-
CNT-2 and NG@S-CNT-3 of about 40% at 2 C was observed. Mean-
while, Li-S cell with NG@S-CNT-1 electrode (without calendering)
and with NG@S-CNT-5 (highest calendering) presented a capacity
retention of 15 and 4%, respectively.



Fig. 5. (a) The mechanical property (inset for tensile strength), (b) conductivity, (c) pore size distribution, and (d) accumulative pore volume of NG@S-CNT flexible electrodes with
different compaction ratios of 0.0, 15.6, 32.0, 46.6, and 60.6%. (A colour version of this figure can be viewed online.)
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Compared with routine graphene, the nitrogen-doped graphene
presents strong affinity between polysulfide intermediates and
doped nitrogen atoms [50]. The pyridinic-N and pyrrolic-N can
serve as anchoring sites to polar lithium (poly)sulfides through
electrostatic interaction between terminal Li atoms and its residual
electron pair, while the quaternary-N can enhance the intermo-
lecular force through strong polarity on the edge of the doped
carbon [47]. Therefore, the nitrogen-doped graphene exhibited
higher electrochemical capacity than routine graphene electrodes.
The nitrogen-doped graphene electrodes also exhibited much
higher capacity at different current densities than routine graphene
electrodes (Fig. S1).

The charge/discharge curves of NG@S-CNT-2 and NG@S-CNT-3
electrode demonstrated two typical discharge plateaus at ca. 2.3
and 2.1 V at current density of 2.0 C (Fig. 6b), which corresponds to
the reduction of elemental sulfur (S8) to long-chain lithium poly-
sulfides and then to the short-chain Li2S2/Li2S, respectively. While
for the cell with NG@S-CNT-1 electrode, the discharge curve at 2.0 C
was with a low capacity for the low plateau. In case of NG@S-CNT
electrodes with a high compaction ratio, the corresponding Li-S
cell exhibited obvious polarization. This was attributed to high
conversion resistance derived from the low electrolyte-sulfur ratio,
corresponding high viscous electrolyte at a high polysulfide con-
centration, as well as large ion transfer resistance.

The calendering of the flexible electrode modulated the charge
transfer and ion transfer behavior in aworking cell. With the rise of
electrode compaction ratio, the electrical conductivity was signifi-
cantly improved for better electron transfer in the thick 3D elec-
trode. Meanwhile, the electrochemical reactions of a Li-S battery
system include the redox of sulfur-containing species in both solid
and liquid phase. The electrolyte with a large amount of polysulfide
species presents low lithium ion diffusion coefficient that hinders
the high rate performance of the cathode. This mechanism is also
supported by the electrochemical impedance spectra (EIS) of
cathodes with different compact degrees (Fig. 6c). All curves
include the initial point and a semicircle in the high frequency re-
gion and an inclined line in the low frequency region, which are
related to the resistance of cell components (Rs), charge transfer
through the conductive skeleton and interface (Rct) and the diffu-
sion process of ions, respectively [51]. In the medium frequency
region, only NG@S-CNT-4 and NG@S-CNT-5 possess the second
semicircle, which are assigned to the impedance of mass-transfer
process (Rmt) and suspected to be related with the lithium ion
transfer resistance. The compacted electrode has lower Rct (5 U)
than that of the original electrode (40 U), and NG@S-CNT-5 pos-
sesses lower Rmt than that of NG@S-CNT-4, which is attributed to
the improved conductivity by the compaction of the electrodes.
Cyclic voltammetry (CV) test was also conducted to explore the
difference in electrochemical behavior after calendering process
(Fig. S2). The CV curves present two typical reduction peaks and



Fig. 6. (a) The rate capabilities, (b) the voltage profiles at 2.0 C, and (c) the EIS of the cells with NG@S-CNT flexible paper electrodes at different compaction ratios. (A colour version
of this figure can be viewed online.)
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two oxidation peaks. By comparing the electrodes with and
without calendering, reduced polarization was observed on the
compressed NG@S-CNT-4 electrode. This is in consistence with the
results in the galvanostatic charge-discharge profile.

Fig. 7a presents the cyclic performance of the flexible electrode
at a current density of 0.5 C. All electrodes presented similar initial
discharge capacity of ca.1100mAh g�1. During the long-term cycles,
the compacted NG@S-CNT-2-5 cathodes exhibited better cyclic
stabilities than the uncompacted NG@S-CNT-1 with a large cyclic
decay rate at 0.4%/cycle. Among the electrodes, the NG@S-CNT-4
illustrated the best cyclic stability with a cyclic decay rate at
0.11%/cycle. A very high Coulombic efficiency was also achieved
throughout for NG@S-CNT-4 electrodes. The cyclic performance of
routine graphene@S-CNT electrode is presented as Fig. S3. The
initial discharge capacity of graphene@S-CNT electrode was around
900 mAh g�1, which was much lower than that on NG-S-CNT
electrode with a capacity of ca. 1100 mAh g�1. A rapid decay of
the discharge capacity was also observed on the graphene@S-CNT
electrode. This is attributed to the lack of strong interactions be-
tween the polysulfide intermediates and pristine carbon scaffolds.

In the voltage profile of the electrodes (Fig. 7b), two typical
discharge plateaus were obtained at 2.3 and 2.1 V for each Li-S cell.
The compacted electrodes revealed weak polarization of poly-
sulfide redox reactions. The improved cyclic stability of the com-
pacted electrodes was ascribed to: i) the improved mechanical
properties to sustain the conducting skeleton during repeated
volume fluctuation; ii) the enhanced electrical conductivity with
shortened conductive pathways of electrons that facilitates the
charge transfer among the electrode; iii) the reduced macroporous
structure that partially confines the polysulfides from diffusion out
of the cathode. Therefore, higher Coulombic efficiency was ach-
ieved and the utilization of sulfur was significantly improved.
Consequently, the NG@S-CNT-4 electrode provided robust
conductive scaffolds to accommodate sulfur during 120 cycles,
resulting in superb cyclic stability.

The volumetric energy density is also a highly concerned issue
for portable electronics. When incorporated into a porous carbon
network, the volumetric energy density of sulfur cathode degrades.
The calendering process is an efficient route to increase volumetric
energy density of working electrode. We calculated the volumetric
energy density of the electrodes based on the volume of the flexible
electrodes and the corresponding volume of the metal lithium
anode. As shown in Fig. 7c, the volumetric energy density for the
electrodes at highest compaction ratio (60.6%) reached up to over
850 Wh L�1, which was over 3 folders that of the uncompacted
electrode. Fig. 7d illustrates the voltage profiles of the cells at 50th

cycle at 0.5 C. The charge/discharge curves present typical redox
reaction plateaus and the polarization of the NG@S-CNT-5 elec-
trode was similar with other electrode, which indicated an un-
hindered electrochemical process even with the highest
compaction ratio at the current density of 0.5 C.

A 3D flexible electrode with a sulfur areal loading of
4.7 mg cm�2 was achieved for Li-S batteries. Moreover, it was also
revealed that the properties in mechanical properties, bulk con-
ductivity, and the pore distribution of the flexible electrodes are
highly relied on the macroscopic structure of the electrodes. The



Fig. 7. (a) The long-term cyclic evaluation at 0.5 C, (b) the voltage profile at 130th cycle, (c) the initial volumetric energy density, and (d) the voltage profile against the volumetric
energy density of cells with test of discharge capacity and coulombic efficiency at 0.5 C. (A colour version of this figure can be viewed online.)
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manipulation of the bulk structure by simple calendering can lead
to electrodes with different properties, which favor the high rate
capability, long-life cycles, and high volume energy density of the
electrodes. Together with the novel polar substrates as electro-
catalysts [32,52,53], multifunctional separators [54e56]/interlayers
[57,58] and nanostructured Li metal anode with high unitization
and dendrite free characters [59,60], the high-performance sulfur
cathode with high sulfur areal loading amount reported herein can
be served as practical cathode for Li-S batteries with high energy
density.
4. Conclusions

A high sulfur loading 3D flexible cathode was proposed by the
assembling of sulfur/nitrogen-doped graphene composite granule
and super-long CNTs for Li-S battery. The influences of calendering
process of the free-standing electrodes on the electrochemical
performance were probed. The properties in mechanical proper-
ties, bulk conductivity, and the pore distribution of the flexible
electrodes were tuned accordingly through the facile calendering.
With slight compaction of 15e30%, an electrode favoring high rate
capability was fabricated with over 40% capacity retention at 2.0 C
to that of 0.05 C, mainly attributed to the improved conductivity
and preserved macropores in the electrode. A high stable electrode
was derived with a higher compaction at 46.6%, which combined
the advantages of the shrunk macrospores, higher mechanical
strength, and improved conductivity. An ultralow capacity decay
rate of 0.11%/cycle was achieved within 180 cycles. Considering the
demand of practical applications, an electrodewith high volumetric
energy density of over 850 Wh L�1 was demonstrated with the
highest compaction ratio at 60.6%. This work provided a facile but
effective strategy to modulate the bulk structure of free-standing
electrodes for Li-S batteries with high volumetric energy density,
which also inspired the future design of the flexible electrodes for
other energy storage devices, such as lithium ion battery, super-
capacitors, etc.
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