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cavity spaces are restricted full access. 
Most studies showed that guest species 
were preferentially accommodated in the 
porous shell rather than in the interior 
space.[7–9] It will be a long way to address 
this scenario of well utilizing the in-cavity 
volume offered by interior void.[10–15] A 
feasible way of getting the utmost out of 
the present cavity was to place micro-
porous media in the hollow interior prop-
erly. As a response to this idea, a series 
of core–shell or yolk–shell structures 
were smartly created to increase internal 
adsorption potential with the aid of core or 
yolk.[16–19] Previously, we devised a core–
shell interlinked structure which consists 
of a cavity, a mesoporous carbon shell, 
and microporous carbon core anchored 
to the shell locally. Such anchored-cored 
carbon nanostructures can simultaneously 
serve as a guest species container with 
an enhanced adsorption potential and an 
electronically connecting matrix, which 
help to realize the efficient utilization of 

the interior space as a host of active sulfur for lithium–sulfur 
battery.[16] It is becoming a very hot topic in recent years due to 
ultrahigh theoretical energy density of 2600 W h kg−1.[20–22]

Further, according to Kelvin equation, under a certain pres-
sure, capillary condensation will take place at the pore, which 
size is smaller than critical pore radius, and adsorption capacity 
will be increased greatly. When the pore size is larger than 
critical pore radius, capillary condensation does not occur.[23] 
Based on the concept of space grid management, we imagine 
that the interior space can be divided into many small grids 
interconnected with porous walls, adsorption potential in inte-
rior space could be strengthened, and the access of guest spe-
cies toward the cavity spaces will be greatly facilitated. However, 
such carbon materials with grid-like multicavity have not been 
produced due to the lack of an efficient synthetic approach. 
Both template method and crystal growth route associated with 
layer by layer coating technique, which are the most thriving 
methods to produce homogeneous hollow structured materials, 
are not suitable for the generation of multicavity structure.[24–26] 
In general, template method involves coating carbon precursor 
onto predesigned particles, such as silica,[13] polystyrene,[11,27] 
metals, metal compounds,[14,28] and emulsion droplets.[1,29] This 
strategy allows for an optimized control over the cavity size by 
selection of different template particle sizes. Nevertheless, the 
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1. Introduction

Carbon materials with various morphology and microtexture 
features have been the predominating topic in the fields of elec-
trical energy conversion and storage, sorption and separation, 
catalysis, drug delivery, etc. Thereinto, carbon microcapsules 
with large interior cavity and porous shell are promising toward 
high loading capacity of guest species such as electroactive 
materials,[1,2] catalytic active components,[3,4] and drugs as 
well.[5,6] The protective shells could effectively isolate encapsu-
lated guest species from external surrounding and provide a 
relatively homogeneous chemical microenvironment. However, 
due to the absence of strong adsorption potential inside, it is 
always difficult for guest species to pass through the porous 
shell due to the capillary condensation effect. As a result, the 
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product is usually limited to a simple one-core/one-shell or 
one-cavity structure, because these primary spherical particles 
usually are of the sizes greater than 100 nm, which are ther-
modynamically stable in solution by balancing their volumes 
and surface charges.[30] Thus, it is never easy to group a certain 
number of primary template particles together to form a multi-
cavity structure.[31] The crystallography routes are often applied 
to synthesis of inorganic multishell spheres or rattle-structured 
spheres based on Ostwald ripening mechanism and Kirkendall 
effect.[32,33] Although there are a few reports about preparation 
of multicavity structure using specially designed microfluidic 
or compound-jet electrospray devices,[34,35] those methods only 
work for the creation of multicavity spheres with the diameter 
ranging from submicrometer to several micrometers, and they 
are not always available for a large-scale preparation. As it is 
known, the nanosized materials perform well in many diffu-
sion-controlled systems, since they can provide short pathways 
for mass transport and minimize the viscous effects.[36–38] Thus, 
how to precisely devise the number and size of inner cavity still 
remains a challenge for materials scientists.

Herein, we propose a surface free energy-induced assembly 
approach for the synthesis of grid-like multicavity carbon 
spheres (MCC). The synthesis procedure is illustrated in 
Figure 1. The small sized nanoemulsion is used as primary 
building block. A subsequent polymerization of resols around 
the nanoemulsion results in the formation of substructural 
units with high surface free energy owing to the small size 
effect. In the following high-temperature hydrothermal treat-
ment, these substructural units tend to aggregate and assemble 
by which the surface free energy can be assumed to reach the 
low energy state. As a result, polymer assemblage is formed, 
where the diameter and number of the substructural units can 
be modulated by changing the size of nanoemulsion and the 
concentration of polymer. Finally, MCC is obtained through 
pyrolysis of polymer assemblage. A confined pyrolysis that 
occurs in the hermetical silica shell enable to further enlarge 
the size of cavity compared to regular pyrolysis. To the best of 
our knowledge, such multicavity carbon spheres have never 
been reported yet by a well-controlled solution synthesis route. 
When used as host for lithium–sulfur cathodes, the multicavity 
interconnected with porous walls are fully accessible for sulfur 
species and are capable of preventing migration of the soluble 
long-chain lithium polysulfides into electrolytes during charge/
discharge process that ensures outstanding cycle stability in 
lithium–sulfur batteries.

2. Results and Discussion

2.1. Fabrication and Characterization of Multicavity  
Carbon Spheres

The main point for this assembly approach is the preparation 
of small sized nanoemulsions with high homogeneity, which 
are the glycerol trioleate (GTO) droplets stabilized by nonionic 
surfactants F127 in the aqueous phase. In order to well regulate 
the size of nanoemulsion, we first attempt to build a theoretical 
model to predict the key variable that dominates the size of 
nanoemulsion D in the synthesis by assuming nanoemulsion 
as a perfect spherical shape. A linear equation (6/ )=D Ap m  is 
thus established, where m represents the mass of glycerol tri-
oleate; A and ρ represent the resulting O/W interfacial area and 
the density of glycerol trioleate. According to this formula, we 
conclude that the mass of glycerol trioleate will determine the 
size of nanoemulsion (Part II in the Supporting Information). 
The following experiment results indeed confirmed a linear 
relationship between the size of nanoemulsion and the mass 
of glycerol trioleate. The correlation coefficient is 0.99, high-
lighting the high homogeneity of the prepared nanoemulsion 
(Figure S1, Supporting Information). The size of nanoemul-
sion can be adjusted in range from 35 to 164 nm by varying the 
mass of glycerol trioleate from 25 to 200 mg.

A subsequent polymerization of resols (resorcinol and 
hexamethylene tetramine (HMT) as precursor) around the 
nanoemulsion was monitored by dynamic light scattering 
(DLS) and transmission electron microscope (TEM) measure-
ments to trace the formation of multicavity during the hydro-
thermal treatment. After hydrothermal reaction of 0.5 h, the 
size of the emulsion droplet increases from initial 46 to 58 nm 
(DLS results), which is attributed to the hydrogen-bonding 
driven enrichment of resorcinol around nanoemulsion sur-
face (Figure S2, Supporting Information). After 1 h, the size 
of monomicelle is reduced to 38 nm. TEM image shows that 
a core–shell structure is formed (Figure S3a, Supporting Infor-
mation). With the increase in reaction time to 2 and 4 h, the 
size of particle remains unchanged at ≈90 nm, and the well-
defined multicavity assemblage is being formed, as confirmed 
by TEM (Figure S3b, Supporting Information). As shown in 
Part III in the Supporting Information, reduction of the surface 
free energy (∆G) of the system in the period of hydrothermal 
reaction from 1 to 4 h is ≈−2300 J, which shows that the spon-
taneous aggregation and assembly of substructural units occur 
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Figure 1. Illustration for the synthesis of multicavity carbon spheres.
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easily. Based on the above observation, we propose the forma-
tion procedure of the multicavity structure. First, the resorcinol 
species are highly enriched around the nanoemulsion sur-
face.[39,40] With the gradual decomposition of HMT, polymeriza-
tion of the resols is occurring on the surface of nanoemulsion, 
and thus substructural units with high surface free energy are 
formed in highly dispersed state in solution. During the reac-
tion, these substructural units tend to aggregate and assemble 
by which the surface free energy is at the low energy state.[41,42] 
Due to a high homogeneity in size, distribution of primary 
nanoemulsions, aggregation and assembly are isotropic, which 
result in an equal grouping of substructural units to form a 
uniform multicavity structure.[43,44]

By employing three different nanoemulsions of 35, 46, and 
77 nm as primary building block, three multicavity carbon 
spheres, i.e., MCC-1, MCC-2, and MCC-3 are obtained. 
TEM images of the three samples are shown in Figure 2a–c. 
The carbon samples are spherical shaped with a diameter 
of ≈100 nm, and the interior consists of a certain number 
of cavities. The sizes of cavities expand from 8 ± 2 to 12 ± 2 
and 18 ± 3 nm, and the outer carbon shell with a thickness of  
≈8 nm, so that microporous characteristic can be clearly iden-
tified. When the size of nanoemulsion further increases to  
164 nm, only a large cavity is remained, and this carbon is 
denoted as MCC-4 (Figure 2d). In contrast, 
without the aid of nanoemulsion, solid 
carbon sphere (SCS) is obtained (Figure S4, 
Supporting Information). Thus, we conclude 
that the formation of multicavity structure 
highly depends on the size of nanoemulsion.

N2 sorption isotherms of MCC-1, MCC-2, 
MCC-3, and MCC-4 samples exhibit rep-
resentative type IV curves, indicating the 
generation of large mesopores (Figure S5a, 
Supporting Information). Due to the pres-
ence of delayed capillary evaporation located 
at a P/P0 of about 0.50, the mesopore size 
distribution was calculated based on the 
adsorption branches using the Barrett–
Joyner–Halenda (BJH) model. The mesopore 
sizes of MCC-1–MCC-3 start with 9, 12, and 
19 nm in sequence (Figure S5b, Supporting 
Information), corresponding to the sizes of 
cavities shown in TEM images. Micropore 
size distribution of representative sample 
MCC-2 calculated by the density functional 
theory (DFT) is centered at 0.58 nm, with 
a small proportion of 0.8 and 1.2 nm pores 
(Figure S6, Supporting Information). For 
MCC-4, the pore size is around 45 nm, which 
is smaller than the average size of cavity 
≈68 nm as shown in TEM, due to a weak 
capillary condensation in large sized cavity. 
The pore structure parameters are listed in 
Table 1.

It is shown that the number of the cavi-
ties in MCC can be tuned by varying the 
polymer concentration significantly. Taking 
sample MCC-2 as an example, when polymer 

concentration is 2.5 mmol L−1, roughly 40 ± 5 cavities in 
each carbon sphere are counted (Figure 2b). When polymer 
concentration decreases to 1.87 mmol L−1, the number of 
the cavities from the obtained sample (MCC-5) is reduced to 
10 ± 2 (Figure 2e). Further decreasing polymer concentration 
to 1.25 mmol L−1, the obtained carbon sphere (MCC-6) only 
has a single cavity (Figure 2f). The diameters of carbon spheres 
decrease from 105 ± 10 to 70 ± 5 to 35 ± 5 nm, correspondingly 
(Figure 2b,e,f). Notably, the sizes of cavities remain the same 
as 13 ± 2 nm for MCC-2, MCC-5, and MCC-6, highlighting the 
primary building block function of nanoemulsion on cavity for-
mation. N2 sorption isotherms of MCC-5 and MCC-6 samples 
also exhibit representative type IV curve, and the most probable 
pore size distributions fit well with the sizes of cavities shown 
in TEM images (Figure S5, Supporting Information).

Interestingly, we found that the pyrolysis manner can exert 
influence over the sizes of cavities. The carbon samples, which 
are named as MCC-7, MCC-8, and MCC-9 using a nanospace 
confined pyrolysis, have the sizes of cavity of 17 ± 2, 20 ± 2, 
and 27 ± 3 nm (Figure 3a–c and Figure S7, Supporting Infor-
mation). Obviously, it is much effective method to enlarge 
the size of cavity compared to a regular pyrolysis denoted as 
MCC-1, MCC-2, and MCC-3. A large-area scanning electron 
microscopy (SEM) image of the MCC-8 (Figure S8, Supporting 

Adv. Energy Mater. 2017, 7, 1701518

Figure 2. TEM images of a) MCC-1, b) MCC-2, c) MCC-3, d) MCC-4, e) MCC-5, and f) MCC-6.
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Information) proves that the carbon spheres hold smooth outer 
surfaces with a uniform diameter of ≈100 nm. For single cavity 
carbon, the confined pyrolysis also results in the size of cavity 
(denoted as MCC-10, Figure 3d) being larger than regular 
pyrolysis. The enlargement of cavity sizes is attributed to the 
structure-dependent self-activation effect in confined environ-
ment as described in our previous works,[11,16,45] which are 
confirmed by thermogravimetric analysis (TGA) (Figure S9, 
Supporting Information). Nitrogen sorption isotherms MCC-7, 
MCC-8, and MCC-9 show type IV isotherms with visible hys-
teresis loops (Figure 3e). The pore size distributions of MCC-7, 
MCC-8, and MCC-9 samples are uniformly concentrated at 16, 
18, and 29 nm, respectively (Figure 3f), fitting well with the size 
of cavities shown in TEM images. Micropore size distribution 
of MCC-8 ranges from 0.58 to 1.3 nm (Figure S6, Supporting 
Information). Similar to MCC-4, the pore size of MCC-10 
centers at 43 nm which is slightly smaller than the average 
cavity size of ≈80 nm in TEM. All the samples possess high 
surface area and large pore volume. Especially, the total pore 
volume overall double their regular pyrolyzed samples.

2.2. Properties and Electrochemical Performances of Multicavity 
Carbon Spheres–Sulfur Composites

Such multicavities in carbon spheres are fully interconnected 
with porous walls, which are potentially accessible for guest 
species and could be a promising host material for active sulfur 
in lithium–sulfur (Li–S) batteries. To evaluate its electrochem-
ical performance, we fabricate the sulfur cathode using MCC-8 
with a large pore volume as host. The powder X-ray diffraction 
(XRD) spectrum of the obtained MCC-8-S shows that the sulfur 
is orthorhombic structure in the composite (Figure S10, Sup-
porting Information). The typical SEM and energy-dispersive 
X-ray images (Figure S11, Supporting Information) of as-pre-
pared MCC-8-S show that sulfur is homogeneously distrib-
uted and thoroughly encapsulated in MCC-8-S. TEM images 
(Figure 4a) reveal that MCC-8-S still maintains the spherical 

morphology, but the contrast of the image becomes darker 
due to the introduction of sulfur species, demonstrating that 
the inner grid-like cavities are fully accessed by guest sulfur 
species. In contrast, using MCC-10 with one cavity as a con-
trolled sample, only a small part of interior is filled with sulfur 
(Figure S12, Supporting Information), further elucidating a 
high level in-cavity encapsulation ability of multicavity struc-
ture. As determined by TGA (Figure 4b), S content is 71 wt% 
for MCC-8-S, which shows three sections with different weight 
loss rates in the TG curve: an initial rapid weight loss occurs 
from 220 to 300 °C, followed by a slower weight loss process 
from 300 to 370 °C, and the slowest weight loss process from 
370 to 500 °C. The rapid weight loss (220–300 °C) can be 
ascribed to the evaporation of sulfur in the cavity. The slower 
loss process (300–370 °C) and the slowest weight loss process 
(370–500 °C) are related to the release of sulfur confined within 
the micropores of carbon shell and the walls between cavities, 
respectively, which requires higher temperature to overcome 
strong capillary force. The volatilization temperature of sulfur 
in MCC-8 is much higher than that for pure sulfur powder 
(200–317 °C), indicating the multicavity carbon having strong 
restriction to sulfur and effective trapping of sulfur in the hier-
archically pore.[46]

The electrochemical properties of the MCC-8-S composite 
cathode are evaluated in coin cells. Figure 4c shows the elec-
trochemical cyclic voltammogram (CV) profile conducted 
at a scan rate of 0.2 mV s−1. There were two cathodic peaks, 
associated with the formation of long-chain Li2Sn (n ≥ 4) and 
insoluble Li2S2/Li2S. In the anodic scan, a prominent peak 
corresponds to the reverse reactions of polysulfides back to 
the sulfur. The negligible position shift of both oxidation and 
reduction peaks of the CV curves suggest excellent durability of 
MCC-8-S electrode. The galvanostatic charge/discharge profiles 
of MCC-8-S cathode are shown in Figure S13 in the Supporting 
Information. The rate performances of MCC-8-S are shown in 
Figure 4d. At a current density of 0.5 C, MCC-8-S displays a 
discharge capacity of 1053 mA h g−1. With the increase of the 
current density, the discharge capacity decreases gradually and 
stabilizes at around 976, 865, and 718 mA h g−1 when cycled 
at 1, 2, and 3 C, respectively. As the current density decreases 
back to 0.5 C, the specific capacity of MCC-8-S can recover to 
965 mA h g−1, indicating good stability and structural integrity 
of the electrode during testing at various rates. In contrast, the 
single-cavity carbon spheres MCC-10-sulfur (MCC-10-S) com-
posites show a relatively poor rate performances and cycling sta-
bility (Figure S14, Supporting Information). The high capacity 
retention and rate performances in MCC-8-S cathode suggest 
that multicavity nanostructures can facilitate ion and elec-
tron transport and restrict polysulfide intermediates diffusion 
during charge/discharge process.[10,47–54] Meanwhile, electro-
chemical impedance spectroscopy (EIS) of the MCC-8-S cath-
odes (Figure S15, Supporting Information) shows a low charge 
transfer resistance. The cycle-life behavior of the MCC-8-S 
shown in Figure 4e confirms a good stability with an average 
decay rate of 0.12% per cycle in total 200 cycles at a current rate 
of 0.5 C and even at a high current rate of 2.0 C. The MCC-
8-S shows a superior electrochemical performance to the most 
reported porous carbons loaded sulfur cathode (Table S1, Sup-
porting Information). Such a good electrochemical performance 
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Table 1. Synthesis condition and textural parameters of carbon samples.

Sample Da)  
[nm]

CP
b)  

[mmol L−1]
Pyrolysis SBET  

[m2 g−1]
Vtotal  

[cm3 g−1]
Vmic  

[cm3 g−1]
Cavity sizec)  

[nm]

MCC-1 35 2.5 Regular 561 0.45 0.23 9

MCC-2 46 2.5 Regular 620 0.64 0.25 12

MCC-3 77 2.5 Regular 617 0.68 0.24 19

MCC-4 164 2.5 Regular 573 0.63 0.20 45

MCC-5 46 1.87 Regular 576 0.67 0.24 12

MCC-6 46 1.25 Regular 586 0.70 0.20 12

SCS – 2.5 Regular 604 0.31 0.27 –

MCC-7 35 2.5 Confined 735 1.23 0.18 16

MCC-8 46 2.5 Confined 761 1.33 0.24 18

MCC-9 77 2.5 Confined 694 1.43 0.23 29

MCC-10 164 2.5 Confined 725 1.26 0.21 43

a)D is the hydrodynamic diameter of the nanoemulsion characterized by dynamic 
laser scattering (DLS); b)CP is the polymer concentration; c)Cavity size is obtained 
by N2 sorption isotherm.
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is attributed to the following advantageous structural features: 
(1) grid-like multicavity interior ensures a full occupancy by 
nanosized sulfur; (2) interconnected carbon walls at the inte-
rior can be functional as electrical highways enabling all sulfur 
nanoparticles electrochemically active; (3) the micropores in 
the outer carbon shell and interior walls prevent migration of 
the soluble long-chain lithium polysulfides and provide an out-
standing charge/discharge stability.

3. Conclusion

In summary, we propose a surface free energy-induced 
assembly approach for the synthesis of multicavity carbon 
spheres. The size and number of the cavity can be controlled 
by varying the size of nanoemulsion and the concentration of 
polymer. A confined pyrolysis enables to further enlarge the 
cavity size compared to regular pyrolysis. To the best of our 

knowledge, this is the first report on the 
direct synthesis of such multicavity struc-
tured carbon by a controllable solution syn-
thetic method. The multicavity structured 
materials reveal a promising potential in 
guest species encapsulation with a high 
loading capacity.

4. Experimental Section
Chemicals: GTO (98%), resorcinol (R, 99.5%), 

HMT, n-hexane, cetyltrimethyl-ammonium bromide 
(CTAB) (99%), tetraethyl orthosilicate (TEOS), 
sodium hydroxide (NaOH), ethanol, and ammonia 
solution (25 wt%) were obtained from Sinopharm 
Chemical Reagent Co. Pluronic F127 was purchased 
from Sigma. All chemicals were used as received 
without any further purification. LA133 aqueous 
binder was purchased from ChengDu Indigo Power 
Source Co., LTO.

Preparation of Nanoemulsion: Typically, 0.1 g of 
F127 dissolved in 10 mL of water was prepared in 
a 50 mL bottle at 40 °C. Then, an oil-phase solution 
containing glycerol trioleate dispersed in n-hexane 
was added to the aforementioned aqueous solution 
with ultrasonic treatment for 30 min to generate a 
stable oil-in-water (O/W) nanoemulsion system. 
Subsequently, the low-boiling solvent (n-hexane) 
was removed from the nanoemulsion system by 
reduced pressure distillation at 50 °C for 15 min. 
The amount of GTO ranges from 25 to 200 mg.

Synthesis of MCC: Resorcinol (0.275 g, 2.5 mmol) 
and hexamethylenetetramine (0.21 g, 1.5 mmol) 
were dissolved in water (90 mL) at 40 °C under slow 
stirring. A 10 mL nanoemulsion solution was added 
to the above-prepared solution. The mixed solution 
was stirred for 30 min at 40 °C to yield a stable 
emulsion, then it was transferred into an autoclave 
hydrothermally aged for 4 h at 110 °C. The products 
of multicavity polymer spheres (MCP) with the 
yield of ≈82% (calculated from total quantity of 
the resorcinol, GTO and F127) were collected by 
centrifugation, washed for three times, and dried 
at 50 °C for 24 h. For MCC-2, MCC-5, and MCC-6 
sample, the ratio of reactants remains unchanged 

(mGTO: mF127: mHMT: mR = 1:2:4.4:5.5) and polymer concentration 
decreases from 2.5 to 1.87 to 1.25 mmol L−1. MCP sample was coated 
with a silica shell via a modified Stöber process.[11] 0.96 g of CTAB was 
stirred with 30 mL of water for 1 h. This solution was added to a mixture 
of 240 mg of MCP, 150 mL of water, 60 mL of ethanol, and 2.4 mL of 
ammonia solution (28 wt%). The solution was stirred for 30 min before 
adding 1.68 mL of tetraethyl orthosilicate. The reaction was carried out 
at 30 °C for 16 h. The MCP@mSiO2 was retrieved by centrifugation and 
dealt with an HCl alcohol solution to remove CTAB from the silica shell. 
MCC-1, MCC-2, MCC-3, MCC-4, MCC-5, and MCC-6 were obtained by 
heating the corresponding MCP sample to 800 °C with a heating rate 
of 5 °C min−1 and holding them at that temperature for 2 h under an 
Ar atmosphere. MCC-7, MCC-8, MCC-9, and MCC-10 products were 
obtained after eliminating the mSiO2 shell of MCC@mSiO2 using NaOH 
alcohol–water solution at 50 °C for 24 h. MCC@mSiO2 was obtained by 
pyrolysis of the MCP@mSiO2 at 800 °C for 2 h under an Ar atmosphere.

Synthesis of Carbon–Sulfur Composites MCC-8-S: The as-prepared 
MCC-8 (0.082 g) and sulfur (0.383 g) were ground together, heated to 
155 °C in a sealed quartz bottle for 10 h, subsequently heated at 400 °C 
for 2 h. Then, the hybrid was washed using alcohol–carbon disulfide 
(Valcohol: Vcarbon disulfide = 9:1) solution to clean the sulfur deposited on 
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Figure 3. TEM images of a) MCC-7, b) MCC-8, c) MCC-9, and d) MCC-10. e) N2 sorption 
isotherms and f) pore size distributions of all the samples. Note: The isotherms of MCC-8, 
MCC-9, and MCC-10 were vertically offset by 350, 750, and 1400 cm3 g−1, standard temperature 
and pressure (STP).
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its outside surface. Carbon–sulfur composites MCC-8-S (0.280 g) 
was obtained. Thus, the theoretical sulfur content in the MCC-8-S is 
70.7 wt%, which is almost equal to the TGA result. Then, MCC-10-S 
composites were prepared in the same way. The theoretical sulfur 
content in the MCC-10-S is 70.1 wt%.

Electrochemical Characterization: The cathode was prepared by 
mixing 75 wt% of the MCC-8-S, 15 wt% acetylene black, and 10 wt% 
LA133 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 1.5 mg cm−2. The electrode film was dried in an oven 
at 60 °C overnight and then roll pressed and cut into round disks for 
coin cell assembling. The 2025-type coin cells were assembled in an 
argon-filled glovebox using Celgard 2400 membrane as separator and Li 
metal as anode. In all experiments, 25 µL of 1.0 m bis(trifluoromethane)
sulfonimide lithium salt (LiTFSI) in 1,3-dioxolane/dimethoxymethane 
(DOL/DME 1:1 by volume) with 2 wt% LiNO3 electrolyte was used. 
The charge–discharge data were collected using LAND galvanostatic 
charge–discharge instrument between 1.7 and 2.8 V at various current 
density. The specific capacities were calculated based on the sulfur 
as the cathode-active material. The CV and EIS measurements were 
performed on CHI660E electrochemical workstation in a potential 
window of 1.7–2.8 V (vs Li+/Li) at 0.2 mV s−1 and in a frequency range 
of 10 Hz–100 KHz, respectively.

Characterization: DLS measurements were carried out at 25 °C on a 
Malvern Zetasizer Nano ZS90 Instrument. TGA was conducted on an 
STA 449 F3 (NETZSCH) thermogravimetric analyzer under an argon flow 
with a heating rate of 10 °C min−1. SEM investigations were carried out 
with an FEI Nova NanoSEM 450 instrument at 3 KV. XRD measurements 
were made on a Rigaku D/Max 2400 diffractometer using Cu Kα radiation 
(λ = 0.15406 nm). TEM images were obtained with an FEI Tecnai G220S-
Twin instrument operating at 200 kV. Nitrogen adsorption isotherms 
were measured with a Micromeritics ASAP 3000 adsorption analyzer 
at 77.4 K. Before the measurements, all the samples were degassed at 
200 °C for 4 h. The Brunauer–Emmett–Teller (BET) method was used 
to calculate the specific surface area. The mesopore size distribution 
was derived from the adsorption branches of the isotherms using the 
BJH model. Micropore size distribution was determined based on DFT 
using adsorption branch. Total pore volumes were calculated from the 
amount adsorbed at a relative pressure of 0.95. The micropore volume 
was obtained through the t-plot analysis.

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

Adv. Energy Mater. 2017, 7, 1701518

Figure 4. a) TEM image of MCC-8-S, b) TGA curves of MCC-8-S in argon flow, c) 1st–4th CV curves at a scan rate of 0.2 mV s−1, d) rate capabilities, 
and e) cycling performance at a current density of 0.5 and 2.0 C (1 C = 1675 mA g−1) of MCC-8-S.
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