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ABSTRACT: Because of the severe shuttle effect of polysulfides, achieving durable Li−S
batteries is still a great challenge, especially under practical operation conditions including the
high sulfur content, high loading, and high operation temperature. Herein, for the first time,
low-cost, eco-friendly, and hydrophilic cellulose nanocrystals (CNCs) are proposed as a
multifunctional polysulfide stopper for Li−S batteries with high performance. CNCs display an
intrinsically high aspect ratio and a large surface area and contain a large amount of hydroxyl
groups offering a facile platform for chemical interactions. Density functional theory
calculations suggest that the electron-rich functional groups on CNCs deliver robust binding
energies with polysulfides. In this work, CNCs not only firmly confine sulfur and polysulfides
in the cathode as a robust binder, but also further hinder polysulfide shuttling to the Li anode
as a polysulfide stopper on a separator. Consequently, the as-prepared Li−S batteries
demonstrate outstanding cycling performance even under the conditions of high sulfur content
of 90 wt % (63 wt % in the cathode), high loading of 8.5 mg cm−2, and high temperature of 60
°C. These results sufficiently demonstrate that CNCs have significant application potential in
Li−S battery technologies.
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■ INTRODUCTION

Owing to the high energy density of 2600 W h Kg−1, Li−S
batteries have been considered as one of the most promising
energy storage devices, and subsequently have been attracting a
tremendous amount of attention.1−4 However, during the
charge and discharge processes, soluble long-chain lithium
polysulfides (Li2Sx, 4 ≤ x ≤ 8) are formed and cause a severe
shuttle effect, leading to poor cycling stability.5−8 This calls for
efficient host materials to immobilize lithium polysulfides, a
crucial component for making durable Li−S batteries.
Polymers with abundant electron-rich functional groups

(e.g., hydroxyl, carboxyl, and amino), which possess strong
affinity for lithium polysulfides, have been demonstrated to be
a class of potential host materials.9−22 In particular, multi-
functional polymer binders have generated much research
interest, as they can not only bind sulfur and conductive
carbon to the current collector but also chemically constrain
polysulfides in the cathode. Subsequently, various polymer
binders have been investigated to replace the commercial
polyvinylidene fluoride (PVDF) binder, including poly-
(vinylpyrrolidone),9 carrageenan,10 guar gum−xanthan gum
network binder,11 conductive double-chain polymer network
binder,12 and polyamidoamine dendrimers.13 Another poten-
tial application of polymers in Li−S batteries is using them to
modify separators/interlayers and hinder the polysulfide
shuttle, such as the Nafion-based ion-selective separator,16−18

tertiary amine layer-modified polypropylene (PP) separator,19

and gum arabic-carbon nanofiber interlayer.20 Compared with
other host materials such as metal compounds, polymer host
materials possess low density, causing a smaller mass increase
of inactive components. Furthermore, the metal compound
host materials usually need a binder to bind them to the
electrode or separator, further decreasing the sulfur content.
Although significant progress has been made in improving the
electrochemical performance of Li−S batteries by exploiting
polymer host materials, the shuttle effect still remains the main
bottleneck under practical working conditions including the
high sulfur content, high loading, and high operation
temperature. Therefore, it is still a critical need to further
explore promising polymer host materials to solve the above
key challenge for Li−S batteries.
Cellulose, the most abundant biomass in the world, is a

linear syndiotactic homopolymer of β-(1→4)-glycosidic bonds
linked D-glucopyranose units. Cellulose has been exploited to
prepare porous separators for suppressing Li dendrite
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formation in the previous literature, which is mainly because of
the homogeneous distribution of nano-channels giving a
uniform current density, good wettability, and electrolyte
uptake.23−25 Upon acid hydrolysis, cellulose yields highly

crystalline rod-like hydrophilic particles at the nanoscale level
[i.e., cellulose nanocrystals (CNCs)],26,27 as shown in Figure
1a. CNCs display an intrinsically high aspect ratio and a large
surface area, making them promising nanomaterials. Specifi-

Figure 1. (a) Schematic illustration of the preparation process of CNCs by acid hydrolysis wiping off the disordered regions of cellulose; (b) TEM
image of CNCs; and (c) FTIR spectrum of CNCs.

Figure 2. (a) Optimized structures of lithium polysulfides (Li2S, Li2S2, Li2S3, Li2S4, Li2S6, and Li2S8) at six different lithiation conformations of
CNCs. In the models, the back structures of CNCs were mimicked by three constitutional units, in which the SO3

−Na+ ligand was substituted by
the H atom because of its low concentration (<1 wt %). (b) The corresponding adsorption binding energies between lithium polysulfides and
CNCs. (c) UV−vis spectra of polysulfide solutions after polysulfide adsorption tests of Super P, PVDF, CMC, and CNCs, showing the robust
affinity of CNCs for polysulfides. The inset in (c) shows the digital photo of the polysulfide solutions, showing the solution color change during the
polysulfide adsorption tests.
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cally, the large interfacial area and strong interactions among
the polymer matrix give rise to nano-confinement effects,
enabling substantial improvement of mechanical properties.28

CNCs can bear extraordinary bending strength and modulus,
estimated to be ∼10 and 150 GPa, respectively, which are
comparable in magnitude to those of carbon nanotubes.29 On
the other hand, as displayed in Figure 1a, CNCs contain
abundant hydroxyl groups, which can offer a facile platform for
chemical modification and interaction.30,31

Herein, for the first time, CNCs were exploited as a high-
efficiency and promising polysulfide stopper for high-perform-
ance Li−S batteries. CNCs can prevent sulfur and polysulfides
from dissolving out the cathode as a multifunctional binder,
and further hinder the shuttling of polysulfides to the Li anode
as a stopper on the separator. Because of the robust mechanical
properties and strong affinity of CNCs, the Li−S battery has a
stable cycling performance with a long lifespan, even with a
high sulfur content of up to 90 wt % (63 wt % in the cathode),
a high loading of 8.5 mg cm−2, and being operated at a high
temperature of 60 °C. These results led us to believe that
CNCs have significant application potential in Li−S battery
technology.

■ RESULTS AND DISCUSSION

The CNCs were supplied by CelluForce Inc., Canada, and
used as received, with a specific surface area of approximately
500 m2 g−1. Figures 1b and S1 demonstrate that the as-
obtained CNCs are composed of rod-like shaped nanoparticles
with an average length of 148.52 nm and an average diameter
of 8.30 nm. The Fourier transform infrared (FTIR) spectrum
of CNCs (Figure 1c) displays a broad absorption band at 3432
cm−1 reflecting the O−H vibration mode, a band at 1164 cm−1

assigned to the asymmetrical bridge C−O−C stretching in the
glycosidic bond, and a peak at 1113 cm−1 corresponding to the
stretching of the glucopyranose unit.32,33 These abundant
oxygen-containing functional groups with lone pair of electrons
can act as Lewis bases to form strong affinity for the Lewis

acids of terminal Li atoms in lithium polysulfides, by which
lithium polysulfides are thus firmly immobilized on the
polymers.34 The chemisorption ability of CNCs to lithium
polysulfides was investigated using density functional theory
(DFT) calculations (Figure 2a,b). The simulations suggest that
the constitutional units of CNCs can bind to Li2S, Li2S2, Li2S3,
Li2S4, Li2S6, and Li2S8 with energies of 2.09, 2.04, 2.00, 1.96,
1.94, and 1.73 eV, respectively, which are much higher than
that of PVDF with Li−S• species (0.75 eV).35 The strong
chemisorption of CNCs with polysulfides makes CNCs
promising host materials for Li−S batteries. Polysulfide
adsorption tests can visually show the stronger affinity of
CNCs to lithium polysulfides. As displayed in Figure 2c, the
Li2S6 solution with CNCs discolors obviously because of the
strong adsorption of CNCs to polysulfides; while the solutions
with Super P, PVDF, and carboxymethyl cellulose (CMC) still
remain orange, suggesting a weak adsorption. Meanwhile, the
UV−vis spectra of the polysulfide solutions after adsorption
tests quantitatively demonstrate the high-efficient chemisorp-
tion ability of CNCs to lithium polysulfides, reflected by the
significant concentration decrease of polysulfides in the
solution.
Figure S2 demonstrates that the hydrophilic CNCs are

highly dispersed in water to form a viscous aqueous
suspension, whose viscosity is comparable to the traditional
CMC binder, suggesting that CNCs have potential to be
applied as a binder. The bending experiment of the sulfur
electrode with the CNC binder (Figure S3) clearly shows good
adhesive property of the CNC binder on the current collector.
For a binder of the Li−S battery, strong mechanical properties
are required to accommodate the large volume change (∼80%)
from S to Li2S and maintain the integrity of the electrode
during cycling.15,21 Atomic force microscopy (AFM) test was
carried out to evaluate the mechanical strength of the CNC
binder. Quantitative high-resolution Young’s modulus mapping
was measured by PeakForce Quantitative NanoMechanics
(QNM) technique according to the Derjaguin−Muller−

Figure 3. (a,c) AFM topography and (b,d) quantitative high-resolution DMT modulus (Young’s modulus) images measured by PeakForce
Quantitative NanoMechanics (QNM) technique according to the DMT model of CNCs and CMC, respectively.
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Toporov (DMT) model. For comparison, the traditional
cellulose-based binder CMC was also tested. The obtained
AFM topography and the corresponding DMT modulus
(Young’s modulus) images of the CNC binder and the
CMC binder are displayed in Figure 3. Figure 3a,c
demonstrates that the CNC binder film is more rough with
a larger surface area for chemical interactions because of the
crystalline characteristic. Importantly, as shown in Figure 3b,d,
the CNC binder possesses higher Young’s modulus to
accommodate the stress caused by the large volume change,
and thus maintains an integrated conductive network in the
electrode during cycling.14

According to the above discussion, in the current study, the
CNCs are applied not only as a multifunctional binder to
prevent the sulfur and polysulfides from dissolving out the
cathode, but also as a polysulfide stopper on the separator to
further hinder polysulfide migration to the Li anode, as
indicated in Figure 4. Resulting from the dual stopping of
CNCs, the shuttle effect can be remarkably suppressed.
Galvanostatic charge−discharge cycling tests were conducted
to evaluate the electrochemical performance of Li−S batteries
using CNCs as the binder and the polysulfide stopper. The
sulfur cathode is composed of the S/Ketjen black (S/KB)
composite, carbon nanotubes, and a CNC binder with a mass
ratio of 70:15:15, respectively. The scanning electron
microscopy (SEM) image and the elemental mapping of the
as-prepared sulfur cathode (Figure S4) indicate that sulfur and
carbon are uniformly distributed in the cathode. The CNC-

coated separator is obtained as the polysulfide stopper by
homogeneously covering a layer of the CNC/KB composite on
the commercial PP separator, as shown in Figure S5. With KB
as a conductive additive, the CNC-coated separator can work
as a second current collector, making the absorbed polysulfides
to continually transform into final products. The coating
thickness is measured to be 6.5 μm from the cross-section
SEM image of the CNC-coated separator (Figure S6). As
shown in Figure S7, the bending experiment of the CNC-
coated separator demonstrates that the CNC-coated separator
possesses acceptable flexibility. Figure 5a displays the typical
charge−discharge curves of the Li−S battery, that is, the
conversion of cyclo-S8 to soluble long-chain polysulfides
(Li2Sx, 4 ≤ x ≤ 8) at 2.35 V and further reduction to Li2S2/
Li2S at 2.13 V.36−38 The redox peaks in cyclic voltammetry
(CV) curves in Figure S8 agree very well with the charge−
discharge potential platforms. The cycling performances of the
as-prepared Li−S batteries at 0.5 C are displayed in Figure 5b.
Owing to the robust mechanical properties and strong affinity
of CNCs, the sulfur cathode with the CNC binder shows
superior cycling performance than that with traditional PVDF
and CMC binders (543 mA h g−1 vs 436 mA h g−1 and 362
mA h g−1 after 100 cycles). Benefiting from the dual constraint
of CNCs to polysulfides, the Li−S battery with CNCs as the
binder and the polysulfide stopper can show a further
improved cycling performance giving a capacity as high as
954 mA h g−1 after 100 cycles. It should be mentioned that the
Li−S battery possesses quite high Coulombic efficiency of

Figure 4. Schematic presentation: (a) Li−S battery using a PVDF binder and a PP separator with a severe shuttle effect; (b) Li−S battery with a
CNC binder and a CNC polysulfide stopper on a PP separator to efficiently suppress the shuttle effect.

Figure 5. (a) Charge−discharge curves of the Li−S battery with a CNC binder and a CNC-coated separator; (b) comparison of the cycling
performances of the Li−S batteries using different polymers at 0.5 C (the first cycle was at 0.2 C); (c) rate property; and (d) extended cycling
performance at 2 C (the first cycle was at 0.2 C) of the Li−S battery using a CNC binder and a CNC-coated separator.
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99.97% after 100 cycles (Figure S9), suggesting that the shuttle
effect is dramatically suppressed. The Li−S battery using the
PVDF binder and the CNC-coated separator was also tested. It
shows much improved capacity (845 mA h g−1 after 100
cycles) compared to the Li−S battery using the PVDF binder
and the PP separator, indicating the important effect of the
CNC-coated separator. However, its cycling performance is
still inferior to the battery with the CNC binder and the CNC-
coated separator, indicating that the CNC binder also plays an
important role in affixing polysulfides to the cathode.
Unusually, the binder amount in the electrode is low (≤15
wt %), leading to limited chemical adsorption. Therefore, in
this work, CNCs are applied not only as a robust binder to
firmly confine sulfur and polysulfides in the cathode, but also
as a polysulfide stopper on a separator to further hinder
polysulfide shuttling to the Li anode. Figure 5c demonstrates
that the Li−S battery with the CNC binder and the CNC-
coated separator also exhibits an outstanding rate property,
delivering a capacity of 487 mA h g−1 at 10 C. In the long-term
test (Figure 5d), the Li−S battery with the CNC binder and
the CNC-coated separator still shows excellent cycling stability
with a high Coulombic efficiency of 99.28% and a capacity of
514 mA h g−1 after 1000 cycles at 2 C, corresponding to a very
low capacity fading of 0.045% per cycle from the second cycle.
The improved electrochemical properties are mainly because

of the robust chemical adsorption of CNCs to polysulfides. As
discussed in Figure 2, the DFT calculations and polysulfide
adsorption experiments have demonstrated the strong
adsorption ability of CNCs. An in situ cell is assembled to

directly and visually observe the important effect of the CNC
binder and the CNC-coated separator on hindering the shuttle
effect. Figure 6a shows the discharge curve of an in situ cell
with a PVDF binder and a PP separator and a digital photo
after discharging for 0.5 h (inset). It shows that the PVDF
binder and the PP separator possess very poor ability to hinder
the polysulfide movement to the Li anode with an orange
electrolyte. However, in Figure 6b, an in situ cell with a CNC
binder and a CNC-coated separator displays much improved
ability to restrict the polysulfides within the cathode side with a
colorless electrolyte because of the robust affinity of CNCs for
polysulfides. The morphology changes of the Li anodes in the
Li−S batteries after cycling are also compared. Figure 6c shows
that the fresh Li anode possesses a smooth surface. After 50
cycles, the Li anode in the Li−S battery with a PVDF binder
and a PP separator becomes very rough (Figure 6d). It seems
that the heavy sediment is on the Li anode, such as Li2S and
Li2S2, which is formed because of the shuttle effect.39 Whereas
the Li anode in the Li−S battery with a CNC binder and a
CNC-coated separator has a relatively smooth surface (Figure
6e), suggesting that the shuttle effect is effectively hindered.
For practical application of the Li−S battery, stable Li anodes
are critically needed for further improved performance and
safety.24,40

To further evaluate the capability of CNCs to suppress the
shuttle effect, more rigorous test conditions were carried out. It
is crucial to increase the level of sulfur content in relation to
the energy density of the whole Li−S battery.41,42 However,
the high-content sulfur in the cell typically causes much more

Figure 6. Discharge curves at 0.2 C of an in situ cell (a) with a PVDF binder and a PP separator and (b) with a CNC binder and a CNC-coated
separator. Insets show the digital photos of the in situ cell after discharging for 0.5 h. SEM images of the Li anode (c) before cycling and after 50
cycles obtained from the Li−S battery (d) with a PVDF binder and a PP separator and (e) with a CNC binder and a CNC-coated separator.
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severe shuttle effect, making the high-sulfur-content Li−S
battery very difficult to achieve. By using the multifunctional
CNCs as both the binder and polysulfide stopper, we
fabricated a Li−S battery with a high sulfur content of up to
90 wt % (63 wt % in the cathode). As shown in Figure 7a, the

high-sulfur-content Li−S battery displays a long cycling life
giving a capacity of 593 mA h g−1 after 700 cycles,
corresponding to a capacity fade as low as 0.047% per cycle
from the second cycle. This is among the best performing Li−S
batteries (Table S1). On the other hand, the shuttle effect
becomes more serious during cycling at high temperatures, and
a more powerful strategy to immobilize the lithium polysulfides
is required.43 In the present study, the high-temperature
cycling test was also performed at 60 °C. As displayed in
Figure 7b, the Li−S battery, with a sulfur content of 60 wt % in
the S/KB composite, still has a stable cycling performance with
a high capacity of 896 mA h g−1 and a Coulombic efficiency of
99.95% after 100 cycles at 1 C. LiNO3 as an electrolyte
additive has been known to effectively suppress the shuttle
effect.44 The Li−S battery without the LiNO3 additive in the
electrolyte was also tested. As indicated in Figure 7c, the Li−S
battery also shows good cycling stability with a high capacity of
893 mA h g−1 and a Coulombic efficiency of 93.7% after 100
cycles at 0.5 C. These results are sufficient evidence that CNCs
are excellent host materials for Li−S batteries.
High-loading sulfur electrodes were prepared to achieve a

high areal capacity, which is crucial to obtain a high energy
density.45,46 Figure 8a displays the charge−discharge curves of
the Li−S battery with a high sulfur loading of 4.1 mg cm−2,
showing the typical redox reaction of Li−S batteries with the
conversion of cyclo-S8 to soluble long-chain polysulfides at
2.33 V and further reduction to Li2S2/Li2S at 2.12 V. It also
indicates that the high-loading Li−S battery can deliver a high
initial discharge capacity of 1284 mA h g−1, corresponding to
an areal capacity of 5.3 mA h cm−2. Figure 8b demonstrates
that owing to the robust mechanical properties and strong
affinity of CNCs, the high-loading Li−S battery show stable
cycling performance with a high Coulombic efficiency of
93.90% and a capacity of 726 mA h g−1 after 69 cycles,
corresponding to an areal capacity of 3.0 mA h cm−2. As the
sulfur loading is increased to 8.5 mg cm−2, the Li−S battery
can deliver a high initial areal capacity as high as 10.7 mA h
cm−2, as shown in Figure 8c. After performing stable cycling
for 35 cycles at 1.2 mA cm−2, a high areal capacity of 6.1 mA h

Figure 7. Cycling performance of the Li−S battery with a CNC
binder and a CNC-coated separator (a) with a sulfur content as high
as 90 wt % (63 wt % in the cathode) at 0.5 C (the first cycle was at 0.2
C), (b) at a high temperature of 60 °C at 1 C (the first cycle was at
0.2 C), and (c) without the LiNO3 additive at 0.5 C (the first cycle
was at 0.2 C).

Figure 8. (a) Charge−discharge curves and (b) cycling performance of the Li−S battery with a sulfur loading of 4.1 mg cm−2 at 1.2 mA cm−2 (the
first cycle was at 0.3 mA cm−2); (c) cycling performance of the Li−S battery with a sulfur loading of 8.5 mg cm−2 at 1.2 mA cm−2 (the first cycle
was at 0.3 mA cm−2); and (d) digital photo of the Li−S battery with a sulfur loading of 6.6 mg cm−2 to power LED lights.
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cm−2 with a high Coulombic efficiency of 92.78% can still be
obtained. In order to show the practical application potential, a
Li−S battery with a high sulfur loading of 6.6 mg cm−2 is used
to power light-emitting diode (LED) lights. Figure 8d clearly
shows that the Li−S battery possesses high energy density to
light 12 red LED lights. These results lead us to believe that
CNCs have significant application potential in Li−S battery
technologies.

■ CONCLUSIONS

Multifunctional CNCs are explored theoretically and exper-
imentally as high-performance polysulfide host materials,
which have inherent advantages of being abundant, low-cost,
and hydrophilic. Quantitative high-resolution Young’s modulus
mappings indicate that CNCs possess robust mechanical
strength. DFT calculations and polysulfide adsorption tests
clearly demonstrate that CNCs possess strong affinity for
lithium polysulfides, attributed to their abundant oxygen-
containing functional groups and nanocrystal characteristic. As
a consequence, when CNCs are applied as both the binder and
polysulfide stopper, the Li−S battery displays excellent cycling
stability and rate property. Especially, under rigorous practical
conditions including the high sulfur content, high loading, and
high operation temperature, the as-prepared Li−S batteries still
show outstanding cycling performance, that is, with sulfur
content as high as 90 wt % (63 wt % in the cathode), a capacity
fade as low as 0.047% per cycle after 700 cycles is obtained;
with a high loading of up to 8.5 mg cm−2, an areal capacity as
high as 10.7 mA h cm−2 is delivered; and being operated at 60
°C, a high capacity of 896 mA h g−1 after 100 cycles is
achieved. This study provides a novel promising host material
to promote the practical application of the Li−S battery.

■ EXPERIMENTAL SECTION
Material Characterization. SEM images were obtained on a

JSM-6390 emission scanning electron microscope, and elemental
mapping was obtained using an EDAX Genesis energy dispersive X-
ray fluorescence spectrometer. The transmission electron microscopy
(TEM) image was obtained on a LEO 912 AB 100 kV energy filtered
transmission electron microscope. The FTIR spectrum was recorded
on a Nicolet iS50 spectrometer using KBr pellets.
Theoretical Calculations. To investigate the chemisorption

ability of CNC molecules toward the Li2Sx cluster, DFT calculations
were carried out using the Gaussian 16 software package47 under the
rB3LYP functional. The 6-31G(d+p) basis set was used for all atoms.
The local minima or transition states were determined through
vibrational frequency analyses at the same level on optimized
geometries. The chemisorption binding energy (Eb) was calculated
to describe the affinity of the reducible CNC molecular structure
(ECNC) for Li2Sx (x = 1, 2, 3, 4, 6, and 8) (ELi2Sx) through the energy

difference between the CNC/Li2Sx adsorbed system (ELi2S+PEI) and

the isolated Li2Sx cluster and the CNC molecule (Eb = ELi2Sx + ECNC −
ELi2S+PEI).
Adsorption Experiments. In a typical process, 100 mg of Super

P, 100 mg of PVDF/Super P composite, 100 mg of CMC/Super P
composite, and 100 mg of CNC/Super P composite were dispersed in
3 mL polysulfide solution (0.5 mM Li2S6 in tetrahydrofuran, THF),
respectively. The Li2S6 solution was obtained by mixing sulfur and
lithium sulfide powders in THF at 50 °C for 12 h under stirring. UV−
vis spectra were collected on a METASH UV-8000 spectrometer to
quantitatively analyze the chemisorption ability of various polymers.
Mechanical Property Evaluations. AFM (Dimension Icon,

Bruker) experiments were carried out in air at room temperature.
Young’s modulus was obtained through PeakForce QNM technique.

First, the probe (SCANASYST-AIR, Bruker) deflection sensitivity was
calibrated on a clean and hard sapphire sample. Then, the probe was
calibrated with a known-modulus polystyrene by adjusting a suitable
force set point of the tip and the tip radius. Finally, using the tip, the
samples were measured. The topography and QNM were measured
simultaneously in such a way there were 256 × 256 pixels/scan, that
is, 65,536 points of the sample were probed and their force curves
were obtained. Young’s modulus was derived through these obtained
force curves based on the DMT model.

Electrochemical Tests. The S/KB composite was fabricated by
mixing KB and sulfur powders with a sulfur content of 60 or 90 wt %,
and heating them in a sealed Teflon container at 155 °C for 12 h. To
prepare the sulfur cathode, the S/KB composite was mixed with
multiwalled carbon nanotubes and the CNC binder at a weight ratio
of 70:15:15 in deionized water to form a uniform slurry. Then, the
slurry was cast onto a carbon-coated Al foil, followed by vacuum
drying at 60 °C for 12 h. The CNC-coated separator was obtained by
coating the CNC/KB composite at a weight ratio of 2:3 on a
commercial PP separator (Celgard 2400) with a doctor-blade coating
method, using deionized water as a solvent (a small amount of ethanol
was added for wetting). For the electrochemical test, the CR2016 coin
cell was assembled in an argon-filled glove box with lithium foil as
counter and reference electrodes, a CNC-coated separator or PP
separa to r , and an e lec t ro ly te o f 1 M l i th ium bis -
(trifluoromethanesulfonyl)imide (LiTFSI) in 1,2-dimethoxyethane
and 1,3-dioxolane (1:1 by volume) with 2 wt % LiNO3 as an additive.
Galvanostatic charge−discharge cycling tests were carried out on a
LAND CT2001A battery testers in a voltage window of 1.8−2.6 V at
room temperature or a high temperature of 60 °C. To further
demonstrate the important effect of the CNC binder and the CNC-
coated separator on hindering the shuttle effect, the cycling
performance without the LiNO3 additive was also obtained with the
electrolyte/sulfur ratio of about 47 μL mg−1. CV curves were obtained
on a CHI760E electrochemical workstation at a scanning rate of 0.1
mV s−1 between 1.8 and 2.6 V.

High-Loading Li−S Batteries. The S/Super P composite was
fabricated by mixing sulfur and Super P with a mass ratio of 7:3 and
heating at 155 °C for 12 h in a sealed Teflon container. The sulfur
cathode was prepared by casting a slurry (80 wt % S/Super P
composite, 10 wt % KB, and 10 wt % CNC binder) onto a carbon
paper, using deionized water as a solvent (a small amount of ethanol
was added for wetting), followed by vacuum drying at 60 °C for 12 h.
CR2032 coin cells were assembled in an argon-filled glove box and
performed on a LAND CT2001A battery tester in a voltage window
of 1.8−2.6 V at room temperature. The electrolyte/sulfur ratios are 26
and 13 μL mg−1 for the Li−S cells with a sulfur loading of 4.1 and 8.5
mg cm−2, respectively.
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