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ABSTRACT For lithium—sulfur batteries, commercial applica- Shell:
. . . . . Microporous
tion is hindered by the insulating nature of sulfur and the dissolution Micropore ‘ Carbon/s, ,
of the reaction intermediates of polysulfides. Here, we present an Carbon Core:
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ordered meso-microporous core—shell carbon (MMCS) as a sulfur
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container, which combines the advantages of both mesoporous and
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porous structure, the “core” promises a sufficient sulfur loading and
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a high utilization of the active material, while the “shell” containing 2 a0 &0 80 100

Cycle number

microporous carbon and smaller sulfur acts as a physical barrier and

stabilizes the cycle capability of the entire S/C composite. Such a S/MMCS composite exhibits a capacity as high as 837 mAh g~ at 0.5 C after 200 cycles with
a capacity retention of 80% vs the second cycle (a decay of only 0.1% per cycle), demonstrating that the diffusion of the polysulfides into the bulk
electrolyte can be greatly reduced. We believe that the tailored highly ordered meso-microporous core—shell structured carbon can also be applicable for

designing some other electrode materials for energy storage.
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smaller sulfur molecules

he lithium—sulfur (Li—S) recharge-
Table battery has a theoretical energy
density as high as 2600 Wh kg™ ',
promising a revolutionary advantage as
the next-generation energy storage system.
However, the realization of practical appli-
cation is still hindered by the low capacity
release of S and the severe capacity fading
over cycling."™ The low sulfur utilization
is generally caused by the insulating nature
of S (5 x 107285 m™"), while the poor cycle
stability is mainly due to the high dissolubil-
ity of the reaction intermediates of lithium
polysulfides (Li>S,, 4 < x < 8).°~7
In order to overcome the hurdles in Li—S
battery technology, various approaches
have been proposed to enhance the actual
capacity and the cycle stability of the sulfur
cathode.®~'® Among them, the most widely
used method is to compose sulfur with
various carbon matrices, which can interact
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with various atoms, ions, molecules, or even
larger guest species through the whole
internal porous system.'® 2" Because of
the close contact between sulfur and con-
ductive host and the sorption property
of the nanostructured carbon, the electronic
conductivity of the sulfur composite is
greatly enhanced, and the diffusion of the
dissolved polysulfides in the electrolyte
is also suppressed effectively, leading to a
remarkably improved sulfur utilization and
cycle stability. The pioneering work was car-
ried out by Nazar's group in 2009,%2in which a
typical ordered mesoporous carbon, CMK-3,
was used to encapsulate sulfur molecules
to improve the utilization of active mate-
rial and restrain the shuttle effect caused by
the polysulfide species. After that, various
carbonaceous materials have been investi-
gated as the conducting and confining hosts,
such as ordered/disordered mesoporous,?>~2*
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microporous carbon,? 2" hollow carbon spheres,?®~3°

carbon nanofibers,®' 3* graphenes,** 3 and some
composites of the above structures.?*—*3

In general, to achieve an ideal electrochemical per-
formance, the carbon host for the sulfur composite
should meet the following requirements: (1) high
electrical conductivity to ensure an efficient conduc-
tive network in the sulfur cathode; (2) large pore
volume to obtain a high maximum sulfur loading;
(3) hierarchical interconnected micro/mesopores to
accommodate the sulfur species and suppress the
diffusion of the dissolved polysulfides to the bulk
electrolyte, and meanwhile to favor the infiltration of
the electrolyte to ensure fast transport of Li ions during
the redox process; (4) robust mechanical properties
to endure the volumetric change of the electrode
during the lithiation/delithiation reaction. Although
many kinds of carbonaceous materials have been
designed to confine sulfur species, no one can com-
pletely meet all the above requirements. Some contra-
dictions always exist between the energy density and
the electrochemical performance. For example, many
S/C composites show a very high specific capacity
(>1000 mAh g~ "), but most of them usually provide a
low sulfur content.*>#4=%6 The higher the sulfur utiliza-
tion, the lower the sulfur content is. A similar incon-
sistency also happens between the sulfur loading and
the cycle stability. Low sulfur content greatly reduces
the overall volumetric capacity and energy density of
the cathode. It seems that a simply structured carbon
host cannot bring both high sulfur loading and good
electrochemical performance.

Mesoporous carbon is widely used as sulfur host.
It can afford a high sulfur loading, but the cycle stability
is always poor because the S nanofillers in mesopores
are still accessed by organic liquid electrolyte solvents
so that the dissolution cannot be suppressed effec-
tively, especially during long cycles."®*” Some poly-
mers have been used as surface coating layers to
restrain the dissolution of the polysulfides.*®*>° How-
ever, the improvement of cyclability in the polymer@
S/C composites reported is not sufficient enough for
application. Moreover, most of the additional polymer
coatings are electrochemically inert, which reduce
the overall volumetric capacity and energy density of
the sulfur cathode. Using microporous carbon as sulfur
supporter is helpful to get an impressive cycling sta-
bility. Guo et al. have proved that, if the pore size is
less than 0.5 nm, sulfur exists as smaller chainlike
S,_, molecules due to the space limitation.?® Thus,
the higher order polysulfides that can dissolve into the
electrolyte would not be formed during discharging—
charging process. Although the sulfur composite cath-
ode based on microporous carbon gives a significantly
improved cycling stability, the sulfur loading is always
limited (~40 wt %), and the discharging plateaus is low
(~1.85 V) due to the “solid—solid” process,** leading to
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arelatively lower energy density of the S/C composites.
Therefore, neither mesoporous carbon nor micro-
porous carbon can afford an ideal sulfur cathode
separately. If we combine these two kinds of carbons
together to fabricate a hierarchical nanoarchitecture,
their individual intrinsic advantages can be taken
perfectly.

Here, we demonstrate a hybrid nanoarchitecture
with highly ordered meso-microporous core—shell
carbon (MMCS) as sulfur container. Such a core—
shell-structured carbon inherits the natures of both
mesoporous carbon (mesoC) and microporous carbon
(microC), showing a large pore volume and highly
ordered porous structure. The “core” promises a suffi-
cient sulfur loading and a high utilization of the active
material; the “shell” not only acts as a physical barrier
to stabilize the cycle life but also enhances the rate
capability of the whole composite cathode.

RESULTS AND DISCUSSION

The synthesis process of MMCS is illustrated in
Figure 1a. Previous studies have proven that sulfur
particles can be filled into the micropores readily via
the melting—diffusion route.>?® Here we presume
that, in the liquid state, sulfur can penetrate into the
inner mesopores through the outer microporous shell.
During the cooling process, the liquid sulfur solidifies and
then is confined into the inner mesopores at room
temperature. Figure 1b demonstrates the structural ad-
vantages of the S/MMCS composite. The microporous
carbon shell loads smaller S,_, molecules and acts as a
strong barrier to suppress the diffusion of the dissolved
polysulfides from “core” to bulk electrolyte. The S, ,
molecules are much more stable than Sg during cycling.

Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images of MMCS are shown in
Figure 2a—c. Unlike the traditional mesoC (Figure 2d,e),
an additional carbon shell with a thickness of 80—
100 nm can be clearly identified as dark sheath on the
MMCS particles (marked in Figure 2a), showing a
microporous structure (Figure 2c). Since molecular
sieve SBA-15 was applied as hard template, the meso-
porous core of MMCS has the same highly ordered
structure as CMK-3, which can be clearly observed in
Figure 2b. The small-angle X-ray diffraction (SAXRD)
patterns (Figure 2f) also verify the inner highly ordered
structure of MMCS. A joint curve of types | and IV
nitrogen adsorption/desorption isotherms further con-
firm the micromesoporous hybrid structure of MMCS
(Figure S1, Supporting Information), consistent with
the TEM observations. The calculated Brunauer—
Emmett—Teller (BET) surface area and total pore vol-
ume are 1013 m? g~ ' and 1.26 cm® g~ ', respectively.
The theoretical maximum loading of sulfur is 72 wt %
based on the density of S (2.07 g cm ™).

Pure microC and mesoC were synthesized for com-
parison. All of the carbon samples were attained with
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Figure 1. (a) Schematic for preparation of highly ordered meso-microporous core—shell (MMCS) carbon and sulfur/carbon
composite. (b) Schematic of the mesoC/Sg-microC/S,_,; core—shell structure.
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Figure 2. TEM and HRTEM images of (a—c) MMCS and (d, €) mesoC. (f) SAXRD patterns of MMCS, mesoC (CMK-3) and mesoporous

SiO, (SBA-15).

the same precursor and carbonization temperature to
ensure that they have almost same degree of graphi-
tization, which has been proved by XRD and Raman
results (Figure S2, Supporting Information). Therefore,
the electrochemical performances of the S/C compo-
sites should be mainly determined by the characteristic
of the carbon structures. Parts a—c of Figure 3 show
typical scanning electron microscopy (SEM) images of
mircoC, mesoC, and MMCS. The microC spheres are of
about 1 um in size with a smooth surface. For mesoC,
the porous structure can be clearly observed from the
exposed surface. From a broken particle of MMCS, we
can see that the designed microporous shell surrounds
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the mesoporous core (Figure 3c). The XRD patterns
of the S/microC, S/mesoC, and S/MMCS composites are
shown in Figure S3 (Supporting Information). No sulfur
diffraction peaks are observed in all three samples,
indicating that S particles are well confined within the
carbon structures. Parts d—f of Figure 3 show the SEM
images of the three composites. Both S/microC and
S/MMCS resemble the particles before sulfur loading.
The S/mesoC shows a smooth surface after sulfur
loading, indicating that the sulfur particles are well
filled into the mesopores. Determined by thermogravi-
metric analysis (TGA), the S contents are 30.1, 65.8,
and 60.6 wt % for S/microC, S/mesoC, and S/MMCS,
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Figure 3. SEM images of (a) microC, (b) mesoC, (c) MMCS, (d) S/microC, (e) S/mesoC, and (f) S/MMCS. TG curves of (g) S/microC,

(h) S/mesoC, and (i) S/MMCS.

respectively (Figure 3g—i. S/microC has a higher sulfur-
vaporizing temperature than S/mesoC because the
interaction between the carbon matrix and sulfur in
the micropores is stronger than that in the mesopores.
For S/MMCS, the sulfur evaporation shows two steps,
corresponding to the S-confining process within meso-
and micropores.

The distribution of sulfur in S/MMCS was further
verified by TEM and energy-dispersive X-ray spectros-
copy (EDX). The TEM images (Figure 4a,b) reveal that
S/MMCS still maintains the core—shell structure, but
the contrast of the image becomes darker due to the
sulfurimpregnation. As shown in Figure 4¢,d, the linear
EDX elemental distributions of S and C confirm that
(1) MMCS has a well-fabricated core—shell structure,
in which the microporous shell has a higher density
of carbon than the inner mesoporous core, and (2) the
distribution of S is contrary to C, i.e., the mesoporous
core contains more sulfur than the outside shell. a
typical SEM image of the S/MMCS electrode film is
shown in Figure S4 (Supporting Information). We can
see that the particles after milling and roll pressing still
keep almost the same morphology as the as-prepared
sample, indicating that the microporous carbon shell is
mechanically rigid enough to avoid breakage.

To accurately evaluate the influence of the carbon
microstructure on the electrochemical behavior of
sulfur, the S/microC, S/mesoC, and S/MMCS electrode

. a3 J*"ﬁﬂu*.ﬁ s
_Paf“# \

4 o °
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Position (nm)

Figure 4. (a, b) TEM images and (c) dark field TEM image of
S/MMCS; (d) the linear EDX element distributions of S and C
along the arrow line of (c).

films were made by the same process. Considering
that the activation phenomenon always appears in the
first cycle, we chose the second cycle voltammetry (CV)
curves of the S/microC, S/mesoC and S/MMCS cath-
odes for comparison to reveal the stable redox behav-
iors of the electrode materials (Figure 5a—c). Both
S/microC and S/mesoC show their typical electrochemi-

cal features, which are similar to the previous studies:>>°
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Figure 5. Comparison of the CV curves and voltage profiles at 0.2 C of (a, d) S/mesoC, (b, €) S/MMCS and (c, f) S/microC in the

voltage range of 3.0—1.0 V vs Li*/Li.

at a voltage of 3.0—1.0 V, S/microC shows a pair of wide
redox peaks, while S/mesoC shows two reductive peaks
and one oxidative peak, and there is no obvious reduc-
tion peaks in the voltage region of 1.5—1.0 V. For
S/MMGS, it is interesting that three peaks appear at
about 2.3,2.0,and 1.7 V (vs Li*/Li) in the cathodic reduc-
tion process. The two peaks at 2.3 and 2.0 V correspond
to the reduction of Sg molecule in the mesoporous core
from Sg to higher order polysulfides (Li,S,, 4 < x < 8) and
then to lower order lithium sulfides (such as Li5S,, Li,S).
The 1.7 V peak is related to the reduction of smaller
sulfur molecules confined within the microporous shell
(from S,_4 to Li>S,/Li>S). Because of the solid—solid
process, the transformations from S,_4 to Li,S,_4 and
from Li,S,_4 to Li,S,/Li,S cannot be separated clearly in
the CV curves, and the resistance of the “solid—solid”
process is relatively higher.*” Thereby, the “solid—solid”
electrochemical reactions from S,_, to Li,S,_4 and from
Li,S,_4 to Li,S,/Li,S in the micropores show as a single
reduction peak at a lower potential (1.7 V) in the CV
curves. In the subsequent anodic process, two oxidation
peaks are observed at 2.1 and 2.6 V, which are attributed
to the conversion of lithium sulfides to sulfur in micropores
and mesopores, respectively. The typical redox peaks
of S/mesoC, S/MMCS, and S/microC are all in agreement
with their own galvanostatic charge—discharge curves

LI ET AL.

(Figure 5d—f). S/IMMCS has three discharge plateaus,
corresponding to the lithiation processes of sulfur in
mesopores and micropores, respectively.

Figure 6a shows the cyclability for the three kinds
of C/S cathodes. Different cycle behaviors evidently
demonstrate the structural advantage of the meso-
micropore core—shell carbon for sulfur capture. After
the initial two cycles of activation and stabilization, the
discharge capacities in the third cycle are 1123 (739),
1071 (322), and 1212 (734) mAh g ' for S/mesoC,
S/microC, and S/MMCS, respectively (the normal capac-
ity values are calculated on the sulfur mass; the ones
in parentheses are based on the total mass of the
S/C composite). Considering the total capacity of the
composite is more important for the energy density,
S/mesoC and S/MMCS, with higher S loadings and higher
overall capacities, are more attractive than S/microC
for practical applications. But after 100 cycles, the capac-
ity of S/mesoC decreases to 552 (363) mAh g’1, which is
only 49% of that in the third cycle, indicative of a high dis-
solution of polysulfides. On the contrary, the cycle stability
of S/MMCS is almost as good as S/microC; it maintains
a high capacity of 1014 (615) mAh g~ after 100 cycles,
about 80% capacity retention vs the third cycle. Even
cycled at a higher current density of 0.5 C, the S/MMCS
cathode delivers a capacity of 1037 (627) mAh g™ " at the
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Figure 6. (a) Cycle performances of S/MMCS, S/mesoC, and S/microCat 0.1 C, (b) ,ycle performance, (c) voltage profiles during
cycling at 0.5 C, and (d) rate capacities at various C-rates of S/MMCS in the voltage range of 3.0—1.0 V vs Li'/Li. Inset of
(d) shows the discharge voltage profiles at the current densities from 0.1 to 2 C.

second cycle and maintains 837 (506) mAh g~ ' after

200 cycles with capacity retention of ~81% (a decay of
0.1% per cycle) and high coulombic efficiency up to 95%.
The high capacity retention and coulombic efficiency in
S/MMCS suggest that the microporous carbon shell plays
an important role in retarding polysulfide dissolution.
What's more, the carbon shell may also increase the reac-
tion kinetics between lithium and sulfur. Figure 6d pre-
sents the rate capability of S/MMCS. The cell made from
S/MMCS shows a discharge capacity of 1182 (715), 1038
(628), 930 (563), 840 (508), and 605 (366) mAh g~ at 0.1,
0.2,0.5, 1, and 2 G, respectively. When the current density
is tuned back to 0.1 C, a reversible capacity of 1105 (669)
mAh g~ is achieved, indicative of good rate performance
and high stability. The inset of Figure 6d shows the typical
discharge profiles of S/MMCS at various current den-
sities from 0.1 to 2 C in the potential range of 3.0—1.0 V.
Three plateaus are observed in the discharge curves,
corresponding to the typical electrochemical behaviors
of Sg/mesoC and S,_4/microC composites.

To further understand the electrode reaction mech-
anism of the high-performance S/MMCS electrode, we
performed X-ray photoelectron spectroscopy (XPS)
and analyzed the S 2p spectra of the as-prepared
S/mesoC and S/MMCS samples. In Figure 7a,b, the
XPS results show that sulfur molecules confined within
mesopores and micropores have different chemical
status. The characteristic S 2p peaks of S/mesoC are
in good agreement with Sg molecules. For S/MMCS,
the outer shell of S/microC shows two more peaks at
168.2 and 169.1 eV, revealing the existence of smaller
S,_4 molecules in the microporous carbon shell.*”

LI ET AL.

Different from S/mesoC that exhibits a “solid-liquid-
solid” reaction mechanism, S/microC shows a “solid—
solid” reaction mechanism with no any soluble poly-
sulfides generated,”®”" as seen in Figure 7c,d. There-
fore, if S/microC is employed as the physical barrier
outside the S/mesoC, the soluble polysulfides can
be totally enclosed within the carbon matrices, and
hence, the cycle stability is greatly improved. Figure S5
(Supporting Information) compares the digital photos
of the cathode electrode films and Li metal electrodes
of S/mesoC, S/microC, and S/MMCS. It can be clearly
observed that, in the S/mesoC cathode, orange poly-
sulfides can be easily dissolved into the organic elec-
trolyte solvent after only a few cycles and then diffused
to the anode side, whereas for S/MMCS, benefiting
from the physical barrier of the S/microC shell, the dis-
solution of polysulfides can be well restrained during
cycles.

CONCLUSIONS

In summary, we have successfully synthesized a
high-performance sulfur cathode via confining sulfur
within a highly ordered meso-microporous core—shell
carbon. This novel composite inherits the advantages
of both highly ordered mesoporous carbon and
microporous carbon. The mesoporous carbon “core”
with high pore volume and highly ordered conductive
channels can load adequate sulfur and facilitate com-
plete redox reaction of the active material, while the
microporous carbon “shell” with a strong adsorbing
ability of polysulfides can maintain a stable cycle life. The
S/MMCS composite exhibits a stable cycle performance
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similar to S/microC without sacrificing sulfur loading,
demonstrating that the diffusion of the polysulfides
into the bulk electrolyte can be greatly reduced by the
microC shell. Due to the availability of fabricating
microporous carbon layers on the surface of meso-
porous carbon via the above method, we believe that

EXPERIMENTAL SECTION

Preparation of MMCS, MesoC, and MicroC. Highly ordered meso-
porous SiO, (SBA-15) was prepared according to the previous
report.>> MMCS was fabricated by a modified nanocasting and
surface-coating method. In a typical synthesis, 1.0 g of white
powder of SBA-15 was ultrasonically dispersed into 5 mL
f aqueous solution containing 1.25 g of sucrose and 0.14 g of
H,S0, in a glass beaker; the beaker was put into an oven and
heated successively at 100 °C for 8 h and at 160 °C for another
8 h in air. The obtained brown powder was dispersed into 5 mL
of aqueous solution containing 0.8 g of sucrose and 0.09 g
of H,SO, and then treated repeatedly as the above heating
procedures. After that, 2.0 g of as-synthesized composite was
dispersed in 100 mL of 1 mol L™' H,S0, containing 20 g of
sucrose in a flask and refluxed at 120 °C for 24 h. The product
was collected, dried at 80 °C, and carbonized at 900 °C for 5 h at
Ar atmosphere. Finally, pure MMCS carbon was obtained by
immersing the composite in a 10% hydrofluoric acid solution for
2 days to completely remove the SBA-15 template. For compar-
ison, mesoC was fabricated by a classical nanocasting method
with SBA-15 as hard template and sucrose as the carbon source.>®
MicroC was prepared by a hydrothermal method using sucrose
as carbon source.>* Both mesoC and microC were carbonized by
the same procedure as MMCS.

Preparation of S/MMCS, S/MesoC, and S/MicroC composites. The S/MMCS
composite was synthesized by a melting—diffusion strategy. Sulfur
(0.6 g) was well mixed with 0.2 g of MMCS. The mixture was sealed
in a Teflon pot and heated at 155 °C for 12 h. Then the composite
was heated at 200 °C for 4 h under N, atmosphere to remove the
sulfur outside of the porous carbon structure. After cooling

LI ET AL.

this strategy can inspire some other related novel
materials with multilayers and hierarchical porous
structures, which have great potential applications
not only in energy conversion and storage but also
in catalysis, adsorption, separation, drug delivery, sensors,
and so on.

to room temperature, the S/MMCS composite was obtained.
The S/mesoC and S/microC composites were synthesized by
the same method.

Characterization. XRD patterns were collected on X-ray pow-
der diffraction (PANalytical X'pert PRO-DY2198, Holland) using
Cu Ko radiation (4 = 0.15406 nm). SEM images were observed
with Sirion 200 (FEI, Holland). TEM observation and the linear
EDX elemental distribution were carried out with Tecnai G2 F30
(FEI, Holland). Raman spectra were measured by LabRAM HR800
(Horiba Jobin Yvon). Nitrogen sorption isotherms were ob-
tained at —196 °C (77 K) with an ASAP 2020 (Micromeritics,
US). The BET surface area was calculated from the adsorption
data. The pore size distribution was calculated by the density
functional theory (DFT) method from the adsorption branches
of the isotherms. XPS measurements were performed on
a Kratos Analytical spectrometer (AXIS ULTRA DLD-600W) using
Al Ko (1486.6 eV) X-ray source. Sulfur contents of the carbon—
sulfur composites were confirmed by TGA (PerkinElmer TGA7)
in an Ar atmosphere with a heating rate of 10 °C min™' from
room temperature to 600 °C.

Electrochemical Measurements. To make the cathode, 80 wt %
carbon/sulfur composite material, 10 wt % Super-P conductive
carbon, 5 wt % styrene butadiene rubber (SBR), and 5 wt %
carboxyl methyl cellulose sodium (NaCMC) were mixed in
deionized water to form a homogeneous slurry, and then the
slurry as spread onto a carbon-coated Al foil with the active
material loading of about 1.0 mg cm 2. The electrode film was
dried in an oven at 80 °C overnight and then roll pressed and cut
into round disks with a diameter of 8 mm. The 2032-type coin
cells were assembled in a glovebox filled with Ar with Celgard

VOL.8 = NO.9 = 9295-9303 =

2014 K@L% ]

N
\ O

WWwWW.acsnano.org

9301



2300 membrane as separator and Li metal as anode. For
S/MMCS and S/microC cathodes, the electrolyte was composed
of 1 mol L™ lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
in a mixture of 1,3-dioxolane (DOL) and dimethoxymethane
(DME) (v/v = 1:1), while for S/mesoC cathode, the electrolyte
was added with 0.2 mol L™" LiNOj; to restrain the shuttle effect
during cycling. The CV curves were recorded on an electro-
chemical workstation (CHI614b) at a scanning rate of 0.2 mV 57!
in the voltage range of 3.0—1.0 V. Galvanostatic discharge—
charge tests were performed on a Land Battery Measurement
System (Land, China) with cutoff voltages of 3.0—1.0 V. For long
cycle test of S/mesoC as the control group, the cutoff voltages were
set as 3.0—1.5 V to get a more stable performance. The current
density was based on the weight of sulfur (1 C = 1680 mAh g™ "),
and the capacities were calculated on the mass of sulfur and the
total composites, respectively.
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