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ABSTRACT We report engineered hollow core—shell interlinked carbon spheres that
consist of a mesoporous shell, a hollow void, and an anchored carbon core and are expected
to be ideal sulfur hosts for overcoming the shortage of Li—S batteries. The hollow
core—shell interlinked carbon spheres were obtained through solution synthesis of polymer
spheres followed by a pyrolysis process that occurred in the hermetical silica shell. During the
pyrolysis, the polymer sphere was transformed into the carbon core and the carbonaceous

volatiles were self-deposited on the silica shell due to the blocking effect of the hermetical
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silica shell. The gravitational force and the natural driving force of lowering the surface 0

energy tend to interlink the carbon core and carbon/silica shell, resulting in a core—shell
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interlinked structure. After the Si0, shell was etched, the mesoporous carbon shell was generated. When used as the sulfur host for Li—S batteries, such a

hierarchical structure provides access to Li* ingress/egress for reactivity with the sulfur and, meanwhile, can overcome the limitations of low sulfur loading

and a severe shuttle effect in solid carbon-supported sulfur cathodes. Transmission electron microscopy and scanning transmission electron microscopy

images provide visible evidence that sulfur is well-encapsulated in the hollow void. Importantly, such anchored-core carbon nanostructures can

simultaneously serve as a physical buffer and an electronically connecting matrix, which helps to realize the full potential of the active materials.

Based on the many merits, carbon—sulfur cathodes show a high utilization of sulfur with a sulfur loading of 70 wt % and exhibit excellent cycling stability
(i.e., 960 mA h g~ after 200 cycles at a current density of 0.5 ).
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he lithium—sulfur (Li—S) battery is
believed to be a very prominent
candidate for next-generation high-
energy density rechargeable power systems
due to its high theoretical capacity, natural
abundance, and low cost of sulfur.'~* The
high capacity is based on the conversion
reaction of sulfur to form lithium sulfide by
reversibly incorporating two electrons per
sulfur atom, whereas only one or less than
one electron per transition metal ion can be
utilized in the insertion-oxide cathodes.
However, the high resistance of sulfur and
lithium sulfide, the inevitable shuttle effect,
and the self-discharge resulting from the
dissolution of polysulfide intermediates
along with the structure changes give rise
to low sulfur utilization, poor cycle life of
the sulfur cathode, and low Coulombic
efficiency.> "2
To address these issues, most efforts
focused on developing smart conductive
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porous materials and then immobilizing
sulfur to keep sulfur particles electrically con-
nected and limit polysulfide dissolution.'*'3
Exciting progress has recently been made in
trapping active material in electrically con-
ductive porous carbon since this concept
was first presented by Wang et al®'*'° A
pioneering work was carried out by Nazar's
group, in which ordered mesoporous carbon
was first used for sulfur encapsulation and an
initial specific capacity of ca. 1320 mAh g™’
can be reached.?® After that, various carbo-
naceous materials including carbon sheets,
hollow spheres, carbon nanotubes/fibers,
graphene, and some composites of the
above structures have been widely investi-
gated as quick cures for the problems de-
scribed above.?'*?

Hollow carbon spheres with a large interior
void and porous shell are eagerly expected
for the immobilization of the high amount
of starting active sulfur and polysulfides to
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suppress their dissolution into the liquid electrolyte.?>~2’

However, most studies show that sulfur was preferentially
accommodated in the porous shell rather than in the
interior space.'***~% The main reason lies in the absence
of strong adsorption potential in the interior, and thus no
great driving force could suck the active sulfur particles
passing through the porous shell and simultaneously
settle down the polysulfide intermediates. So, an impor-
tant concern is how to tactically engineer the structure of
hollow carbon nanospheres that allows for maximum
loading of sulfur in the hollow space and inhibition of
polysulfide dissolution while keeping good electrolyte
and lithium ion transport into the interior space.

In general, the micropore, presenting strong adsorp-
tion potential, has been demonstrated as the ideal
container for accommodating and immobilizing the
active material.>?* 3" Based on the fact that the S—S
bond length is in the range of 0.189—2.066 nm in sulfur
allotropes,®? the mesopore with a pore size smaller
than 3 nm can also work with the micropore to imbibe
sulfur and trap the disolved polysulfides by capillary
forces and can improve lithium ion and electrolyte
access.?>*3737 However, large mesopores and macro-
pores will not function in the trap polysulfide dissolu-
tion due to their open structures.>**”8 Hence, it is
supposed that a feasible way of getting the utmost out
of the present interior void of a hollow carbon sphere
is to properly place microporous media in the hollow
interior and create smaller mesopores in the shell.

Inspired by this idea, we designed hollow core—shell
interlinked carbon spheres through a solution synthesis
of the polymer followed by pyrolysis and self-deposition
in a hermetical silica shell. Different from the traditional
hollow spheres or core—shell structures, such hollow
core—shell interlinked carbon spheres consist of a
mesoporous carbon shell, a hollow void, and a micro-
porous carbon core locally anchored to the shell, which
are expected to be an ideal sulfur host to overcome
the shortage of Li—S batteries. With the desired result,
the carbon—sulfur cathodes show a high loading and
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utilization of sulfur and exhibit excellent cycling stability
(ie., 960 mA h g~ after 200 cycles at a current density
of 0.5 C).

RESULTS AND DISCUSSION

Several methods have been proposed to engineer
hollow carbon spheres with or without a core, but
core—shell interlinked carbon spheres with hollow
voids have never been developed. Such structures
were denoted as hollow core—shell interlinked carbon
spheres in this study and are abbreviated as CSC. The
CSC were synthesized by a solution synthesis of polymer
spheres followed by pyrolysis and self-deposition in
thesilica shell. Asillustrated in Figure 1, the formation of
hollow core—shell interlinked carbon spheres relied on
the reconfiguration of solid nanospheres to the hollow
core—shell structure aided by the hermetical silica shell.
Briefly, solid polymer spheres (SPS) were synthesized by
using resorcinol, formaldehyde, and 1,6-diaminohexane
as the precursors. If these polymer spheres were subject
to a direct pyrolysis, solid carbon spheres were obtained
(Figure 1, route 1). Instead, if the SPS were uniformly
coated by a layer of silica enclosing a hermetical nano-
space, during the pyrolysis process, polymer spheres
were transformed into the carbon core accompanied
by volume shrinkage, and the volatile carbonaceous
species were deposited in the hermetical silica shell
to form a layer of carbon/silica hybrid shell (Figure 1,
route 2). Meanwhile, the newly formed carbon core has
a higher surface energy, which exhibits a tendency to
incidentally condense and sinter in the inner surface of
the shell during temperature annealing, resulting in
a core—shell interlinked structure. As a result, the CSC
were obtained after etching the silica shells.

As seen in Figure 2a, the SPS are highly uniform with
a diameter of ca. 370 nm. A higher magnification trans-
mission electron microscopy (TEM) image (Figure 2b)
clearly demonstrates its solid and dense nature.
Subsequently, the SPS were coated with silica shells
using cetyltrimethylammonium bromide (CTAB) as

B Sio,
carbon

polymer

Figure 1. Schematic illustration of the synthesis of the hollow core—shell interlinked carbon spheres.
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Figure 2. TEM images of (a,b) solid polymer nanospheres, (c,d) polymer/silica nanohybrids (SPS@SiO,), and (e,f) carbon/silica

hybrids (CSC@Si0,).
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Figure 3. TG-MS measurements of the as-synthesized (a) SPS@SiO, and (b) SPS.

surfactant.***' In Figure 2c,d, TEM images of the ob-
tained polymer/silica nanohybrids (named SPS@SiO,)
show that each SPS is encapsulated by a silica shell
with a thickness of ca. 50 nm. After pyrolysis, the inner
polymer core was carbonized and the solid core—
shell SPS@SiO, was converted to hollow core—shell
carbon/silica hybrids with a void between the inner
core (diameter = ca. 220 nm) and the outer shell
(Figure 2e/). The thickness of the outer shell is ca.
65 nm, which is 15 nm thicker than SPS@SiO, due

SUN ET AL.

to the carbon deposition during the pyrolysis process.
For comparison, a control experiment, that is, direct
pyrolysis of SPS, was carried out, and the result shows
that solid carbon spheres (SCS) with a size of about
340 nm were obtained when there was no silica shell
(see Supporting Information Figure S1).

To investigate the role of the silica shell during the
pyrolysis process, the SPS and SPS@SiO, samples were
characterized by TG-MS under Ar to monitor the onset
of their thermal decomposition behavior (Figure 3). It is
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Figure 4. (a) SEM image, (b) TEM image, (c) high-resolution TEM image, (d) N, sorption isotherm and the pore size distribution

(inset), and (e) high-resolution SEM image of CSC.

worth noting that the MS measurement is only used to
qualitatively trace the volatile carbonaceous species,
and to be clear, all the MS data given in Figure 3 were
normalized. As seen from the TG curve of SPS@SiO,
(Figure 3a), the weight loss between 150 and 300 °C
corresponded to the CTAB decomposition.*’ Com-
pared to SPS, it can be seen from the TG-MS curves
that some volatile carbonaceous species (m/z =31, 42,
43, and 45)*? generated from SPS@SiO, are released
at a temperature greater than 300 °C, where the ones
generated from SPS release only at ~200 °C. It is
because the volatile carbonaceous species generated
from polymer decomposition are difficult to penetrate
through the hermetical silica shells to arrive at the
outer environment, as the silica shell is pressure-tight
until CTAB decomposition. As a consequence, the
majority of the volatile carbonaceous species deposit
on the silica framework to form a carbon/silica hybrid
shell. Meanwhile, the thermal constriction force tends
to push the carbonaceous core that is stripped from
the inner surface of the carbon/silica shell, giving rise
to a hollow void. That is, a solid to hollow core—shell
conversion occurred inside the hermetical silica shell
during the pyrolysis process, which is similar to the
Ostwald ripening process.*®

After the SiO, shells were etched by NaOH solution,
CSC were obtained. A large-area scanning electron
microscopy (SEM) image (Figure 4a) proved that the
carbon products have a uniform spherical morphology
with a total size of approximately 410 nm, larger than
the size (ca. 340 nm) of the SCS (Figure S1). Additional
TEM images in Figure 4b,c show that the obtained CSC
has a hollow void and, simultaneously, a carbonaceous
core. By comparing the sizes of CSC and CSC@SiO,, one
can observe that their cores and shells remain almost
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identical in size, ca. 220 and 60 nm, respectively. These
results, in turn, reveal that in the CSC@SiO, hybrids, the
inner cores contain a carbon nanosphere and the shells
comprise carbon and silica.

Nitrogen sorption measurement was further used
to analyze the porosity of the obtained CSC. As seen
in Figure 4d, the N, sorption isotherm reveals type-IV
hysteresis, indicating a mesoporous characteristic, which
suggests that the pores in the shell are accessible. The
adsorption isotherm exhibits a slight step at a relative
pressure (P/P,) of 0.14—0.32, which corresponds to a
pore size of 2.14 nm (inset in Figure 4d). The obtained
CSC have a high Brunauer—Emmett—Teller (BET) sur-
face area of 1038 m? g~ ', micropore surface area
of 719 m? g, and total pore volume of 0.69 cm® g~".
The higher resolution SEM image (Figure 4e) of nano-
spheres clearly shows mesopores on the surface of the
CSC, which also indicates the open pore structure of the
carbon shell. Such mesopores account for the ready
imbibition of sulfur into the carbon host.? Furthermore,
the cracked sphere in the SEM image (Figure S2) shows
the microporosity of the carbon core and void between
the core and shell, consistent with our original design.
However, unlike the CSC, the N, sorption isotherm of
the SCS in Figure S3, which is derived from the direct
pyrolysis of SPS, shows a type-I characteristic of a micro-
porous material, and a relative low BET surface area of
626 m? g~ " is determined.

Besides having abundant pore structures and high
surface area, another interesting feature of the CSC can
be observed. That is, as seen in Figure 4b, in the struc-
tures marked with a yellow dashed box, the curvatures
of spheres change to be relatively small, and the carbon
cores seem to be anchored to the shells, which look like
drupe fruit (Figure S4). For clarity, the TEM specimen of

voL.9 = No.8 = 8504-8513 = 2015 ACNJANIC)

WWww.acsnano.org

8507



Figure 5. (a—c) TEM images of CSC with the sample holder tilted to —40, 0, and -+40° by rotation around the axis of the holder.

(d) lllustration of the TEM specimen holder tilting process.

CSC was carefully tilted by rotation around the axis of
the holder to +40° and —40°, as illustrated in Figure 5.
The TEM images with multiple views reveal that, though
the cores look like they are “floating” inside, the core is
indeed attached to the shell (Figures 5 and S5). To gain
further insight on the formation mechanism of such
a structure, the CSC@SiO, hybrid sample was also
characterized by tilting the TEM specimen. As seen in
Figure S6, the cores of the CSC@SiO, hybrids are also
observed to be attached to the shell. These results
further revealed that such “anchoring” of the carbon
core to the inner surface of the shell took place during
pyrolysis. During the SiO, etching process, a capillary
pressure gradient is built in the interface of the core and
shell, which is able to increase the contact surface area,
resulting in the curvature reduction of the contact part
of the carbon shell; as a consequence, the carbon with
the most stable structure is spontaneously generated.
This is the first observation of the one-step formation of
a drupe-like nanocarbon in which the core is anchored
on the interior surface of the shell.

The unique structure of CSC makes it a favorable
substrate for accommodating and immobilizing the
sulfur. A carbon—sulfur hybrid (CSC-S) was synthesized
by a simple melt infiltration method. In the liquid
state, sulfur can penetrate into the inner void through
the outer porous shell. During the cooling process,
the liquid sulfur solidifies and then is immobilized into
the carbon matrix at room temperature. SEM and
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energy-dispersive X-ray (EDX) of CSC-S showed that
no large sulfur particles were observed, and sulfur was
homogeneously distributed in the nanocomposite by
elemental mapping of carbon and sulfur (Figure S7).
TEM and scanning transmission electron microscopy
(STEM) images (Figures 6a,b and S8) showed that
the CSC-S maintains a spherical morphology without
distinguished hollow structure compared with CSC,
where only a darker carbon core can be observed in
a higher resolution TEM image (Figure S8). The above
observations demonstrated that sulfur was well-
encapsulated by the hollow core—shell structure. These
results provided visible evidence that the core—shell
interlinked structure effectively immobilized the sulfur
inside the carbon matrix even under the strong elec-
tronic beam and ultrahigh vacuum of STEM. The sulfur
content of 70 wt % (CSC-S-70) was confirmed by
thermogravimetric analysis (TGA) (Figure 6¢). Moreover,
as seen from the TG curves, CSC-S-70 has a sulfur vaporiz-
ing temperature higher than that of the pure sulfur
powder due to the enhanced interaction between the
carbon matrix and sulfur.

The excellent penetration and confinement of the
sulfur can be attributed to the capillarity interaction
of liquid sulfur and the mesopores with the small
size of ~2.14 nm** on the carbon shell; meanwhile,
the micropore carbon cores inside the hollow structure
possess high adsorption potential for sulfur.5>"*> Thus,
this unique structure of the CSC-S composite not only
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Figure 6. (a) TEM and (b) STEM images of CSC-S-70. (c) TGA curves of sulfur and CSC-S-70 in argon flow. (d) Galvanostatic
discharge—charge profiles and (e) rate capabilities of CSC-S-70. (f) UV—vis spectra and associated color changes of a
polysulfide solution before and after exposure to the CSC and HMC adsorbents.

enables the full utilization of the void but also renders
the intimate contact of sulfur and carbon, which can
facilitate the transportation of ions and help realize the
full potential of the carbon—sulfur composite electrode.

The CSC-S-70 hybrid was then assembled into Li—S
batteries to test its electrochemical performance.
The capacity values are calculated on the basis of sulfur
mass, unless otherwise stated. Typical discharge—charge
voltage profiles of CSC-S between 1.7 and 2.8 V are
presented in Figure 6d. The discharge curve at 0.5 C
rate shows two plateaus around 2.3 and 2.1 V, which is
the typical two-plateau behavior of sulfur cathodes.*®
At a 0.5 C rate, the CSC-S-70 cathode exhibits an initial
discharge capacity of 1100 mAh g~ '. The correspond-
ing capacity per electrode and area capacity were
577.5 MA h gadcrode (based on the total mass of CSC-S-
70, conductive carbon and binder) and 1.1 mA h cmg i,
respectively, which are comparable with recent reports
on Li—S batteries.’®47*% After 10 cycles at 0.5 C, the
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CSC-S-70 electrode exhibits capacities of 950 and
860 mA h g~ ' at 1.0 and 2.0 C, respectively, indicative
of good rate performance and high stability. The rate
capabilities of CSC-S-70 are shown in Figure 6e. The
discharge capacity steadily changes as the current rates
increase from 0.5 t0 6.0 C. A capacity of ca. 700mAh g™
is obtained for CSC-S-70 at 6.0 C, and the cell recovers
to almost the original 0.5 C capacity level, indicating
the stability of such a unique nanocarbon cathode.
The high capacity retention and Coulombic efficiency
in CSC-S cathodes suggest that the microporous carbon
core and mesoporous carbon shell play an important
role in retarding polysulfide dissolution.

The performance of the CSC to trap polysulfide
is shown in Figure 6f by comparing it with hollow
mesoporous carbon spheres*® without a microporous
carbon core (HMC). The UV—vis spectra demonstrated
that CSC can adsorb roughly twice as much polysulfide
as the HMC. The color of the polysulfide solution also
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Figure 7. Cycling performance of CSC-S-70 at a current density of 0.5 and 4.0 C (1C=1675mA g~ ").

becomes much lighter after exposure to CSC (Figure 6f),
further indicating the significant polysulfide adsorption
ability of CSC nanostructures due to their small mesopore
on the shell and the micropore carbon core. This result
is in agreement with the reported literature that micro-
pores can enhance the adsorption of polysulfides.>* As
discussed, the carbon host can not only immobilize the
sulfur but also mitigate the diffusion of polysulfide.

Furthermore, different cycle behaviors evidently
demonstrate the structural advantage of the hollow
core—shell interlinked carbon spheres for sulfur im-
mobilization. The CSC-S-70 electrode also possesses
excellent cyclic stability (Figure 7). After continuous
cycling for 200 cycles at a current density of 0.5 C,
areversible discharge capacity as high as 960 mAh g™
is retained. When the current rate is switched from
0.5 to 4.0 C at the 20th cycle, the capacity remained
at a value of ca. 730 mA h g~ after another 180 cycles.
To our knowledge, the electrochemical properties
achieved in the CSC-S-70 are superior to that of the
most reported porous carbons (Table S1), including
hollow carbon spheres, carbon nanofibers, mesoporous
carbon spheres, and so on.3**°~2 Importantly, CSC-S
electrodes also show significant capacity with increas-
ing sulfur content in the cathodes. For instance, by
increasing the sulfur ratio to 85 wt % (TG result in
Figure S9) in the carbon—sulfur hybrid (CSC-S-85),
the initial capacity of the sample still remained ca.
890mAh g~ at 0.4 C.In addition, the discharge capaci-
ties still remain with 720 and 590 mA h g~ at 0.4 and
3.2 C after 200 cycles, respectively (Figure S10).

Such good electrochemical performance of the CSC-S
hybrid may be attributed to the easy electronic/ionic
transport. Compared to the solid carbon spheres or
hollow mesoporous spheres, the hollow core—shell
carbon spheres concurrently have a mesoporous shell,
a hollow void, and a microporous core, which greatly

METHODS
Materials. Resorcinol (99.5%), formaldehyde (37 wt %),

1,6-diaminohexane (DAH, 99.0%), CTAB (99%), and tetraethyl
orthosilicate (TEOS) were supplied by Sinopharm Chemical

SUN ET AL.

shortens the diffusion distance of Li ions and enhances
the electrical conductivity. In addition, as depicted in
Figure S11, after 200 cycles, the hollow core—shell
structure of the carbon host still remained well-defined,
indicating that CSC allow sulfur to alleviate its mechan-
ical strain without forming cracks and pulverization
upon lithiation/delithiation, which accounts for the
outstanding cycle stability of CSC-S cathodes. One can
envisage that the performance of CSC-S with high sulfur
loading can be further promoted by incorporating
heteroatoms (e.g., nitrogen doping) '®>> or metal oxide>*>>
into the structure for chemical adsorption of poly-
sulfides. Thus, the CSC-S battery with high areal sulfur
loading will be promising in practical applications
requiring high energy density.>®

CONCLUSIONS

A new type of hollow core—shell carbon sphere has
been synthesized. This new carbon nanoarchitecture
concurrently has three interconnected parts: a meso-
porous shell, a hollow void, and a microporous core
anchored to the shell, which is very useful to confine
sulfur-active materials. A significant improvement not
only in the active material utilization but also in capacity
retention can be observed. The microporous carbon
core anchored on the shell decreases the internal
charge transfer resistance and localizes the soluble
polysulfides, facilitating a stable cycle performance.
The carbon—sulfur cathodes show a high utilization of
sulfur with a desirable loading of 70 wt % and exhibit
excellent cycling stability, that is, 960 mA h g~ after
200 cycles at a current density of 0.5 C. Furthermore,
such a carbon—sulfur composite electrode still has
excellent cycle stability and rate capability with increas-
ing sulfur content to 85 wt %. We believe our results
will provide an impetus to exploit new structures and
candidates for high-performance Li ion batteries.

Reagent Co., Ltd. All chemicals were used as received without
any further purification.

Synthesis of Solid Polymer Nanosphere and Solid Carbon Nanosphere.
SPS were prepared according to a modified method reported by
our group.39 Typically, resorcinol (2 mmol) was first dissolved in
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deionized water, and then formaldehyde (37 wt %) (4 mmol)
was added to form a clear solution at the initial reaction
temperature of 28 °C. After the addition of DAH (0.5 mmol),
the clear solution became a white colloid within a minute and
stirring was continued for 30 min. Fifty microliters of ammonia
was then added to this solution. The resultant solution was
further heated to 80 °C for another 4 h. Then, the polymer
products were purified three times with water by centrifugation
at a speed of 8000 rpm. SCS were obtained by pyrolyzing SPS at
900 °C for 2 h under argon flow.

Synthesis of Hollow Core—Shell Carbon. To produce the silica
coating, SPS were stirred with ethanol and deionized water
mixed with an aqueous ammonia solution. Subsequently, a
CTAB solution was added to the latex while stirring for 30 min.
This solution was vigorously stirred for a further 30 min before
TEOS was added, and the stirring continued for 16 h at room
temperature. The SPS@SiO, was washed, dried, and then
pyrolyzed at 900 °C for 2 h under an argon flow to obtain
CSC@Si0,. CSC were obtained using 1.875 M NaOH alcohol—
water (the volume ratio of alcohol to water was 1:3) solution to
treat the CSC@SiO, at 50 °C for 24 h. EDX analysis showed no
silica signal, indicating that the silica had been etched off.

Synthesis of Carbon—Sulfur Hybrids. The as-prepared carbon
products and sulfur were ground together, heated to 155 °C
in a sealed vacuum tube, and kept there for 20 h to facilitate
sulfur diffusion into the carbon host. Then, the hybrid was
washed using alcohol—carbon disulfide (the volume ratio of
alcohol to carbon disulfide was 9:1) solution to clean the sulfur
deposited on its outside surface.

Adsorption of Lithium Polysulfide. Lithium polysulfide (Li,Se)
was synthesized according to the literature. Typically, the
stoichiometric amounts of sulfur (S) and lithium sulfide (Li,S)
with a molar ratio of 5:1 were dissolved in tetrahydrofuran by
being magnetically stirred at room temperature under an argon
atmosphere, yielding a burgundy solution.

The adsorption ability of the hollow CSC and HMC on lithium
polysulfide was investigated by UV—vis spectroscopy. Typically,
100 mg of each carbon host was placed in 10 mL of Li,Se
solution (10 mM), and the mixture was stirred for 15 min. The
concentration of residual lithium polysulfide in the solution was
determined by UV—vis adsorption at 415 nm. The adsorption
capacity was calculated by the following equation:

adsorption capacity (g/9) = [(Co — C)l x V x Ml/m

where C, is the molar concentration of Li,S¢ solution before
adsorption; C, is the molar concentration of Li,Se solution after
adsorption; V is the volume of the Li,Se solution used in the
adsorption test; M is the molar mass of Li,Se; and m is the mass
of adsorbent.

The adsorption capacities of Li,S¢ on CSC and HMC are
about 0.15 and 0.10 g/g, respectively.

Electrochemical Characterization. Electrochemical experiments
were performed using CR2025 coin-type test cells assembled
at room temperature in an argon-filled glovebox with lithium
metal as the counter electrode. The cathode for the Li—S
batteries was prepared by mixing 75 wt % of the carbon—sulfur
hybrid, 15 wt % conductive carbon, and 10 wt % LA133 in water
to form a slurry. Subsequently, the slurry was pasted onto a
carbon-coated aluminum foil, and a Celgard 2400 membrane
was used as the separator to isolate electrons. The loading
capability of sulfur in the cathodes was about 1.0 mg cm™2
The electrolyte was 1 M bis(trifluoromethane)sulfonimide
lithium salt that was dissolved in a mixture of 1,3-dioxolane
and dimethoxymethane (1:1 by volume) with 2 wt % LiNO3 as an
additive. Twenty microliters of electrolyte was used to construct
each Li—S cell. The density, p, of the electrolyte is ~1.1 g cm 3.
So the mass of the electrolyte is 22 mg. As a result, the E/S ratio
is ca. 22, which is lower than that in most reported works.*#>”
The discharge—charge measurements were conducted in the
voltage range of 1.7—2.8 V using a Land CT2001A battery test
system.

Characterization. SEM and EDX were carried out with a FEI
Nova NanoSEM 450 instrument. TEM analyses were carried out
with a FEI Tecnai G220S-Twin instrument operating at 200 kV.
STEM was performed with a FEI Tecnai F30 electron microscope.
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The samples for TEM and STEM analyses were prepared by
dropping an ethanol droplet of the products on carbon-coated
copper grids and drying at room temperature. The nitrogen
sorption isotherm was measured with a Micromeritics ASAP
2020 adsorption analyzer at 77 K. Before the measurements,
all samples were degassed at 200 °C for 6 h. The specific surface
areas (Sger) were calculated from the adsorption data in the
relative pressure range of 0.05—0.3 using the BET method.
Pore size distributions were determined from the adsorption
branch of the isotherm using density functional theory. The
total pore volume (Vi) Was estimated from the amount
adsorbed at a relative pressure of 0.99. TG-MS was conducted
on a STA 449 F3 (NETZSCH) thermogravimetric analyzer
coupled with an OmniStar GSD 320 mass spectrometer, under
an argon flow with a heating rate of 10 °C min™". The adsorp-
tion performance of lithium polysulfide was measured using a
UV—vis spectrophotometer.
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