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A B S T R A C T

Lithium–sulfur battery is regarded as one of the most promising post-LIB technologies owing to its
overwhelming advantage in energy density. However, the dissolution and diffusion of polysulfide intermediates
induce undesirable shuttle effect and passivate separator/electrode interfaces. Herein we reported a facile,
scalable, and green process to fabricate porous graphene (PG) modified separators for commercially viable
lithium–sulfur batteries. PG, in combination with an amphiphilic polymer binder, rendered the engineered
functional layer with extraordinary electrical conductivity, high surface area, large pore volume, and appropriate
strength of chemisorption to polysulfides. Therefore, lithium–sulfur cells with sulfur loading of 1.8–

2.0 mg cm−2 and PG separators exhibited a very high sulfur utilization of 86.5% (vs. 55.6% on cell with
routine separators) at 0.05 C, a very low self-discharge rate of 90% retention (vs. 65% retention on routine
separators), and enhanced rate capability. In addition, the fabrication of both PG and PG-modified separators
was readily scaled-up for assembling and evaluating lithium–sulfur pouch cells with a large areal sulfur loading
of 7.8 mg cm−2 and the initial discharge capacity was 1135 mA h g−1 at current density of 0.1 C. This was
ascribed to the statically and dynamically suppressed shuttle effects through both the physical trapping of
polysulfides into porous graphene and chemical binding of intermediates on poly(vinyl pyrrolidone) binder in a
working cell.

1. Introduction

The great success in commercializing lithium-ion batteries (LIBs)
has spurred the rapid development of smart cellphones, laptop
computers, and other portable electronics. However, cost, safety,
service life, and most importantly, energy/power densities of LIBs
are plaguing their implementation in potential mass markets of electric
vehicles and stationary electric energy storage to reduce the CO2

emission and utilize renewable energy sources [1–3].
Lithium–sulfur battery is regarded as one of the most promising

post-LIB technologies owing to its overwhelming advantage in energy
density. Theoretically, based on stoichiometric reaction between ele-
mental sulfur and lithium, the theoretical gravimetric and volumetric
energy densities are 2600 W h kg−1 and 2800 W h L−1, respectively
[4,5]. In addition, sulfur, serving as the cathode material, also has
superiorities in elemental abundance, low cost, nontoxicity, and

environmental friendliness [6]. Therefore, substantial efforts have been
made towards commercially reliable lithium–sulfur batteries, which
demands for complementary scientific understanding and techniques
of both porous hosting materials [7–10], polar scaffolds [11,12], binder
[13,14], electrolyte components [15–20], engineered anode [21,22],
and advanced separators [23] to surmount several obstacles including
(1) intrinsic insulating nature of sulfur and its solid lithiated products
(Li2S and Li2S2), (2) considerable volume change and concomitant
structural collapse of cathode skeletons during electrochemical reac-
tions, and (3) shuttle effect induced by parasitic dissolution and
diffusion of intermediate lithium polysulfides (Li2Sx, 2 < x < 8) between
electrodes. However, developing cost-effective and green fabrication
technologies that are readily compatible to current processing of
battery manufacture is still challenging and crucial for large-scale
deployment of lithium–sulfur batteries.

Among various strategies, separator engineering has been proved to
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be efficient and effective to tailor the electrochemical performance in a
facile and economically viable way. Conventional polyolefin separators
such as porous polyethylene and polypropylene (PP) membranes with
micron-sized pores are commonly employed in lithium–sulfur batteries
owing to their mature fabrication and successful applications in LIB
technologies, low resistance, and excellent chemical stability [24].
However, polyolefin separators are incapable of retarding polysulfide
shuttling and stabilizing lithium anode due to the large-pore frame-
work. One approach is to explore alternative separator materials.
Impermeable ceramic membranes [25–27], lithiated Nafion film [28],
nanocellulose-laden composite polymer electrolytes [29], or ultrami-
croporous polymer membrane [30] were employed to completely block
the polysulfide diffusion toward lithium anode whereas the transport of
lithium ions was also simultaneously suppressed. Glassy fiber separator
is another substitute to polyolefin separators as it has enhanced intake
of dissolved polysulfides through adsorption on polar glass surface
[31]. However, the poor flexibility of glassy fibers restrains the practical
significance.

Another approach is to modify polyolefin separators directly by
introducing desirable functional groups to interact with polysulfides or
constructing composite layered separators [24,32,33]. This approach
allows to exert the merits of pristine polyolefin substrate such as the
good flexibility and facile lithium ion transport properties while
simultaneously, other desired functionalities, including polysulfide
blockage, polysulfide adsorption, and polysulfide reactivation, for
lithium–sulfur batteries are rendered by additional functional compo-
nents and layers. The kernel of these functionalities, in fact, is to
manipulate the transport and reaction behaviors of polysulfides at
separator/electrode interfaces. For instance, negatively charged mate-
rials such as Nafion [34,35], graphene oxide [36], polyethylene glycol
framework containing pendant SO3

2- groups [37], modified polybenzi-
midazole [38], as well as their rational integration [39], can be used as
ion-selective shield to electrostatically repulse the crossover of poly-
sulfide anions. Microporous carbon with size sieving effect also
provided physical confinement to retard polysulfide diffusion [40,41].
Nevertheless, these strategies have side effects in reducing lithium ion
mobility. Except for kinetically suppressing polysulfide shuttle, adsorb-
ing and trapping polysulfides in a porous scaffold is also efficient and
effective. Manthiram et al. pioneered the idea of porous conductive
interlayer in between polymer separator and sulfur cathode [5,40,41].
Up to now, considerable materials have been explored as building
blocks, including carbon black [42], carbon nanotubes (CNTs) [43],
graphene/graphene oxides [44,45], porous carbon [46], polar poly-
meric/inorganic adsorbents [47,48], MXene [49], oxide/carbon com-
posites [50], biomass-derived composites [51,52], and their hybrids
[53–55]. Besides, Yao et al. have monitored the passivation of

separator/cathode interfaces through in-situ Raman spectroscopy and
the elimination of passivated interfaces through conductive coating on
polymer membranes [42]. In general, it is noted that aiming at
improving the polysulfide utilization, the functional layer ought to
possess the following attributes: (1) high electrical conductivity, (2)
moderate pore size to allow facile lithium ion transport, (3) large pore
volume to accommodate the solid deposits, and (4) appropriate
adsorption strength to localize polysulfides. Apparently, it is quite
challenging to integrate all these merits into an individual energy
material. Therefore, a complemented fabrication strategy is required to
composite various functional components.

Previously, our group has demonstrated a Janus separator with a
thin and highly conductive layer constructed from cellular graphene
frameworks on routine porous PP membrane [45]. It is more efficient
to exert the advantages of advanced nanocarbon materials in engi-
neered separators instead of in composite sulfur cathodes. However,
cellular graphene frameworks, though with extraordinary electrical
conductivity and high surface area, were fabricated through chemical
vapor deposition on a unique hydrothermally synthesized MgO tem-
plate. The fabrication process is complicated, time-consuming, and
low-yielding. In addition, the functional layer was coated on PP
membrane by vacuum filtration, which is incapable of producing
continuous, large-area modified separators. Thus, fabrication techni-
ques for both raw materials and separators should be improved to fit
scaled-up requirements.

In this contribution, we present facile, scalable, and green fabrica-
tion of Janus-type, porous-graphene (PG)-modified PP separators for
lithium–sulfur batteries at pouch-cell level (Fig. 1). The as-obtained
lithium–sulfur batteries employing PG separators exhibited enhanced
capacity, cycling stability, and rate capability than those using PP
separators. At areal sulfur loading of 7.8 mg cm−2 (two sides of cathode
electrode), lithium–sulfur pouch cells with capacity of 0.5 A h were
realized through separator engineering. The fabrication method, which
is facile, scalable, and green, will facilitate the bulk application of
advanced separators for practical lithium–sulfur batteries.

2. Results and discussion

2.1. Fabrication of PG separators

To obtain facile, scalable, and green fabrication of separators, both
raw functional materials and compositing techniques should be
improved for scaling up. On one hand, aiming at mass production of
PG, we adopted a fluidized-bed CVD method with a yield of 5 g h−1

(Fig. 1a). Such a fluidized-bed CVD has been successfully developed for
mass production of commercial CNTs, lowering the cost to 100 $kg−1.

Fig. 1. (a) Schematic illustration of PG fabrication though methane CVD on porous MgO templates. A large quantity of PG and continuous PG separators can be produced as digital
pictures indicated; (b) schematic illustration of difference between PP and PG separators in effecting cathode/separator interfaces.
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Without reconstructing the plants, this method is readily deployed for
the mass production of PG as long as fluidizable and cheap templates
are explored. To reduce the complexity of the hydrothermal method,
boiling commercial MgO particles in water was engineered to fabricate
porous Mg(OH)2 nanosheets, which were simultaneously calcined into
porous MgO templates during CVD (Fig. 1a). Therefore, a large
quantity of PG is available at a relatively low cost and of high efficiency.

On the other hand, industrially compatible blade coating method
was employed to incorporate a PG layer onto a PP membrane, replacing
the time-consuming procedure of vacuum filtration, which can hardly
be scaled up. In addition, the continuous blading coating process would
further reduce the drying duration and environmental costs with the
toxic organic solvents with high boiling points, such as NMP (202 °C)
replaced by nontoxic, environmentally friendly, and low-boiling-point
solvents such as water. Amphiphilic polymer of poly(vinyl pyrrolidone)
(PVP) was adopted as the aqueous binder owing to its capability of
wetting PP substrates and PG simultaneously. Besides, PVP has been
proved to have high binding energies to polar sulfur species [56], which
will also benefit the retention of polysulfides in the functional PG layer.
After continuous blade coating and rapid drying, a large-area PG
separator piece was obtained (Fig. 1a). The area of such modified
separators can be easily scaled up as well.

The PG functional layer rendered modified separators with several
desirable attributes as schematically illustrated in Fig. 1b. Firstly, the
highly conductive and porous framework facilitates the reduction of
polysulfides that are shuttling back, thereby preventing the passivation
of separator/cathode interfaces as indicated previously. Secondly, by
combining the physical adsorption of high-surface-area PG and che-
mical adsorption of PVP, the composite layer effectively traps retarding
shuttle effect. Thirdly, the anode interface is simultaneously stabilized

owing to the suppressed parasitic reaction with corrosive polysulfides.

2.2. Morphology and porous structure of PG and PG separator

As shown in Fig. S1, PG has a morphology of nanosheets with
lateral size around 0.5 μm, which is inherited from the pristine porous
MgO templates. Abundant in-plane mesopores with size ranging from 7
to 11 nm were created with a single PG sheet when interconnected
MgO nanoparticles were removed by acid etching (Fig. 2a). These
mesopores were mainly constructed by few-layer graphitic cages while
the domain of nanographene was small, which is consistent with
relatively large ratio of ID/IG (intensity ratio of D band at 1320 cm−1

and G band at around 1590 cm−1, corresponding to edges/defects of
sp2 carbon and perfect sp2 C–C stretching) as Raman spectrum
indicated (Fig. S2). Though defective, PG has high electrical conduc-
tivity of ~500 S m−1 measured from a four probe method. All these
structural features, including the high curvature and few layer number
of graphitic cages, guaranteed the fully exposure of electrochemically
active surface and sufficient pore volume to store solid deposits.

The pore structure of PG was further clarified by N2 adsorption-
desorption isotherm at 77 K (Fig. 2b). The sharp increase at relative
pressure (p/p0) lower than 0.05 and the hysteresis of p/p0 between
0.45 and 0.95 indicated the coexistence of micropores and mesopores.
Dominantly, PG had a large mesopore volume of 2.60 cm3 g−1 and the
mesopore size is mainly around 7–11 nm. The specific surface area of
PG, calculated based on Brunauer–Emmett–Teller method, was
1443 m2 g−1. The micropore volume of PG is 0.761 cm3 g−1, with the
corresponding micropore size of 0.926 nm. Although PG exhibited less
regular porous structure and smaller surface area and pore volume
than previously reported cellular graphene frameworks, the fabrication

Fig. 2. (a) TEM image, (b) N2 isotherm, and corresponding pore-size distribution (inset) of PG; SEM images of PG separator with (c) top view and (d) cross-sectional view; Inset of (c) is
a digital picture of PP and PG separators.
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of PG was much more scalable than that of cellular graphene frame-
works. Besides, the surface area, pore volume, and electrical conduc-
tivity of PG are still much better than most of reported carbonaceous
coating materials for functional separators. These structural para-
meters, in combination with the feature of scalable fabrication, render
PG and PG-modified separators very promising for enhancing lithium–

sulfur batteries at a practical level.
In contrast to PG, pristine PP separators contained slit nanopores

with size of around several-hundred nanometers to allow facile flux of
electrolyte and lithium ions (Fig. S3). However, owing to the mobility
of polysulfides in electrolyte, polysulfides can be trapped in such a
porous but insulating scaffold, resulting in a gradual loss of active
materials. After coated by composite PG layer, however, the insulating
PP separator was covered by a conductive and porous PG ‘skin’

(Fig. 2c). Such a coating layer, with thickness of ~10 μm, tightly
adhered on pristine PP membrane, thereby able to directly contact
with the trapped and deactivated polysulfide species and to enable their
reutilization (Fig. 2d). In addition, owing to the large pore volume and
high surface area, PG was less likely being filled up with solid deposits.
As a result, ion channels within the porous composite layer can be well
preserved, ensuring the persistency of this functional layer during long-
term cycling. The N2 adsorption-desorption isotherm of PG and PVP
mixture at 77 K was presented in Fig. S6. The micropore volume of the
PG/PVP mixture was 0.884 cm3 g−1, which is similar to that of pure PG
materials (micropore volume of 0.761 cm3 g−1). This result indicated
the coating of PVP on the surface of PG rather than filling in the pores
of PG. PVP was introduced as a bifunctional additive, which was
uniformly dispersed with PG (Fig. S4). On one hand, it served as an
aqueous binder to attach PGs onto the PP membrane while water was
used as a green solvent. One the other hand, PVP possessed strong
chemical adsorption to polysulfides, leading to enhanced polysulfide
retention in the functional layer.

2.3. Electrochemical performance of lithium–sulfur batteries with PG
separators

The electrochemical performance of both PG and PP separators was
evaluated by using identical CNT/sulfur composite cathodes with a
sulfur content of 63% and an areal loading of 1.8–2.0 mg cm−2 (Fig. 3).
At a current density of 0.5 C (1.0 C=1675 mA g−1, according to the
mass of sulfur), a typical lithium–sulfur cell with a PG separator
exhibited an initial discharge capacity of 1165 mA h g−1, corresponding
to sulfur utilization of 69.7% (Fig. 3a). A routine lithium–sulfur cell
with a PP separator, however, only delivered an initial discharge
capacity of 729 mAh g−1, which was ~37% lower than that of cells
with a PG separator. The enhancement in sulfur utilization was
attributed to the highly porous and conductive PG layer, which
efficiently trapped and activated polysulfide intermediates.

After 35 cycles, cells were placed statically for 24 h to study the
effect of engineered PG layer on self-discharge behaviors of lithium–
sulfur cells [57]. Whether modified with a PG layer or not, cells all
displayed self-discharge upon static condition. Nevertheless, the cell
with a PG separator exhibited ~90% capacity retention after self-
discharge while the control cell with a PP separator only preserved
~60% of capacity at the 35th cycle. The enhanced self-discharge
inhibition by PG separators was therefore attributed to the combined
effects of high surface area of PG and strong chemical interaction with
polysulfides offered by amphiphilic PVP, which significantly reduced
the crossover of polysulfides. Such an effect on impeding shuttle
phenomenon was further confirmed. After 150 cycles, a reversible
capacity of 877 mA h g−1 was well preserved for the cell with a PG
separator. In contrast, only 540 mA h g−1 of reversible capacity was
remained without PG modifying while the corresponding Coulombic
efficiency was also slightly decayed, suggesting lithium corrosion by
polysulfides after long-term cycling. These results demonstrated that a

Fig. 3. (a) Cycling performance at 0.5 C, (b) rate performance, (c) galvanostatic charge-discharge curves at 0.5 C and 2 C, and (d) EIS before the 1st cycle and after 5th cycle.
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well-designed PG separator can stabilize sulfur cathodes both statically
and dynamically.

PG separators also fabulously facilitated the rate performance of
lithium–sulfur batteries (Fig. 3b). A routine lithium–sulfur cell with a
PP separator exhibited limited sulfur utilization at various current
rates. With current densities of 0.05 0.1, 0.5, 1, 2, and 5 C, discharge
capacities of 929, 672, 564, 533, 490, and 141 mA h g−1 were achieved,
respectively. In comparison, discharge capacities of the cell with a PG
separator were normally ~400–500 mA h g−1 higher than those of the
control cell. At 0.05 C, an extremely high capacity of 1449 mA h g−1

was attained, corresponding to extraordinary sulfur utilization of
86.5%. Even at 5 C, a capacity of 479 mA h g−1 was achieved, implying
the remarkable enhancement of electron/ion transport provided by PG.
Such an enhancement was also confirmed by significantly reduced
polarization of galvanostatic charge-discharge profiles especially at
high current rates (Fig. 3c). The introduction of PG not only enhanced
the capacities but also lowered the charging barrier and voltage
polarization.

EIS was employed to monitor the inner resistances in lithium–
sulfur cells (Fig. 3d). In as-obtained Nyquist plots, the overall
resistance can be resolved into two major components: the intercept

of real impedance (Z′) at high-frequency region, corresponding to bulk
resistance of cell component (Rs), and the first semicircle, contributed
from charge transfer impedance across interfaces (Rct) [58]. For the
fresh cells, Rs of the cell with a PG separator was 29.2 Ω that was much
larger than that of the control cell (9.2 Ω), suggesting the poor initial
contact between PG coating layer with sulfur cathode. However, Rs of
each cells became comparable, indicating its minor influence. In
contrast to Rs, Rct differed significantly. Whether before or after
cycling, the cell with a PG separator exhibited considerably smaller
Rct than the control cell, indicating better transporting properties
across the interface and relatively thinner passivation layers on both
cathode and anode surfaces. That was ascribed to the synergistic effect
of PG layer on suppressing polysulfide shuttle and interface passiva-
tion.

2.4. Characterization of cycled electrodes and PG separators

Cycled lithium–sulfur cells were dissembled to study the effect of
PG separators on both sulfur cathode and lithium anode. As shown in
Fig. 4a, a cycled PP separator, facing sulfur cathode, became yellow,
visibly illustrating the crossover of sulfur species through porous

Fig. 4. Digital pictures of (a) a cycled PP separator, (b) a cycled lithium anode with a PP separator and (c), (d) corresponding SEM images; digital pictures of (e) a cycled PG separator,
(f) a cycled lithium anode with a PG separator and (g), (h) corresponding SEM images.
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polymer matrix. Yellow species can also be observed on lithium anode
in contact with PP separators (Fig. 4b), suggesting that a large quantity
of polysulfides diffusion across the separator and reached the lithium
anode surface. This phenomenon was further indicated by Raman
spectra of a cycled PP separator and corresponding lithium anode (Fig.
S5). Characteristic signals of residual polysulfides (at Raman shifts at
ca. 400, 550, and below 250 cm−1 [59]) on/in PP separators and on
anode implied low utilization of shuttling-back polysulfides if PP was
unmodified. These residues exhibited in morphology of coalesced but
solidified droplets that spread on PP and blocked the slit nanopores
(Fig. 4c). While on lithium anode surface, micron-sized protuberances
were observed (Fig. 4d), which were likely attributed to Li2S precipi-
tates from parasitic reactions between lithium and polysulfides.

Different from PP separators, PG separators were able to intercept
and reactivate those trapped polysulfide species. Yellow precipitates are
hardly observed both on/in PG layer and on lithium anode (Fig. 4e and
f). Instead, polysulfides, either generated from the cathode side or
shuttling back from the anode, immersed and filled into the porous
conductive scaffold constituted from PG and PVP (Fig. 4g). Therefore,
continuous passivation made of accumulated insulating solid phase
was inhibited. Synergistically, as shown in Fig. 4h, the corrosion of
lithium anode was impeded as a large quantity of polysulfides has been
trapped by PG or electrochemically reduced into immobile solid
deposits. Raman spectra provided additional evidences that PG se-
parators efficiently stabilized the lithium anode as the signals of both
polysulfides and sulfur disappeared or at least substantially weakened
(Fig. S5). No obvious morphological or elemental change of the cathode
can be observed before and after cycling with PG separator (Figs. S7
and S8).

2.5. Pouch-cell-level demonstration with PG separators

It was noted that the sulfur loading in coin cells was restricted to
lower than 2.0 mg cm−2, which was insufficient for practical lithium–

sulfur batteries especially when 0.54 mg cm−2 PG was coated on
pristine PP separators. To compensate the increase in weight by PG
functional layer, electrodes with high areal sulfur loading of
7.8 mg cm−2 were fabricated and pouch cells were assemble and

evaluated correspondingly (Fig. 5). Considering the areal loading of
sulfur (7.8 mg cm−2), aluminum (~4.2 mg cm−2), and pristine PP
separator (~0.5–2.5 mg cm−2), the PG layer only introduced less than
3% of additional weight to the whole device, which was far smaller than
its benefits to capacity and gravimetric energy density. Two pouch
lithium–sulfur cells were fabricated to form a series of battery
configurations to power a lamp and a mini-fan simultaneously for a
long time (Fig. 5a). The initial discharge capacity was 1135 mA h g−1 at
current density of 0.1 C with sulfur utilization of 68% and remained
stable in following cycles. The overall capacity of a punch cell was
0.5 A h, which could easily be scaled up.

3. Conclusions

We developed a facile, scalable, and green process to fabricate
porous-graphene (PG)- modified separators for commercially viable
lithium–sulfur batteries. PG was produce through fluidized-bed CVD
method using commercially available MgO templates, possessing
extraordinary electrical conductivity, high surface area, and large pore
volume. Combined with amphiphilic PVP binder that interacted with
polysulfides strongly, the trapping and reactivating capabilities of PG/
PVP functional layer significantly benefited the battery performance.
Lithium–sulfur coin cells with sulfur loading of 1.8–2.0 mg cm−2 and
PG separators exhibited high sulfur utilization of 86.5% at 0.05 C, a
very low self-discharge rate of 90% capacity retention, statically and
dynamically suppressed shuttle effects, and improved rate capability.
In contrast, a lithium-sulfur cell with routine separator only exhibited a
sulfur utilization of 55.6% at 0.05 C, a large self-discharge rate with
only 65% capacity retention. The fabrication of both PG and PG-
modified separators was readily scaled-up for assembling and evaluat-
ing lithium–sulfur pouch cells with sulfur loading of 7.8 mg cm−2,
which held great promise for practical applications of lithium–sulfur
batteries and other power sources. Such concept can also be incorpo-
rated into other energy storage system based on multi-electron
chemistry and regulate the diffusion of intermediates in a working cell.

Fig. 5. (a) A digital picture of a two rechargeable lithium–sulfur pouch cells in series connection, which is powering a lamp and a mini-fan; (b) cycling performance of a typical pouch
cell with a PG separator.
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4. Experimental section

4.1. Fabrication of PG and PG-modified separators

PG was fabricated through fluidized-bed CVD method by using
porous MgO nanosheets as templates for graphene deposition, which
were produced from commercial MgO particles via a water-boiling
method [60]. Then the as-obtained MgO@PG was purified with
5.0 mol L−1 HCl at 70 °C for 4.0 h to remove MgO templates. To
fabricate PG separators, PG was firstly dispersed in a planetary mixer
with PVP and water to form uniform slurry. The mass ratio of PG:PVP
was 8:2. Finally, the aqueous dispersion was facilely coated on a
continuous roll of PP membrane with a width of 0.10 m. The areal
loading of composite layer was controlled to be 0.54 mg cm−2.

4.2. Fabrication of sulfur cathodes

Sulfur powder with a high purity of > 99.9% was purchased from
Alfa Aesar and used without further purification. Multi-walled CNTs,
produced through fluidized-bed CVD method, were firstly mixed with
sulfur powder in a mass ratio of 3:7 by shaker-milling. The mixture was
subsequently placed in a sealed flask at 155 °C for 4.0 h to incorporate
sulfur into the CNT matrix. The obtained CNT@S powder was then
milled with poly(vinylidene fluoride) (PVDF) binder in a mass ratio of
9:1 using N-methyl pyrrolidone (NMP) as solvent to form cathode
slurry. As-obtained slurry was coated onto an aluminum foil by doctor
blading and then dried at 60 °C for 24.0 h. For coin cells, the sulfur
content was 63% and areal loading was 1.8–2.0 mg cm−2; while for
pouch cells, the areal sulfur loading was increased to 7.8 mg cm−2. For
assembly of coin cells, the electrodes were punched into 13-mm-
diameter disks while 3 cm×5 cm electrode foils were applied for pouch
cell evaluations.

4.3. Electrochemical measurements

Standard 2025 coin cells were employed to evaluate the electro-
chemical performance. Lithium foils served as anodes while Celgard
2400 PP separators or PG separators were applied between two
electrodes. 1.0 mol L−1 lithium bis(trifluoromethanesulfonyl) imide
and 1.0 wt% lithium nitrate dissolved in 1,3-dioxolane and 1,2-
dimethoxyethane (v/v=1/1) was the electrolyte. Approximately 50 μL
of electrolyte was used in coin cell and 2 mL in pouch cell battery. All
the cells were assembled in a glove box protected by Ar atmosphere and
tested in galvanostatic mode within a voltage window of 1.8–2.7 V
using a LANHE multichannel battery test equipment. The specific
capacity was calculated based on the mass of sulfur in the cathode.

4.4. Structural characterization

The morphology of samples was characterized by a JEM 2010
(JEOL Ltd, Tokyo, Japan) transmission electron microscopy (TEM)
operated at 120.0 kV and a JSM 7401F (JEOL Ltd, Tokyo, Japan)
scanning electron microscopy (SEM) operated at 3.0 kV. XRD patterns
were recorded on a Bruker D8 Advance diffractometer at 40.0 kV and
120 mA with Cu-Kα radiation. The Raman spectra were recorded with
He–Ne laser excitation at 633 nm using a Horiba Jobin Yvon LabRAM
HR800 Raman Spectrometer. All the samples after electrochemical
cycling were dissembled in an Ar-protected glove box first and then
protected by Kapton films for further characterization. The pore-size
distribution and Brunauer–Emmett–Teller (BET) specific surface area
of the samples were measured by N2 isothermal adsorption/desorption
using Autosorb-IQ2-MP-C system. The pore size distribution and pore
volume were calculated by quenched solid state density functional
theory method using adsorption branch. Electrochemical impedance
spectroscopy (EIS) was performed on Solartron 1470E electrochemical
workstation. Conductivity measurements were performed on disks pre-

compressed at 5.0 MPa using the KDY-1 four probe technique.
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