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Flexible electrodes; The rational design and fabrication of flexible electrodes with high capacity, high rate capability,
Lithium-sulfur bat- and high cycling stability is of urgent need for bendable, wearable, and implantable electronic
teries; devices. The integration of conductive nanocarbon as flexible scaffolds is an efficient and

Carbon nanotubes;
Graphene

effective route toward flexible high-energy-density lithium-sulfur batteries. Herein, a free-
standing paper electrode was constructed by rational integration of high conductive super-long

carbon nanotubes (CNTs) and nano-sized hollow graphene spheres (GSs) through a room-
temperature solution-processable method for lithium-sulfur batteries. The hollow GSs afforded
close space to accommodate sulfur species, sustain the volume fluctuation during cycling, and
retard the dissolution of polysulfides and parasitic shuttle. The graphene walls of GSs and super-
long CNTs synergistically constructed hierarchical short-/long-range electron/ion pathways.
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Consequently, the as-obtained flexible paper electrode was with a high sulfur utilization of 81%
(corresponding to 1346 mA h g~ 1) at a current density of 0.17 Ag~* (0.19 mA cm~?), a high-rate
capacity retention of 40% when the current density increased to supreme 16.7 Ag~* (18.4 mA
cm~?), and a superior capacity retention of 89.0% over 500 cycles. This proof-of-concept
research indicated the well hybridization of graphene and CNTs holds promise in the efficient use
as flexible electrodes for future flexible electronics.

& 2014 Elsevier Ltd. All rights reserved.

Introduction

The commercial success of flat-panel displays starts an era
of flexible electronics, leading to their new applications in
rollable displays [1]. Other promising applications, including
thin film solar cells, touch screens, wearable sensors,
implantable medical devices, artificial skins, conformable
active radio-frequency identification tags, and sensors, have
attracted intensive interest in building electronic devices
directly on flexible substrates. Driven by the growing
demand for electronics permitting lightweight design, port-
ability, and low manufacturing cost, the flexible electronics
have been highly concerned by scientific communities as
well as material and electronic industries [1-4]. However,
these flexible electronics cannot be realized unless corre-
sponding power sources are developed.

Lithium-ion batteries dominate the current portable device
market due to their high energy density, high output voltage,
long life, and environmentally friendly operation. However,
currently the most commonly used rechargeable batteries are
still too heavy, thick, rigid, and bulky to match practical
requirements of flexible devices [3]. Advanced flexible elec-
trochemical energy storage systems with various sizes, shapes,
and mechanical properties are urgently required for the
development of bendable, wearable, and implantable elec-
tronic devices. The key challenge to realize flexible batteries
is to design and fabricate energy materials with high capacity,
high rate capability, cycling stability, good conductivity, and
robust flexibility, coupled with high performance electrolytes
and separators in a rational assembly [3,5].

Lithium-sulfur batteries with a theoretical energy density of
2600 W h kg~ have attracted great attentions as a promising
candidate for flexible power sources [6,7]. The sulfur elec-
trode possesses valuable characteristics of low equivalent
weight, high capacity, low cost (around 150 $t~%), and
nontoxicity. However, the insulating nature of sulfur and
lithium sulfide, the volume fluctuation during cycling, and
the shuttle mechanism induced by the dissolution and diffu-
sion of polysulfide intermediates hinder the full utilization of
sulfur in a cell. The introduction of nanocarbon and/or
conductive polymer scaffolds into sulfur cathodes exhibited
a remarkable improvement in the electrochemical perfor-
mance [8-10]. For instance, carbon nanotubes (CNTs) with
extraordinary electrical conductivity and robust mechanical
properties rendered outstanding performance when serving
as conducting agents [11-16]. Wrinkled graphene materials
were effective scaffolds for lithium-sulfur batteries because of
their high accommodation capability of sulfur and tunable
surface properties [17-21]. According to the demand for a

high-performance flexible sulfur cathode towards ultimate
flexible devices, a desirable scaffolds should be rationally
designed with following “3H” characteristics: (1) high three-
dimensional (3D) electrical conductivity of the whole cathode
scaffolds; (2) high accommodation capability for the sulfur-
containing compounds; and (3) high mechanical strength to
withstand the volume fluctuation during repeated cycling. As
a successful paradigm for “3H” feature, super-long CNTs
were served as both adhesive binders and conductive agents
for flexible paper cathode in a lithium-sulfur batteries with
high areal capacity for their advances in long-range electron
transport, electrolyte accommodation, and mechanical
robustness [12-14]. However, the entrapment of the polysul-
fides in the flexible CNT paper, which is the key for high
cycling stability, should be further improved. The incorpora-
tion of porous carbon into CNT framework is consequently
considered to confine polysulfides and retard the shuttle
effect. For instance, free-standing carbide-derived carbon/
CNT/sulfur cathode with high in-plane conductivity and
enhanced cycling stability have been firstly proposed and
realized by Kaskel’s group [22]. The microporous carbon
nanofiber/CNT/sulfur paper reported by Yu and co-workers
exhibited much better cycle performance and rate perfor-
mance compared to CNT-free cathode [23]. The microsized
spherical porous carbon/CNT/sulfur composites with a high tap
density and high sulfur content were successfully fabricated by
Wang and co-workers to reduce the resistance of the composite
and to improve the performance of lithium-sulfur batteries at
high areal current densities [24]. Free-standing electrodes with
rational pore structures and conducting networks by the in-situ
assembly of CNTs and mesoporous carbon nanocages have been
explored by our group [25]. Except for super-long CNTs, carbon
fibers [26] and 3D graphene foam [27] also successfully served
as current collectors with both 3D macropores to support huge
amounts of sulfur and long-range electron paths. The rational
design of the flexible cathode materials for “3H” high-capacity,
high-rate, and high-stability lithium-sulfur batteries is still in
extensive demand. Briefly, “3H” electrode and material design
leads to “3H” energy-storage devices. The wise choice of sp?
carbon building blocks and rational design of flexible electrodes
based on CNT and graphene is the first step to fully demonstrate
the “3H to 3H” idea and allow mechanistic insight on the
energy chemistry based on nanomaterials.

To prove the “3H to 3H” concept, we employed super-
long CNTs as the highly conductive network for long-range
electron transfer and hollow graphene nanospheres (GS) as
bifunctional building blocks to accommodate active sulfur
and conduct the electron locally. The reason we selected
hollow GS was aroused from its strong confinement of
sulfur-containing compounds by the well-defined cavities
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Fig. 1 Schematic of fabrication route for CGS electrode, including the ethanol co-dispersion of super-long CNTs and the GS-S,
and the assembly into robust free-standing films through vacuum filtration.

and high electrical conductivity contributed by the sp?
carbon shells. In addition, the super-long CNTs with superior
flexibility and conductivity in composite electrodes also
hold great potential in flexible electrode materials for
lithium-ion batteries, such as CNTs interweaved Fez0,4
nanocrystals [28] and LisTisO1,/CNT nanostructure [29].
Based on these considerations, a shearing dispersion-
filtration approach was employed to fabricate the flexible
paper electrode (Fig. 1). The CNTs were dispersed in the
sulfur saturated ethanol solution by vigorous shearing to de-
bundle and then GS-S composite materials were added
under shearing to obtain a uniformly mixture. Flexible
CNT/GS-S (CGS) paper electrode was fabricated though
the facile vacuum filtration method. The routine graphene
flakes (GFs) were employed as the control sample to
indicate the role of close space of GSs for the lithium ion
storage performance in the flexible composite electrode.
The as-obtained free-standing CGS electrode was expected
with high discharge capacity and high rate performance in a
lithium-sulfur cell.

Results and discussion

The 3D flower-like mesostructure of the GS building blocks
was shown in Fig. 2a. The flower-like nanoarchitectures were
assembled by highly curved thin flakes with a thickness of ca.
20-30 nm. Such two-dimensional (2D) nanosheets were com-
posed of single-layer of hollow GSs with a diameter of 20-
30 nm (see inset of Fig. 2a). The detailed nanostructures of
the GSs were determined by the high resolution TEM
(Fig. 2b). The size of hollow interior was around 15-30 nm,
and the outer shell was of single-/few-layer nano graphene.
The GS was with an Ip/lg ratio of 1.40 according to Raman
spectra, an oxygen content of 1.0 at% determined by X-ray
photoelectron spectroscopy, and an electrical conductivity of
695 S m~* obtained by four-probe analysis. In contrast, large-
sized 2D GFs with open pore structure were selected as
control sample. As shown in Fig. 2c and d, GFs were thermally
exfoliated from graphene oxide with a lateral size of several
to several tens micrometer. The GFs were with an I/l ratio
of 1.44, an oxygen content of 2.9 at%, and an electrical
conductivity of 276 Sm~". The pore structures of GS and GF

were elucidated by the N, sorption isotherms and correspond-
ing pore size distributions (Fig. 3a). The GS and GF possess
specific surface area of 979 and 685 m? g~ %, a pore volume of
1.98 and 2.14mLg~ %, respectively. Benefiting from the
nanosized hollow cavity and the single-/few layer nature of
graphene walls, the GSs presented much higher specific
surface area and abundant 5-20 nm mesopores than these
of GFs. Therefore, the GS building blocks can (1) accommo-
date higher sulfur loading amount and sustain the volume
fluctuation, (2) afford interlinked electron transportation
network from CNTs to active sulfur, and (3) provide inter-
connected 3D nanopores as lithium ion pathways for high-rate
electrochemistry.

After the routine but facile co-heating procedure for
carbon/sulfur composite fabrication, the sulfur was success-
fully immersed into the pores of GSs and GFs to form GS-S
and GF-S composites under vacuum without obvious mor-
phological change and formation of large sulfur particles
(Fig. S1). The amount of sulfur in GS-S was determined to
be 64 wt% by thermogravimetric analysis (TGA) in N, atmo-
sphere (Fig. S2). The weight loss peak of sulfur in GS-S
shifted to a temperature range of 200-350 1C, which was
higher than that of element sulfur. In the ultimate solution-
processed CGS and CNT/GF-S (CGF) film electrode, the
apparent decrease of pore volume as well as the specific
surface area reconfirmed that the electrochemically active
sulfur was accommodated into the pores of graphene
(Fig. S3). Furthermore, a certain amount of pores structure
was remained after a 64% sulfur loading to GS. However, in
terms of GF, the representative hysteresis loop of mesopore
structure almost disappeared after the sulfur incorporation
with the same ratio. The detailed structures were also
checked by the X-ray diffraction (XRD) (Fig. 3b). The sulfur
phase in the GS-S and GF-S composite were of poor crystal-
lization, indicating the uniform distribution of ultrafine
sulfur in the graphene/sulfur composite. Even after vigorous
shearing in saturated sulfur solution in ethanol with CNTs,
sulfur particles retained its small size and no recrystalliza-
tion of sulfur into large particles were observed. Actually,
the sulfur content in the ultimate film electrode was in good
accordance with the mass ratio of CNTs and graphene/sulfur
composites. This can be attributed to the hydrophobic
sp? carbon surface that poses a strong coupled interface
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Fig. 2 Morphology of GS and GF units: (a) SEM image of GS (inset shows enlarged HR-SEM image), (b) TEM image of GS (inset is
HRTEM showing GS walls), (c) SEM image of GF, (d) TEM image of GF.

Fig. 3 (a) N, isothermal adsorption and corresponding pore size distribution results of GS and GF; (b) XRD patterns of GS-S, CGS

paper, GF-S, CGF paper, and sulfur.

to attach the non-polar sulfur molecules [30]. Note that
CGS exhibited much weaker diffraction of sulfur than CGF,
indicating smaller sulfur phase domain in CGS. Thus, higher
utilization of active materials for CGS was expected.

The GS-S and GF-S composites were uniformly distributed
into super-long CNT scaffolds as paper electrodes fabricated
by the facile vacuum filtration route. The digital image of CGS

flexible membrane was shown in Fig. 4a. The areal sulfur
loading amount in the electrode reached 1.1 mg cm ™2, which
was higher than the routine doctor blade method [11,21,31].
Despite the high loading, the CNT/graphene hybrid interlinked
structure ensured the mechanical strength of the sulfur-
containing flexible film due to the extraordinary inherent
mechanical strength of CNTs [26] and robust hydrophobic
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Fig. 4 (a) Digital photograph of CGS paper after peeling off; (b) strain-stress profile of CGS paper and its bending state (inset);
(c) SEM images of CGS (inset is enlarged view), (d) SEM images of CGF paper (inset shows enlarged view), (e) TEM and (f) HR-TEM

images of CGS structure.

assembly (Fig. 4b). An outstanding robustness was indicated by
the high strength of 2.1 MPa at strain of 9.3%.

In order to reveal the detailed nanostructure, the morphol-
ogies of the flexible CGS cathode were elucidated by scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM). The 2-mm-long CNTs fabricated by the floating
catalyst method (Fig. S4) were applied the flexible scaffolds.
During the vigorous shearing in polar solvent, the aligned CNTs
de-bundled along its c-axial and formed intercrossed networks

for sulfur-storage units. As shown in Fig. 4c, the GS-S clusters
were uniformly distributed and intimately decorated among
the CNT networks. Even suffering from severe ultrasonication,
a GS-S cluster was still linked with super-long CNTs (Fig. 4e).
Close contacts between CNTs and GSs were further confirmed
by the TEM image (Fig. 4f), which allowed rapid electron
transference through the hierarchical conducting networks.
In contrast, less contact sites or junctures were available
between CNTs and graphene in CGF, which was mainly ascribed
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to the large lateral size of GFs (Fig. 4d). Hence repeated
dissolution and re-deposition of sulfur species onto the GF
planes might hinder such fragile connection between GFs and
CNTs and then induced performance degradation as well.
While the design of CGS flexible electrode fully inherited the
advantages of outstanding long-range electrical conductivity
of CNTs and close confinement in hollow interior of GSs. On
one hand, the super-long CNTs served as (1) 3D interlinked
current collector for long range electron transfer, (2) adhesive
binder to attach GS-Ss, and (3) macroporous robust network to
allow deep penetration of electrolyte and to prevent segrega-
tion of sulfur particles. On the other hand, the GSs serve as
(1) the short-range electron transfer pathway with intimate
contact with CNT network, (2) reservoir for sulfur, polysul-
fides, and lithium sulfides, and (3) protecting shell to buffer
volume change. The derived hybrid film possessed a high
electrical conductivity of 17.9 S cm~ L. Therefore, a multifun-
ctional, hierarchical, hybrid CNT/graphene-based carbon stru-
cture was achieved to meet both the demand for flexible
devices and high-performance lithium-sulfur batteries.

Both the CGS and CGF were employed as flexible cathodes
in lithium-sulfur cells. The cyclic voltammetry (CV) was con-
ducted to investigate the electrochemical behavior of CGS
flexible cathode at a scan rate of 0.1 mV s~ in the voltage
range from 1.6 to 3.0V. As shown in Fig. S5, two main
reduction peaks at around 2.03 and 2.31V was clearly pre-
sented during the first cathodic scan, which corresponded to
the reduction of element sulfur to lithium polysulfides (nS
+2Li* +2e” —Li,S,, (4rnr8)) and the ultimate transfor-
mation of lithium polysulfides into lithium sulfides (Li,S,+2
(n—1)Li" +2(n—1)e~ —nLi,S (no4)), respectively [21]. Two
oxidation peaks at 2.33 and 2.38V in the subsequent anodic
scan were also identified, which were correlated to the
oxidation of lithium sulfide to lithium polysulfide and further
conversion to element sulfur, respectively [21,25]. The
reduction peaks were well maintained at the sequent cycles,
and no obvious changes on the intensity and position of the
peak in the process of cathodic scan were observed in the
subsequent scanning cycles, indicating a good electrochemi-
cal reversibility of the CGS flexible electrode.

As illustrated in Fig. 5, the CGS electrodes possessed very high
specific discharge capacities of 1346, 1155, 1024, 931, 827, and
606 mA h g~ were achieved at current densities of 0.17, 0.34,
0.85, 1.67, 3.34, and 8.35Ag‘1, respectively. Even at a high
current density of 16.7Ag™*, a high reversible capacity of
535 mA h g~ * can still be preserved. Note that comparable high-
rate performance was only available in the case of low sulfur
loading amount (050 wt% or ©1.0 mgcm~2) and low areal
current density (02.0 mA cm~2) [27,28,32,33] while an unpar-
alleled areal current density of 18.4 mA cm ™2 was applied in our
case. Moreover, a capacity of 1084 mA h g~ was also obtained
when the current density decreased from 16.7 t0 0.17 Ag~ . As
a comparison, the rate performance of CGF was evaluated with
a similar sulfur loading amount. Although a high discharge
capacity 1194 mA h g~ * was achieved at a low current densities
of 0.17Ag™?, it decayed sharply to 112mAhg~* when the
current density increased to 3.34 A g~ %, which was only 9.4% of
that at 0.17 Ag~. Such comparison indicated the superiority of
GS on high-power properties with much better connection and
abundant transport sites.

The discharge capacity retention curves during 0.5C
(1C=1.67Ag™") cycling of CGS and CGF paper electrodes

were demonstrated as Fig. 5b. When the GS was used
for the flexible CNT-based cathode, a supreme capacity
retention of 95.9% and an ultralow decay rate of 0.02% per
cycle for 200 cycles were achieved. In contrast, the
capacity of CGF descended to 67.4% within only 50 cycles,
which corresponded to a high decay rate of 0.54% per cycle.
Fig. 5c¢ described the long-term galvanostatic cycling per-
formance CGS flexible cathode. An initial discharge capacity
of 829 mA g~ ! at 0.5 C was delivered with a voltage window
of 1.8-2.8 V. Despite of a relatively high sulfur loading of
1.1 mg cm 2, the capacity maintained well over 500 cycles,
along with an extremely high retention of 97.8, 95.9, 92.8,
90.4, and 89.0% at 100, 200, 300, 400, and 500 cycles, and
a high coulombic efficiency above 99%. The stable electro-
chemical characteristics of CGS cathode after 500 cycles
were also validated by galvanostatic charge-discharge pro-
files (inset left of Fig. 5¢). Such stability is much improved
than other flexible electrodes based on CNT/S paper [12]
and CNT/porous carbon paper [25]. Typical two-plateaus
voltage profiles correspond to the two-step redox electro-
chemical process were observed with exhibited slight
polarization and plateaus shrinkage over the long-term
cycling, indicating a highly reversible and stable electro-
chemistry. Such a supreme cycling stability of CGS electro-
des was attributed to (1) confining hollow interior of GSs to
retard severe dissolution of polysulfides in the case of open-
structured GFs, (2) compact nano graphene shells to sustain
huge volume change and retain intimate electrical contact,
and (3) both mechanically and chemically robust CNT
scaffolds to form interconnected channels and allow full
flux of electrolytes (inset right of Fig. 5c). Note that
strategy of physical confinement cannot intrinsically pre-
vent the dissolution of polysulfides. LiNO; was employed as
electrolyte additive to protect lithium anode, prevent the
side reaction between polysulfides and lithium anode, and
therefore suppress the well-known shuttle effect.

The superior lithium ion storage performance of the free-
standing CGS paper electrode was ascribed to (1) the nano-
sized GSs with highly conductive nano graphene walls afford-
ing intimate contact to sulfur species, which guaranteed high
utilization of 81% (corresponding to 1346 mAhg™?) at a
relatively high areal loading amount of 1.1mgcm~2 and a
current density of 0.17Ag~%; (2) the bifunctional hollow
cavity of GSs retarding the dissolution of polysulfides and
parasitic shuttle phenomenon [34-37] and offering enough
space for volume expansion of active materials even with a
high sulfur content of 64%; (3) hierarchical electron pathway
of short-range graphene walls of the GS and long-range CNT
backbones, as well as 3D interconnected pore structure as ion
channels for rapid transportation, resulting in 40% retention
when the current density increased from 0.17 to 16.7 Ag™~%;
and (4) highly stable carbon materials in the CGS electrode
with good mechanical properties and chemical inertness
instead of polymeric binders and metal current collector,
improving long-term durability. Meanwhile, the superiority of
flexible binder-/current collector free electrodes also included
attractive potential to improve the energy density of the
whole device due to the employment of light-weight materi-
als. The 3D architecture of flexible electrode can be further
improved by rational design of the nanocarbon building blocks
to create composite electrode with various sizes, shapes, and
mechanical properties. Besides, conductive polymer such as
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Fig. 5 Electrochemical performance: (a) rate performance and (b) capacity retention during 0.5 C cycling of CGS and CGF paper;
(c) long-term cyclic test at 0.5 C (insets show galvanostatic discharge-charge curves of CGS paper).

polyacrylonitrile and polypyrrole are also a good platform for
3D sulfur cathode due to their feasible processibility and
desirable chemical adsorption capability of sulfur species
[26,38,39]. “3H” flexible lithium-sulfur batteries with high
capacity, high rate capability, high cycling stability is highly
expected with wise integration of CGS electrode with poly-
sulfide reservoirs [38,40] and/or polysulfide diffusion inhibitor
[29,41] in a cell.

Conclusions

A flexible CGS cathode was fabricated by hollow GSs and
super-long CNTs through a room-temperature solution-pro-
cessable method for lithium-sulfur battery. The super-long
CNTs were employed to form highly efficient conductive
networks and hollow GSs served as sulfur accommodation
blocks. When CGS film was directly applied as electrodes,
high specific discharge capacities of 1346, 1155, 1024, 931,
827, 606, and 535 mAhg‘1 were achieved at different
current densities of 0.17, 0.34, 0.85, 1.67, 3.34, 8.35, and
16.7 Ag~—1, respectively. The CGS flexible cathode was with
an ultra-low decay rate of 0.022% over 500 cycles and a high
coulombic efficiency above 99% at a relatively high sulfur
loading amount of 1.1 gcm ~2. Compared with the routine
GFs, the well combination of hollow GSs with super-long
CNTs afforded great advent to efficiently use the active
materials. This proof-of-concept research indicated the
importance of the rational design of the nanostructured

flexible electrode with “3H” feature of high capacity, high
rate capability, and high cycling stability. Such procedure
was also potentially applicable to integrate other building
blocks as free-standing paper electrode for the ubiquitous
applications of lithium-sulfur batteries, lithium ion bat-
teries, supercapacitors, solar cells for future flexible elec-
tronic devices.

Experimental

Fabrication of GS-S & GF-S composite cathodes
materials

The sulfur powder employed in this contribution with a purity
of 499.9% was purchased from Alfa Aesar without further
purification. The hollow graphene spheres was synthesized by
a mesoscale approach reported in our previous publication
[42]. A co-heating procedure was employed to accommodate
the sulfur into the hollow space of the graphene spheres.
Typically, sulfur powder was mixed with the GSs with a mass
ratio of 7:3 in an agate mortar and strongly grinded for
10 min. The as-obtained GS-S mixtures were co-heated to
155 1C in a sealed quartz bottle. With a 4.0 h heating, the
sulfur successfully immersed into the inner space of the
spheres under vacuum and GS-S composite cathodes materi-
als were available. The GF-S cathode was prepared in a
similar procedure, except for that GF powder obtained by
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the thermal reduction of graphene oxide [43] was employed
as the carbon scaffolds.

Fabrication of CGS & CGF cathodes

The electrode of CGS was fabricated by a shearing dispersion-
filtration method. In a typical reaction, 12.0 mg of super-long
CNTs was dispersed in the sulfur saturated ethanol solution and
kept shearing for 3.0 min in an ice bath. 28.0 mg of GS-S
composite materials was added to above mentioned suspension
and further sheared for another 1.0 min. The whole dispersion
was filtrated to obtain a flexible membrane. After that, the
film was dried at 60 1C for 6.0 h. The sulfur was with a weight
content of 45 wt% and an areal sulfur loading of 1.1 mgcm™?2
in the flexible paper electrode. 13-mm-diameter disks were
punched as the working cathodes for lithium-sulfur cells.

The standard 2025 coin-type cells with two-electrode cell
configuration were employed for electrochemical perfor-
mance evaluation. The electrolyte was 1.0 mol L~? lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 1 wt% lithium
nitrate (LiINOs3) in dimethyl ether and 1,3-dioxolane (volume
ratio 1:1). 1.0-mm-thick lithium metal foil was applied as the
anode and the Celgard 2400 membranes were acted as the
separator. The lithium-sulfur cells were assembled in an argon-
filled glove-box. The CV were performed on Solartron 1470E
electrochemical workstation within a voltage window of 1.6-
3.0 Vat ascan rate of 0.1 mV s~ 1. The cyclic performance was
collected by Neware multi-channel battery cycler within a
voltage window of 1.8-2.8 V.

Structure characterizations

The structure of the interested electrodes was identified by
an X-ray powder diffractometer (XRD, D8-Advance, Bruker,
Germany). The morphology of GS, GS-S composites and CGS,
CGF cathode were characterized by a transmission electron
microscopy (TEM, JEM 2010, JEOL Ltd., Tokyo, Japan) at
120.0 kV and a field scanning electron microscopy (SEM, JSM
7401F, JEOL Ltd., Tokyo, Japan) at 5.0 kV. The sulfur ratio in
the GS-S composites was determined by thermogravimetric
analysis (TGA) using TGA/DSC1 STAR® system in N, atmo-
sphere with a temperature ramp rate of 20 1C min~*. The
Autosorb-1Q2-MP-C adsorption analyzer was employed to
record the N, adsorption-desorption isotherms of the GS-S
composites and CGS cathode at —196 1C. Before N, sorption
isotherm measurements, the sample was degassed at a very
low temperature of 50 1C until a manifold pressure of
2.0 mmHg was achieved to avoid the sulfur sublimation.
The surface area was determined by the Brunauer-Emmett-
Teller (BET) method, and the pore size distribution plot was
calculated by the quenched-solid density functional theory
using adsorption branch. Electrical conductivity was obt-
ained by four-probe test of a disk with diameter of 13.0 mm
punched from large-scale CGS paper. The mechanical tests
of CGS electrode was collected on a GT-TS-2000 instrument
at room temperature.
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