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The rapid development of portable electronics, vehicle electrification, and renewable energy leads to strong demand
for advanced energy storage technologies.[1–4] Rechargeable
lithium-ion battery (LIB) has raised intense interest because
of its high power density, high energy density, and long cycle
life.[5,6] As the specific capacity of recently intensely studied
anode materials such as silicon (Si) and germanium (Ge) could
reach around 3000[7–12] and 1200 mAh g−1,[13] respectively, the
development of cathode materials with high capacity has not
progressed as much. The commercially available LIB cathode
materials (transition metal oxides), however, could only deliver
a practical capacity limited to around 200 mAh g−1.[5,6] The
capacity mismatch in the anode/cathode pairs still remains as a
big challenge for LIB to achieve higher energy density.
Sulfur (S), as a leading candidate for next-generation LIB
cathode materials, has been extensively investigated. Sulfur
cathode has a redox potential of 2.2 V (vs Li/Li+) and specific
capacity as high as 1673 mAh g−1, which gives the Li–S system
a theoretical energy density of 2800 Wh L−1 or 2600 Wh kg−1
when paired with Li metal anodes.[14–18] In addition, the natural
abundance, nontoxicity, and low cost of sulfur further contribute
to the potential of this material as an advanced LIB cathode.
However, the effort made for the commercial development of
Li–S battery has been impeded by a series of issues, including
rapid capacity decay, low Coulombic efficiency, and low active
material utilization. These problems are mainly caused by several materials challenges of sulfur cathodes, including the insulating nature of sulfur and its discharge product lithium sulfide
(Li2S), the large volume expansion of sulfur upon lithiation
(80% volume change), and the well-known dissolution of intermediate products, lithium polysulfides (Li2Sn, 4 ≤ n ≤ 8) into
the ether-based electrolyte.[19–23]
Based on the numerous efforts placed in attempt to solve
the aforementioned problems,[20,24–48] we believe that an ideal
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sulfur cathode design should have the following attributes:
(1) an immobilizer with nanoscale internal void spaces for
sulfur infusion to ensure high utilization of the active material;
(2) good electrical property; (3) a short conductive pathway to
facilitate facile ion/electron transport; (4) sufficient empty space
to accommodate sulfur volume expansion and discharge products deposition; (5) an interconnected and closed architecture
to trap polysulfides; (6) limited contact between sulfur and electrolyte to minimize polysulfides dissolution and side reactions;
and (7) a high tapped density for achieving a high volumetric
energy density. Carbon-based nanostructures, such as graphene/graphene oxide,[38–40] hollow/porous carbon fiber,[37,41–44]
mesoporous carbon,[45–47] and microporous carbon paper,[48]
have played critical roles as framework for sulfur cathodes.
These designs have successfully fulfilled some of the above
requirements. Nevertheless, it was very difficult for the abovementioned nanoscale carbon-based host materials to maintain
a stable contact between each particle during galvanostatic
cycling. The bad contact tends to introduce a high interparticle
resistance and thus a general poor electrical property and poor
rate capability. Moreover, the normal carbon-based matrix is not
able to accommodate a high mass loading of sulfur per unit
volume, which lowers the entire cell volumetric energy density.
Along this line, inspired by the internal structure of the
pomegranate, our group developed a bottom-up approach for
the fabrication of a novel silicon–carbon pomegranate-like
cluster structure,[11] which greatly increased the tapped density of silicon anode and showed excellent electrochemical performance as anode material for LIB. Herein, we integrate all
the design criteria for an ideal sulfur cathode as mentioned
into this unique structure. We report the development of the
pomegranate-like carbon cluster–encapsulated sulfur cathode
with the following characteristics: (1) the nanosized primary
particles enable high active material utilization; (2) the densely
packed primary hollow carbon particles contribute to stable
interparticle contact during cycling; (3) the conductive carbon
cluster backbone functions as an efficient pathway for fast electron transport; (4) controlled empty spaces within the cluster
structure to accommodate sulfur volume change and facilitate
uniform Li2S deposition; (5) interconnected channels inside
the secondary particle allow physical confinement of the polysulfides; (6) carbon coating covers the entire secondary particle
so that the electrolyte accessibility is limited on the surface of
the microsized secondary particles, which prevents electrolyte
further flooding into the primary particles; and (7) space-efficient packing of nanosized primary particles inside the microsized secondary particle promotes a high tapped density and
therefore a high volumetric energy density.
As schematically illustrated in Figure 1a, an aqueous suspension of silica (SiO2) nanospheres was mixed with an oil phase to
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Figure 1. Schematic diagram of the fabrication process of carbon clusters and the corresponding morphology. a) The carbon clusters were prepared by
a bottom-up microemulsion approach; b,c) SEM images of carbon clusters under different magnifications; d,e) TEM images of carbon clusters under
different magnifications. RF: resorcinolformaldehyde resin.

form a microemulsion. After the removal of water and organics,
the SiO2 nanospheres self-assembled to form a close-packed
SiO2 cluster. The obtained cluster was then coated with a thin
layer of resorcinolformaldehyde resin (RF) through solution
synthesis. The RF shell was carbonized under argon atmosphere and the resulting carbon covered SiO2 cluster was used
1500211 (2 of 6)

wileyonlinelibrary.com

as a sacrificial template. After all the SiO2 was etched by hydrofluoric acid (HF) solution, the carbon cluster was obtained.
Figure 1b,c are the typical scanning electron microscopy (SEM)
images of the as-formed carbon clusters under different magnifications. The microsized secondary particle with a diameter
mainly in the range of 1–2 µm consists of uniform spherical
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To study the overall electrochemical property of the novel carbon cluster–encapsulated
sulfur cathodes, galvanostatic cycling test and
inductively coupled plasma (ICP) analysis
were performed. 2032-type coin cells were
assembled with lithium foil as the counter
electrode and sulfur-impregnated carbon
clusters as the working electrode. Control
cells were fabricated with sulfur-impregnated
carbon spheres, denoted as C/S spheres, as
the working electrode (the dimension of these
carbon spheres is the same as that of the
primary particles in the carbon clusters). In
addition, another sample was prepared by utilizing the toluene-treated PEDOT-C/S clusters
as the working electrode. No extra conductive
additive, such as Super-P carbon black was
used. Lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) (1 M) dissolved in co-solvent
of 1,2-dimethoxyethane (DME) and 1,3-dioxoFigure 2. a,d) SEM and b,c,e,f) TEM images of a–c) sulfur-impregnated carbon clusters and
lane (DOL) with 1 wt% of lithium nitrate
d–f) the toluene-treated PEDOT-C/S clusters under different magnifications.
(LiNO3) was employed as the electrolyte.
LiNO3 was applied to help reduce the shuttle
effect and passivate the lithium metal anode.[22,49] The specific
hollow primary particles (see Figure S1, Supporting Information, for the particle size distribution of the carbon clusters).
capacities were all calculated based on sulfur mass only and the
These primary particles form a space-efficient packing arrangetypical sulfur mass loading was 2 mg cm−2.
ment, which permits stable contact during cycling and thus
Figure 3a shows the long-term cycling performances at
a lower interparticle resistance. The morphology of a single
a high current density of 1.67 mA cm−2 (0.5 C). For the concarbon cluster is studied by the transmission electron microstrol cell assembled with C/S spheres cathode, the discharge
copy (TEM). As illustrated in Figure 1d, the average diamcapacity starts at 917 mAh g−1 and drops rapidly to below
eter of the primary hollow carbon particle is about 120 nm.
600 mAh g−1 after around 100 cycles. The fast capacity drop origThe internal void space is displayed as the lower intensity area
inates from the loosely packed C/S spheres. The C/S spheres
(Figure 1d). The thickness of the primary particles is detertrigger a bad interparticle contact and the flooding of electromined to be 4–5 nm for the outer shell while 1–2 nm for the
lyte into each single sphere, causing severe polysulfides dissoinner shell. As a result, the carbon clusters could be able to
lution. In contrast, the cell with C/S clusters exhibits a much
accommodate a high sulfur mass loading.
more stable cycling over 300 cycles. However, a severe capacity
fading appears in the first several cycles. This is as a result of
Sulfur was infiltrated into the cluster matrix by a melt-difthe sulfur dissolution in the outer shell of the cluster structure.
fusion process.[25] The thus formed sulfur-impregnated carbon
In comparison, the cell with toluene-treated PEDOT-C/S cluscluster composite is denoted as C/S cluster. Figure 2a–c depicts
ters exhibit a reversible capacity of 707 mAh g−1 over 300 cycles,
the SEM and TEM characterizations of a single secondary
particle after sulfur infusion. No random sulfur deposition
with little initial decay, which corresponds to a remarkable
is observed at the surface of the carbon clusters. Due to the
capacity retention of about 70%, suggesting that PEDOT
fact that sulfur is heavier than carbon, sulfur appears as the
coating and the empty space improve the inceptive cycling
dark region with uniform intensity under TEM (Figure 2b,c),
behavior by minimizing the outer layer active material loss
revealing homogeneous encapsulation of sulfur within the
in the early stage. The average Coulombic efficiency reaches
primary carbon nanospheres. The presence of sulfur is furaround 99.5% (over 300 cycles) for the PEDOT-C/S clusters
ther demonstrated by the energy-dispersive X-ray spectroscopy
electrode, exhibiting very little shuttle effect. The good long(EDS) analysis (Figure S2, Supporting Information) of the C/S
term cycling stability originates from the significant role of this
clusters. The EDS spectrum clearly shows strong peaks from
complex interconnected nanoarchitecture that effectively blocks
sulfur and carbon. In order to lessen the capacity decay due
electrolyte flooding and polysulfides dissolution. The effectiveto the polysulfide dissolution, the outer surface of the C/S
ness of carbon clusters in suppressing polysulfides dissolucluster was further coated with a layer of conductive polymer,
tion is further confirmed by inductively coupled plasma-optical
poly(3,4-ethylenedioxythiophene) (PEDOT) as a protective layer,
emission spectroscopy (ICP-OES), which provides information
denoted as PEDOT-C/S cluster. We then treated the PEDOT-C/S
about the degree of polysulfide dissolution. The coin cells were
cluster with toluene to remove some sulfur in the outer shell
disassembled in an argon-filled glove box and the contents were
to create empty space to accommodate the volume change of
washed with DOL after the discharge process. This polysulfidesulfur upon cycling. Figure 2d–f shows the morphology of the
containing solution was oxidized with concentrated nitric acid
toluene-treated PEDOT-C/S cluster. The partial dissolution of
and then diluted with deionized water for analysis of sulfur
sulfur in the outer shells can be clearly revealed in Figure 2f.
content using ICP-OES. All the coin cells from the previous
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Figure 3. Electrochemical performances of sulfur-impregnated carbon clusters electrode. All specific capacities are calculated based on sulfur mass
only. a) Cycling behavior of C/S spheres (black curve), C/S clusters (red curve), PEDOT-C/S clusters (blue curve), and the corresponding Coulombic
efficiency (hollow dots) of PEDOT-C/S clusters at a current rate of 0.5 C; b) percentage of sulfur dissolved in the electrolyte with respect to the total
sulfur mass at different cycle numbers; c) rate performance of the PEDOT-C/S clusters at different rates from 0.1 to 3 C; d) charge/discharge voltage
profiles of the PEDOT-C/S clusters at different current rates ranging from 0.1 to 3 C.

electrochemical testing were subject to the same treatment.
As presented in Figure 3b, in the case of C/S spheres, the dissolved sulfur in electrolyte keeps increasing to 36% after 100
cycles. While for the C/S clusters and PEDOT-C/S clusters, only
20% and 12% of the total sulfur mass was lost, respectively. It is
noted that the sulfur content for C/S clusters quickly increases
in the first ten cycles, and then becomes steady from 10 to 100
cycles. The large amount of sulfur loss in the beginning for C/S
clusters elucidates the outer shell active material dissolution
with little protection, consistent with the cycling performance
showing in Figure 3a. In comparison, the sulfur in the inner
cores of the C/S clusters are very difficult to diffuse out owing
to the complex interconnected channels inside, which showed
a relatively steady trend in the following cycles. After a layer of
PEDOT coating, the sulfur loss during the inceptive cycling is
mitigated and overall change in sulfur mass in the electrolyte
is steady. We further carried out electrochemical impedance
spectroscopy (EIS) measurements (see Figure S3, Supporting
Information) of the toluene-treated PEDOT-C/S cluster cathode
at different states: at open circuit voltage (OCV) before cycling,
and at 2.09 V (the lower voltage plateau) during the 1st and
100th discharge cycle at 0.5 C. Previous studies showed that the
semicircle in the high-frequency region could reflect the charge
transfer resistance at the conductive agent interface, while the
semicircle in the middle frequency range could be attributed to
the mass transport (formation of insoluble polysulfide species
at the lower voltage plateau).[22,50] As shown in Figure S3 (Supporting Information), we can see that the high-frequency semicircle resistances are all very small at different states, showing
the fast interfacial charge transfer. Moreover, the middle frequency semicircle resistance did not change much after 100
cycles, indicating the excellent structural stability of the cluster
electrode.
Rate performances from 0.1 to 3 C of the cells made
from PEDOT-C/S clusters are displayed in Figure 3c
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(1 C = 3.35 mA cm−2). The cell is able to deliver a high reversible capacity of over 700 mAh g−1 (about 733 mAh g−1) at a
very high current of 3 C, or about 10 mA cm−2 equivalent. By
calculating the volume of the sulfur electrode in our experiment, the volumetric energy density of the sulfur cathode at
3 C is 1290 Wh L−1. The steady and negligible capacity drop over
various cycling rates ranging from 0.1 to 3 C reveals stability
and robustness of the carbon cluster structure. The discharge
capacity returns to 99.5% of its original value (1050 mAh g−1)
when the current rate is switched abruptly back from 3 to 0.2 C.
Moreover, the excellent rate capability indicates excellent
kinetics as a result of the space-efficient packing of the primary
particles. For further investigation of the electrochemical properties, voltage profiles of the galvanostatic cycling are provided
in Figure 3d at different current rates. These discharge voltage
curves display the typical two-plateau behavior of Li–S battery.
Moreover, the flat second discharge plateau for current rate as
high as 3 C indicates a small kinetic barrier. The cell yields a
reversible discharge capacity of 1200, 1100, 1020, 972, 842, and
733 mAh g−1 at 0.1, 0.2, 0.5, 1, 2, and 3 C, respectively.
Figure 4 presents the structural characterizations of the
lithiated PEDOT-coated C/S clusters electrode (toluene-treated
sample) at the end of 50 cycles (at the discharged state, after the
cell was discharged to 1.7 V). SEM images of the clusters electrode after discharge exhibit little morphology change as illustrated in Figure 4a,b. The preservation of this complex cluster
framework suggests the robustness of this structure during cell
operation, confirming that the carbon clusters matrix is capable
of tolerating the sulfur volume change. Figure 4c,d are TEM
images of a single secondary particle (at the discharged state)
under different magnifications. Compared with Figure 2f, the
dark and solid region inside each primary particle demonstrates
the discharge product, lithium sulfide. These discharge products are confined and deposited uniformly inside each single
primary particle (Figure 4c,d), owning to the effectiveness of
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Experimental Section
Material Preparation: Sulfur, ammonia
(28%),
ethanol,
tetraethoxysilane
(TEOS), 1-octadecene (ODE), resorcinol,
formaldehyde solution (37 wt% in water),
HF, and cetyltrimethylammonium bromide
(CTAB) were purchased from Sigma Aldrich.
A mixture was prepared by mixing 1.6 mL
ammonia (28 wt%) with 97.4 mL ethanol and
8 mL water. Afterward, 5 mL TEOS was added
into the mixture under vigorous stirring for
12 h. The as-formed silica nanoparticles
(about 120 nm) were then collected by
centrifugation and then washed using water.
The obtained powder was re-dispersed
in 12 mL water to form a silica aqueous
suspension. 4 mL of the silica suspension
was mixed with 16 mL ODE solution
containing 0.3 wt% of emulsion stabilizer
(Hypermer 2524, Croda USA). The resulting
mixture was subjected to homogenization for
1 min at 7000 rpm. The water in the mixture
Figure 4. Structural characterization of PEDOT-C/S clusters after the 50th discharge. a,b) SEM was subsequently removed under 100 °C
images of the cycled cathode under different magnifications; c,d) TEM images of the cycled cathode for 2 h. The silica clusters were washed
under different magnifications. Homogeneous precipitation of Li2S is visible as the dark area within with cyclohexane and calcined at 550 °C in
each cluster.
air for 1 h. RF coating on the silica clusters
was achieved by dispersing 100 mg silica
cluster powder in a mixture of 30 mL water, 1 mL CTAB (0.01 M), and
carbon clusters in limiting the random polysulfides diffusion.
0.1 mL ammonia (28%) with vigorous stirring for 20 min. Afterward,
The intactness of the outer PEDOT shells can be well pre40 mg resorcinol and 56 µL formaldehyde solution (37 wt% in water)
served, as shown in Figure 4d.
were added and stirred for 12 h. The RF-coated silica clusters were
obtained by centrifugation and washed with ethanol. Carbonization
In summary, we have successfully synthesized the sulfurof the RF shell was achieved by heating the clusters at 950 °C for 2 h
impregnated carbon clusters and demonstrated its application
under argon atmosphere with a heating rate of 5 °C min−1. The thusas cathodes for high volumetric energy density Li–S batteries.
prepared carbon-coated silica clusters were put in HF solution (5 wt%
We showed that at a current density of 1.67 mA cm−2 (0.5 C),
in water) for 3 h, followed by centrifugation, ethanol washing, and
the resulting cathode is able to yield a stabilized reversible disvacuum oven drying. The final carbon clusters were obtained. Sulfur
−1
charge capacity of over 700 mAh g after prolonged cycling for
infusion was performed by mixing sulfur powder and the as-prepared
300 cycles, with a considerable capacity retention over 70%. In
carbon clusters with desired weight ratio, followed by heating in argon
atmosphere up to 155 °C at a rate of 5 °C min−1 overnight. For the
our rational design, space-efficient packing of the hollow carbon
dispersion
of sulfur-impregnated carbon clusters in aqueous solution
particles triggers a high tapped density and volumetric mass
for uniform PEDOT coating, the surfaces of sulfur-impregnated carbon
loading. Polysulfides are effectively constrained in the closed
clusters were first doped with a very thin layer of polydopamine using
carbon framework with interconnected channels due to the
mussel-inspired surface chemistry.[51] For further PEDOT coating, 120 µL
unique structural trapping. Additionally, this interconnected conof 3,4-ethylenedioxythiophene (EDOT), 0.12 g camphorsulfonic acid,
ductive carbon framework provides fast transport pathways for
and 0.6 g (NH4)2S2O8 oxidant were added into the aqueous suspension
of sulfur-impregnated carbon clusters (polydopamine-doped sample).
electrons. The primary sulfur particles with nanoscale diameter
The mixtures were stirred at room temperature overnight, and then
(about 120 nm) encapsulated with conductive carbon shells lead
precipitates were isolated from the solution by centrifuging.
to a high utilization of active material. Even at an extremely high
Characterization: SEM characterization and EDS analysis were
−2
current rate of 3 C (around 10 mA cm ), the cell is able to deliver
conducted using an FEI XL30 Sirion scanning electron microscope
−1
a high reversible capacity of over 700 mAh g , corresponding
equipped with a field emission gun (FEG) source. TEM characterization
to a volumetric energy density of 1290 Wh L−1 (calculated based
was performed using an FEI Tecnai G2 F20 X-TWIN transmission
electron microscope. A Netzsch STA 449 instrument was used for
on sulfur cathode volume). Therefore, the sulfur-impregnated
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carbon cluster has great potential to be
used as a novel cathode material for
the next-generation Li–S battery. This
pomegranate-inspired cluster architecture could also be adopted as an ideal
host material for other high capacity
LIB anodes and cathodes, opening new
avenues for fully exploiting the potential
of advanced energy storage technologies.
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thermogravimetric analysis (TGA) at a heating rate of 5 °C min−1. A
Thermo Scientific ICAP 6300 Duo View Spectrometer was employed for
the ICP-OES analysis.
Electrochemical Measurement: Sulfur, Li foil, N-methylpyrrolidone
(NMP), LiTFSI, DOL solvent, DME solvent, lithium nitrate powder, and
polyvinylidene fluoride (PVDF) powder were purchased from Sigma
Aldrich. Sulfur-impregnated carbon cluster powder (sulfur: carbon =
7:3 w/w) and PVDF binder (9:1 w/w) were made into a slurry by stirring
in NMP overnight. The C/S clusters electrode consists of 63 wt% sulfur,
27 wt% carbon clusters, and 10 wt% PVDF. The as-made slurry was
then cast onto an aluminum foil and dried. MTI 2032-type coin cells
were assembled in an argon-filled glove box (MB-200B, Mbraun). For
PEDOT-C/S clusters, the sulfur content was confirmed by TGA analysis
to be about 70 wt% in PEDOT-C/S clusters (Figure S4, Supporting
Information), accounting for 63 wt% of the whole electrode material (the
same percentage as the C/S cluster sample). The sulfur mass loading was
2 mg cm−2, and the corresponding electrode thickness was about 25 µm. At
a high current of 3 C (or 10 mA cm−2 equivalent), the sulfur cathode made
from PEDOT-C/S clusters could deliver a high reversible capacity of 733
mAh g−1, corresponding to a volumetric capacity of about 586 mAh cm−3
and thus the volumetric energy density was calculated to be 1290 Wh L−1
(based on cathode materials only). Cycled cells were dissembled in an
argon-filled glove box (MB-200B, Mbraun) and washed with DOL solvent
to eliminate residual salts and electrolyte for further investigation. An
Arbin 96-channel battery tester was used for galvanostatic cycling.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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