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Ordered mesoporous carbons (OMCs) with different mesopore channel length, prepared by using corresponding size-tuned ordered
mesoporous silicas as templates, are explored as hosts for sulfur (S) in cathode to investigate the effect of the mesopore length on
Li-S battery (LSB) performance. The well-developed mesopores in the OMCs provide an excellent ion transport path, enhancing
mass transport capability and thus demonstrating better cycling performance and rate capability. Particularly, platelet OMC (pOMC)
with thin hexagonal prism shape and short mesopore length demonstrates the high reversible discharge capacity of 1419 mAh g~!
at a current density of 168 mA g~! and excellent cyclability. Based on the specific capacity, cycle efficiency, and rate capability,
the pOMC-S outperforms considerably its mesoporous carbon peers, rod-like OMC-S (rOMC-S) and spherical OMC-S (sOMC-S)
with longer mesopore length. This superb behavior is attributed to better and more utilization of short mesopore channels for active
sulfur species, which induce higher sulfur utilization, and are also supported by low electrochemical resistances in electrochemical
impedance spectroscopy. The improved cell performance can be understood in terms of utilization efficiency of the mesopore
channels for sulfur loading and polysulfide dissolution, which improves with decreasing channel length.
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The increasing demand for high energy density devices has
prompted the intense efforts toward development of new electrode
materials with high energy capacity for rechargeable lithium ion bat-
teries (LIBs)."? In particular, lithium-sulfur battery (LSB) has been
considered as a new generation battery with high energy density be-
cause sulfur cathode has a high theoretical capacity of 1675 mAh g~!
and a high theoretical energy density of 2600 Wh kg~!, which is
about 3-5 times higher than those of commercial cathode materials
in current state-of-the-art LIB.>* Moreover, the abundance of sulfur
in nature offers other advantages such as low cost, low equivalent
weight, and environmental friendliness, which cannot only make it a
prospective choice for wide applications but also reduce the cost of
Li batteries.> The electrochemical reaction in LSBs occurrs between
metallic Li in anode and sulfur in cathode. In discharge process, metal-
lic lithium is oxidized to generate electron and Li* at anode, while at
cathode, solid-phase sulfur reacts with the electron and Li™ to form
highly soluble lithium polysulfides (Li,S,, 4 < n < 8). In subsequent
process, the soluble lithium polysulfides are further reduced to solid-
phase Li,S and Li,S. In charge process, reverse reaction converts the
Li,S back to lithium polysulfides (Li,S,, 4 < n < 8) and further to Ss.

However, despite many attractive properties, LSBs suffer from
several issues. One issue is related to the soluble lithium polysulfide
intermediates generated during electrochemical reaction, which can
lead to low sulfur utilization and poor cyclability of the active material
in the electrodes. The lithium polysulfides (Li,S;, 4 < n < 8) formed
during cycles are dissolved in electrolyte solution, and their diffusion
and shuttle phenomenon result in poor cyclability, severe lithium an-
ode corrosion, and low Coulombic efﬁciencyﬁ8 Another issue is the
low conductivity of sulfur (5 x 1073 S cm™! at 25°C) and its re-
duced polysulfides, which need conductive medium around them for
electrochemical reactions. The volumetric expansion of polysulfide
intermediates (~80% increase from S to Li,S) during cycles may also
cause the instability of cathode structure.’!!
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To overcome the above challenges, considerable attempts have
been made to encapsulate S into various carbonaceous host materi-
als, which cannot only improve the electrical conductivity but also
suppress the dissolution/diffusion issues of polysulfide intermediates
during cycles. Many types of carbon host materials such as car-
bon nanofibers,'>!3 carbon nanotubes,'*~'® carbon spheres,!”!® porous
carbon,'®!"” and graphene sheets?*>* have been reported as conductive
pathways for S, and greatly improved cyclability and rate capability
in comparison with pristine S. Their high specific surface areas, high
pore volumes and good adsorption ability contribute to the decrease
of the diffusion into electrolyte and the shuttle of polysulfides.’

Based on various literature reports in the past several years, an
ideal S host materials should satisfy the several characteristics,?* such
as sufficient space to accommodate S volumetric expansion, short
transport pathways for both lithium ions and electrons to improve the
capacity and power capability, and a high surface area for effective
encapsulation of S and intermediate polysulfides in order to preserve
the morphology of the electrode.”> Moreovere, the pore structure and
size of porous carbon as a sulfur host are also important factors that
determine the electrochemical activity and cycling stability of the
carbon-sulfur composite cathode.*?

Ordered mesoporous carbon (OMC) is usually synthesized by
nanocasting method that employs corresponding ordered mesoporous
silica (OMS) as a hard template, and possesses several advantageous
properties such as a large surface area and pore volume, tunable pore
size and uniform structure.?’-?° Thus, the OMC has been widely used
for many applications in electrocatalysis, LIB and supercapacitor
electrodes. Nazar et al. reported that a sulfur-carbon composite in-
cluding CMK-3, one of OMC materials as a host, could achieve a
great improvement in the electrochemical utilization and cyclability
of sulfur.!” The morphology of OMC can be tailored by regulating
the size and shape of parent OMS, which can be controlled from
rod-like morphology to sherical and prism-like morphologies and to
other shapes through changing chemical synthesis conditions.’* In
particular, a thin plate- or disk-like OMC (pOMC) is a new devel-
opment with short mesopore channel length among various types of
OMC materials.?!3? Interestingly, this shape and size tuning changes
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the specific surface area and mesopore volume of OMCs. With the
shorter channel length of OMCs, generally the higher surface area and
pore volume are obtained.** In this work, we have designed the OMCs
with various sizes and morphologies through nanocasting method of
the corresponding OMS structures and explored them as host materi-
als for sulfur in LSB. Interestingly, the capacity, cycle efficiency, and
rate capability are found to be related to the mesopore channel length
of the OMCs. The pOMC material possesses excellent surface proper-
ties like shorter mesopore channels and higher surface area compared
to conventional rod-like OMC, which can greatly facilitate Li ion
diffusion and electrolyte transport and correspondingly induce better
sulfur utilization to enhance Li storage capacity, cycle efficiency, and
rate capability.

Experimental

Synthesis of OMC materals.—The ordered mesoporous carbon
(OMC) was synthesized by a nanocasting method using correspong-
ing ordered mesoporous silica (OMS) as a hard template and phe-
nol/paraformaldehyde resin as carbon precursor. The OMS samples
can be produced with rod-like shape, and the length can be controled
through regulation of HCI concentration under hydrothermal reac-
tion conditions according to the reported procedures.’*3* On the other
hand, platelet-like mesoporous silica (pPOMS) with very short meso-
pore length was synthesized through modification of a previously
reported procedure."* In a typical process of OMS, 1.0 g of Pluronic
P123 surfactant (Aldrich, Mn = 5800) was dissolved in 40 g of
2.0 M HCI aqueous solution and allowed to stir for 3 h at 35°C.
Once the solution became clear, 2.25 mL of tetraethyl orthosilicate
(TEOS, Aldrich, 98%) was added, and so-formed colloidal suspension
was kept being stirred at the same temperature for 24 h. After that, the
reaction mixture was transferred to a polytetrafluoroethylene (PTFE)
vessel, which was then sealed and heated at 90°C for 24 h in an oven
without any stirring. For a platelet OMS, 0.161 g of ZrOCl,e8H,0
(Sigma-Aldrich, 99.5%) along with 2.25 mL of tetraethyl orthosilicate
(TEOS, Aldrich, 98%) is added to the above-mentioned Pluronic P123
surfactant solution. The remaining process was preformed through the
identical syntheis procedure. The resulting product was retrieved by
fltration, followed by washing with deionized water and drying in
an oven at 80°C. The as-synthesized platelet-like and rod-like OMS
samples with different mesopore length were then calcined in air at
550°C for 12 h in order to remove the remaining surfactant in the main
channels.

A typical synthesis route for OMC:s is as follows. 0.374 g of phenol
was introduced into 1.0 g of OMS template by heating at 100°C for
12 h under vacuum. The resulting phenol-incorporated OMS template
was then reacted with paraformaldehyde (0.238 g) under vacuum at
130°C for 24 h to produce a composite of phenol-paraformaldehyde
resin/fOMS. The resultant resin/OMS composite was heated under N,
gas flow to 900°C at a ramping rate of 5°C min~', and then heated
at 900°C for 5h in order to induce carbonization of the cross-linked
phenol resin inside the mesopores of the OMS structure in N, flow.
After carbonization and natural cooling to ambient temperature, silica
template was removed by dissolving in 3.0 M NaOH in an oven at
80°C overnight to get silica-free OMC. The samples thus-obtained
were filtered, washed with ethanol and dried at 80°C. Different types
of silica-free OMCs with different mesopore length were termed rod-
type OMC (rOMC), spherical-type OMC (sOMC), and platelet-type
OMC (pOMC) based on their shape as illustrated in Figure S1.

Synthesis of OMC-S compositee—The OMC-S composite was
prepared by following a conventional melting-diffusion strategy. The
as-prepared OMC-sulfur composite with 4:6 weight ratios (OMC:S
= 4:6) was grinded together, transferred to a Teflon pot, and heated at
155°C for 12 h. Most of the S was infiltrated into the pores of OMC,
but some amount of S might adhere to the surface of OMC. Each of
the OMC-S composites was further heated at 250°C for 3 h under a
N, atmosphere in a closed vial to ensure homogeneous distribution
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of S inside the mesopores, and then, a final OMC-S composite was
attained after cooling down.

Materials characterization.—The morphologies and structures of
as-prepared OMC materials and OMC-sulfur composites with dif-
ferent molphology were further characterized using using high reso-
lution scanning electron microscopy (HR-SEM) and high resolution
transmission electron microscopy (HR-TEM). HR-SEM analysis was
carried out using a Hitachi S-5500 microscope operated at 30 kV.
HR-TEM images were obtained using a JEOL FE-2010 microscope
operated at 200 kV. The phase analyses of OMC materials and OMC-S
composite were confirmed by wide angle X-ray diffraction (XRD) and
small angle X-ray scattering (SAXS) measurements using Rigaku
1200 with Cu-Ka radiation and a Ni p-filter operating at 40 kV and
20 mA. The amount of sulfur loading in OMC-S composite sample
was measured by thermogravimatric analysis (TGA) using Bruker
TG-DTA2000SA analyzer. N2 adsorption-desorption isotherms were
measured at —196°C on micromeritics ASAP 2020 surface area and
porosity analyzer after the sample was degassed at 60°C to 20 mTorr
for 1 h. The specific surface area was determined from nitrogen adsorp-
tion using Brunauer-Emmett-Teller (BET) equation along with pore
size distribution (PSD) from Barrett-Joyner-Halenda (BJH) and cu-
mulative pore volume from density functional theory (DFT) method.

Electrochemical performance measurement.—The electrochem-
ical measurements were carried out with 2025 coin cells assembled
in an argon-filled glove box with OMC-S composite as a cathode
electrode and lithium metal as reference and counter electrode. The
electrodes in a cell were separated by a Celgard 2400 separator. Elec-
trolyte used in the cell was prepared by adding 1.0 M lithium bis-
trifluoromethanesulfonylimide in a mixture of 1,3-dioxolane (DOL)
and dimethoxyethane (DME) (1:1 by volume) with 0.2 M LiNO;
additive.® The rate set for cell test was referenced to the mass of
sulfur active material in the cathode, and 1 C equaled to 1675 mA
¢!, The charge—discharge behavior of the coin cell was characterized
in a BaSyTec multichannel battery test system at a constant room
temperature. The instrument was programmed to read in each 10 s
step. The cell was cycled in the voltage range of 1.8-2.8 V at a rate of
100 mA g~! during an initial process and at different rates in the fol-
lowing cycles. Cyclic voltamogram (CV) measurement was conducted
with a scan rate of 0.1 mV s~!, and electrochemical impedence spec-
troscopy (EIS) measurement was carried out in the frequency range
of 100 mHz to 10 kHz with a zero-bias potential and 10 mV of ampli-
tude. Impedance spectrum was analyzed by fitting the spectra to the
proposed equivalent circuit using Zview software.

Results and Discussion

Structural analysis of OMC-S composites.—Figure 1a illustrates
the formation procedure of pPOMC-S composite and its electrochem-
ical process. The mesopores of OMC are gradually filled with sulfur
due to the lowest surface tension of sulfur at 155°C.3® During dis-
charge reaction, solid sulfur, Sg in OMC is reduced by lithium, and
the sulfur chain length is gradually shortened until the final discharge
product Li,S is formed. The overall redox couple of a lithium-sulfur
cell is described by the reaction Sg + 16Li <> 8Li,S and occurs at a
potential of 2.15 V vs. Li/Li*.

The structure and morphologies of the as-synthesized OMC ma-
terials were characterized by SEM and TEM measurements in Figure
S2. TEM images of the OMCs show the formation of highly or-
dered uniform mesopores in the carbon framework. All the OMCs
were prepared from the corresponding OMS templates with different
morphologies and mesopore channel length. The definition of chan-
nel length and cross-sectional diameter used to describe the OMCs
is illustrated in Figure S1. The rOMC illustrates a rod-like carbon
structure with an average mesopore length of ca. 0.10 um and a cross-
sectional diameter of ca. 0.4 um with an aspect ratio of ~2.5. The
mesopore channel length can be controlled in rod-like OMC, and as
the mesopore length decreases, the cross-sectional diameter increases.
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Figure 1. (a) Schematic illustration of the electrode structure and its electrochemical processes. SEM images of OMC-S composites with various morphology
and channel length: (b) rOMC-S, (c) sOMC-S, (d) top and (e) lateral side view of pOMC-S.

Thus, SOMC, where the mesopore length becomes almost identical
to cross-sectional diameter (0.6 nm), shows spherical shape with an
aspect ratio of ~1. The mesopore length can be shrunken furthermore,
and then, thin hexagonal prism-like morphology with short mesopore
channel length can be obtained in the case of pOMC with an average
mesopore length of ca. 0.2 um and a cross-sectional diameter of ca. 1.2
um with an aspect ratio of ~0.17. In particular, the uniform hexagonal
platelet morphology represents near perfect crystal growth expected
from crystal growth of hexagonal unit cell structure.

After sulfur is infiltrated into the OMCs, the SEM images of three
differently sized OMC-S composites are shown in Figures 1b-le.
TEM images of the OMC-S composites show ordered mesopore ar-
rays in Figure 2. All the OMC-S composites maintains the original
shape and dimension, illustrating the robustness of the OCM hosts for
sulfur loading. Interestingly, the inner parts of rOMC-S and sOMC-S
composites have much lighter color compared to the outer parts on
the surface as seen in TEM images of Figure 2. This may indicate that
sulfur can more densely loaded only on the mesopore channel parts
near on the surface since the OMCs have longer mesopore channels,
which cannot be fully filled with sulfur. The sulfur densely loaded near
on the surface may also black the way to inner part so that densely
sulfur-loaded shell and empty or less-populated core zone may form
as seen in rOMC-S and sOMC-S composites in Figures 2a and 2b.
The rOMC-S composite with long mesopore channel length clearly
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Figure 2. TEM images of as-prepared (a) rOMC-S, (b) sOMC-S, and (c)
pOMC-S. (d) TGA curves of pure S, rOMC-S, sOMC-S, and pPOMC-S com-
posites under a N, atmosphere.
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Figure 3. (a) Wide-angle and (b) small-angle XRD patterns of various OMC-S composites. (c) Ny sorption isotherms and (d) pore size distribution of sulfur-free
OMC:s with different channel length. (e) Ny sorption isotherms and (f) pore size distribution of the corresponding OMC-S composites.

reveals empty core zone not occupied by sulfur along with thicker
shell with high sulfur loading. The shell thickness decreases with de-
creasing mesopore channel length since more sulfur can travel into
the inner part with decreasing channel length as seen for rOMC-S and
sOMC-S in Figures 2a and 2b. On the other hand, interestingly, such
densely populated shell structure cannot be seen in the TEM image
of pPOMC composite probably due to easy filling of sulfur into short
mesopore channels. (Figure 2c).

The thermogravimetric analysis (TGA) under N, atmosphere was
measured to determine the S content in various OMC-S composites in
Figure 2d. The TGA curves show one weight loss stage from around
200 to 400°C, indicating the evaporation of S from the respective
OMC framework. Interestingly, the sulfur in pPOMC-S illustrates a bit
better stability, which indicates relatively better distribution of sulfur

throughout the porous structure unlike high localized distribution near
at the surface for rOMC-S and sOMC-S. For the three OMC-S com-
posites, the S weight percentage ranges from 59 to 62%, i.e. about
60 wt% sulfur loading for all the OMC-S composites.

Figure 3a shows the wide-angle XRD patterns of S and various
OMC-S composites. Bare sulfur illustrate typical sharp lines in the
XRD measurement. All the OMC-S composites show a broad signal
near at 20 = 22, which corresponds to amorphous carbon framework.
Several short sharp lines, which may correspond to some sulfur species
are still observed in all the OMC-S composites. The small-angle XRD
patterns in Figure 3b indicate that all the OMC-S composites contain
three diffraction peaks corresponding to the (100), (110), and (200)
planes typical of 2D hexagonal p6mm pore structure. The low-angle
(100) diffraction peaks at 20 = 0.94, 0.92, and 0.90 for rOMC-S,
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Table 1. Structural properties of various types of OMCs and
OMC-S composites.

SBET Viotal Viicro Vineso PSD

Sample  (m’g™) (em’g) (em’g’) (em'g™) (nm)
rOMC 1077 1.78 0.74 1.04 3.2
sOMC 1274 2.08 0.79 1.29 33
pOMC 1687 3.24 1.47 1.77 33
rOMC-S 5 0.0072 0.0007 0.0065 2.8
sOMC-S 78 0.07 0.01 0.06 2.9
pOMC-S 384 0.86 0.25 0.61 3.0

sOMC-S, and pPOMC-S, respectively, confirm the ordered mesoporous
structure of the as-synthesized OMCs. Interestingly, the (100) peak
shift toward lower angle is related to the increase in mesopore size with
decreasing mesopore channel length of the OMCs. The (100) peak
intensity decreases more with increasing mesopore length probably
due to thick heavily sulfur-loaded shell area as shown in Figure 2a.
N, adsorption-desorption isotherms were measured before and af-
ter S infiltration into mesoporous carbon as shown in Figures 3¢ and
3e to determine the surface properties of the OMCs. Although after
sulfur loading, the isotherm intensity drastically deceases due to pore
filling with sulfur, all the OMCs and OMC-S composites show simi-
lar isotherm profiles characteristic of type IV with H2-type hysteresis
loop, suggesting uniform mesoporous structure for both OMC and
corresponding OMC-S composite. As shown in Figure 3d, all three
OMC materials reveal a similar pore size distribution with uniform
mesopores averaged at 3.3 nm. Furthermore, BET surface areas were
also determined along with pore size distribution (PSD) and cumula-
tive pore volume. The detailed surface parameters for all the OMCs
and the OMC-S composites are summarized in Table I. Interestingly,
surface area and mesopore volume is found to increase with the de-
creasing mesopore channel length in OMC framework. The surface
area and total pore volume were determined to be ca. 1687 m? g~! and
ca.3.24 cm?® g~! for the pPOMC, respectively, which were much higher
than those observed for the rOMC (ca. 1077 m? g~! and ca. 1.78 cm®
g~ ') and the SOMC (ca. 1274 m? g~ and ca. 2.08 cm® g~'). Compared
with bare OMCs, the OMC-S composites illustrates decreased N, ad-
sorption volume as shown in Figure 3e, indicating decreased surface
properties. As expected, the surface areas of corresponding OMC-S
composites significantly decreased to nearly ~5 m? g=! for rOMC-S
and ca. 78 m? g~! for sSOMC-S for 60 wt% S loading, indicating that
most of the pores are almost completely filled. The mesopores are also
significantly diminished for rOMC-S and sOMC-S composites as in-
dicated by mesopore peak internsity in Figure 3f, indicating faithful
loading of sulfur into the mesopores of the OMCs. On the other hand,
interestingly, the pPOMC-S composite with identical 60 wt% S loading
still holds some surface area and the pore volume of ca. 384 m? g~!
and ca. 0.86 cm® g~!, respectively. This indicates that the pOMC-S
composite still maintains about 23% of the initial mespore surface area
along with only slightly decreased PSD compared to the bare pPOMC,
suggesting that sulfur is not distributed homogeneously in the porous
carbon framework. Some parts are fully filled, but other parts are only
partially filled with sulfur. This may infer that about 77% of meso-
pores is almost completely filled with sulfur, while the remaining 23%
is only partially filled with sulfur slightly adsorbed on the mesopore
wall in the case of pPOMC-S composite. Interestingly, the rOMC-S
and sOMC-S composites have densely sulfur-loaded shells on the sur-
face, which correspond to heavily sulfur-loaded zones, which cannot
be seen in pOMC-S. Due to this and relatively lower surface area
of rOMC and sOMC compared to that of pPOMC, the rOMC-S and
sOMC-S composites suffer from severe decrease of surface area and
pore volume compared to the pOMC-S for identical 60 wt% S load-
ing. In particular, the rOMC-S composite has large trapped dead pore
area in deep inner part of the porous framework not accessible by
N, gas since this has much longer mesopore channels, which can-
not be filled with sulfur. This is in full agreement with TEM image
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of rOMC-S composite in Figure 2a. The densely sulfur-loaded shell
on the surface may black the way to inner part, eventually creating
trapped dead volume in the inner part. This will decrease the effective
usage of surface area and pores for porous carbons with long meso-
pore channels. Therefore, the pPOMC with short mesopore channels
has advantages of higher surface area and larger pore volume and can
realize much better effective usage of the surface area and pores for
sulfur loading because of easy filling of short mesopores, which can
eventually facilitate adsorption of more polysulfides, and enhance Li
storage capacity with improved rate capability.

Eelectrochemical performance.—To better understand the effects
of OMC materials with different mesopore channels, the electrochem-
ical performances of all the OMC-S composite electrodes were inves-
tigated. Figure 4a shows the cyclic voltammograms (CVs) of pPOMC-S
at a scan rate of 0.1 mV s~! in the voltage range of 1.8 to 2.8 V vs.
Li/Li* for the first five cycles. During the first cathodic process, two
reduction peaks are observed at 2.3 V and 2.0 V. According to the
earlier reports,?”*® the peak at 2.3 V corresponds to the reduction of
elemental S to soluble lithium polysulfide (Li,Sx, 4 < x < 8), while
the peak at 2.0 V involves further reduction of the lithium polysul-
fides to insoluble Li,Syx (x = 1, 2). In the subsequent anodic scan,
two oxidation peaks are also observed at 2.33 V and 2.4 V, which
are attributed to the conversion of Li,S to the lithium polysulfides
and further the short-chain polysulfides to long-chain polysulfides,
respectively, indicating good reversibility of the electrode cycling
processes.'* Compared with rOMC-S and sOMC-S in Figure S3, both
the CV peak position and area remain almost unchanged after the sec-
ond cycle, suggesting relatively good capacity retention in pPOMC-S
composite.

Figure 4b shows the first charge-discharge curves for various
OMC-S composites at 0.1 C rate (1 C = 1680 mA g~'). Two dis-
charge plateaus at ~2.3 V and ~2.1 V are observed, which are in
agreement with two cathodic peaks in the CV curves.*® The initial dis-
charge capacity of the pPOMC-S cathode is as high as 1419 mAh g~!,
corresponding to 84.7% utilization of S with a high initial Coulombic
efficiency of 90.4%. In contrast, the rOMC-S and sOMC-S composites
show a bit lower initial discharge capacity of 1252 and 1315 mAh g~!,
which correspond to 74.7 and 78.5% S utilization based on the theo-
retical capacity of 1675 mAh g~!, with initial Coulombic efficiencies
of 83.7 and 87.8%, respectively, probably because of less efficient
mass transfer and polysulfide retention in the rOMC and sOMC.*
The high discharge capacity in the pPOMC-S can be directly correlated
with larger surface area and pore volume and better utiliztion of pore
poperties associated with short pore channels favoarble for facile mass
transfer of active materials.

In Figure 4c, the rate performances were investigated by cycling
the cells at various current rates from 0.1 C (168 mA g~!) to 2 C
(3360 mA g~'). All the as-synthesized OMCs demonstrate an excel-
lent rate capability, delivering a high fraction of its total capacity even
at a rate of 2 C (i.e., 174, 309, and 595 mAh g~! at 3360 mA g~! for
rOMC-S, sOMC-S, and pOMC-S, respectively). The 35.5% sulfur uti-
lization of pPOMC-S based on the theoretical capacity of sulfur is much
higher than those of rOMC-S (i.e., 10.4%) and sSOMC-S (i.e., 18.4%)
at a rate of 2 C. When the current density was return to a low rate
(0.1 C) after cycling at various rates, the pPOMC-S recovered a specific
capability of 1016 mAh g~! (i.e., 28% decrease) better than rOMC-S
(590 mAh g', i.e., 58% decrease) and sOMC-S (803 mAh g7/, i.e.,
43% decrease), respectively. This indicates that pOMC-S is found to
better keep its integrity not only for a long number of cycles but also
at high rates.

Figure 4d shows the galvanostatic cycling performance for various
OMC-S cells at 168 mA g~!. All the OMC-S cells exhibit relatively
fast capacity fading in the intial cycles because the sulfur particles
encapuslted in the OMC framework are dissolved and diffused into
electrolyte during the cycles, which can lead to the capacity drop
due to loss of active sulfur species. After the intial 20 cycles, the
sulfur particles are redistributed on the pore of OMC framework and
lead to relatively reversible and stable electrochemical reaction. After

Downloaded on 2019-01-18 to IP 114.71.101.111 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 166 (3) A5244-A5251 (2019) A5249
211 — 1t 301 —rOMC-S
(a) nd (b) —sOMC-S
- A 27 —— pOMC-S
\E 0.74 E 15t cycle
- o 244
£ 004 &
3 " <
= °
- 2.1+
SRUL >
>1.4' 18'
18 21 24 . 27 0 300 600 900 1200 1500 1800 2100
Potential /V (VS Li/Li ) Speciﬁc capacity (mAh g'l)
~1800F = 120
= t(c) —E—TOMC-S| %, S
ﬁ 1500 —@—sOMC-S| <« 100 &
£ RoIC —A—pOMC-S| E 12004 g
T 1200k, 0.2C > 80 2
z 0.3C 0.1C] 2 5
E 900} rssssaas 0.5C N 2 %07 60 g
- N A, 1C =% [
% heeyieney vV 2C P‘\ 8 600 E
o s Mty Sossesnsy L i 1
é %0 otesnag, ( ::: Specific capacity Coulombic efficiency o g
S 300p B S| 3 3004 —B—  —O0—rOMCS 0 =
) | [ 2 —0—, —(O—sOMC-S o
& 5 ) . " I —A—,  —A—pOMC-S i ¥
0 20 40 60 0 0 40 60 8 100

Cycle number

Cycle number

Figure 4. (a) Cyclic voltammogram of pOMC-S composite in a coin cell at a scan rate of 0.1 mV s~! in potential window from 1.8 to 2.8 V vs. Li*/Li°. (b)
Comparison of galvanostatic charge-discharge curves of various OMC-S cells at a current density of 0.1 C. (c) Rate capabilities of the OMC-S cells at different
discharge currents. (d) Cyclic performance at a constant current rate of 0.1 C and the corresponding Coulombic efficiency of OMC-S composites with different

channel length.

100 cycles, the pOMC-S cathode retains a capacity of 1002 mAh
g~! with an average decay rate of 0.22% per cycle and Coulombic
efficiency of 99%, which corresponds to 78.3% capacity retention of
initial capacity measured at the second cycle, revealing the highest
capacity and the cycling stability among the OMC-S composites.
Meanwhile, the rOMC-S and the SOMC-S deliver a capacity of 551
mAh g~! and 740 mAh g~! corresponding to 49.0 and 62.2% capacity
retention from the second cycle, with an average decay rate of 0.51
and 0.38% per cycle and Coulombic efficiency of approximately 97%,
respectively.

In addition, to check the redox behavior and reversibility of
OMC-S cells, cyclic stability was conducted at a higher current density
of 2 C for 100 cycles as shown in Figure S4a. The rOMC-S, sOMC-S,
and pOMC-S cells show the initial specific capacities of 452, 527, and
721 mAh g~!, respectively. After 100™ cycle, the capacities remained
at 160, 284, and 502 mAh g*l with capacity retentions of 35, 54, and
70%, respectively. The result indicates that pPOMC with high surface
area and shorter mesopore channel provides the excellent mass trans-
fer and facilitates the transport of Li ion in the pOMC framework.
After the 100 cycles, the CV curves of all the OMC-S cells were mea-
sured between 1.8 V and 2.8 V at 0.1 mV s~! for 5 cycles as shown
in Figure S4b-d. In comparison to rOMC-S and sOMC-S, pOMC-S
shows the well-defined redox reaction peaks, indicating excellent elec-
trochemical reversibility even after 100 cycles at high C-rate. Cycling
performance depends on reversible diffusion of lithium ion within
porous carbon electrode materials. Short channel length reduces the
travel path, favors the unhindered mass transfer, and guarantees ef-
fective usage of surface area and pores during insertion/extraction of
lithium, thereby increasing capacity retention ability in the order of
rOMC-S < sOMC-S < pOMC-S. This is in full agreement with TEM
images and N, isotherm data for the OMC-S composites with different
mesopore channel length.

The electrochemical impedance spectroscopy (EIS) measurements
were further performed to investigate the internal resistance of differ-
ent OMC-S cathodes at fully charged condition, and the corresponding
Nyquist plots are shown in Figure 5 with an equivalent circuit dia-
gram presented in an inset. It can be seen that all the Nyquist plots
are composed of two semicircles in the middle-high frequency re-
gion, and sloping lines in the low frequency region correspond to the
Li* diffusion within the electrodes.*! All the OMC-S electrodes show

—e— rOMC-S
604 —eo— sOMC-S
—e— pOMC-S
E CPE1 CPE2
= 404
@)
=1 )]
-g 20
N
0
0

Zye/ Ohm

Figure 5. Nyquist plots for various OMC-S composites after 50 cycles at fully
charged condition to 2.8 V. The inset is an equivalent circuit used to fit the
impedance spectra.
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Figure 6. Schematic illustration of sulfur distribution in various OMC-S com-
posites including densely sulfur-loaded shell marked with dark yellow and
polysulfide distribution during discharge-charge processes in the OMC-S cath-
odes for LSB.

similar ohmic resistance (R,) from high frequency intercept, which
corresponds to ionic resistances of electrolyte and contact resistance
at the interface between electrodes and current collectors. The semi-
circle at high frequency region is related to solid electrolyte interface
(SEI) film formed on the surface of electrodes (R;) and the middle fre-
quency semicircle is attributed to the charge-transfer resistance (Ry).
R, values of the OMC-S composites decrease with decreasing meso-
pore channels from 8.2 @ (i.e., TOMC-S) to 7.5 2 (i.e., SOMC-S) and
further to 4.9 Q (i.e., pPOMC-S). Furthermore, much smaller R, value
was measured for pPOMC-S (i.e., 24.3 2) compared to those for its
peers, sSOMC-S (i.e., 27.9 2) and rOMC-S (i.e., 32.5 ) with longer
channel length. This result may be due to relatively large mesopore
volume and short mesopore channels of the pPOMC structure, which
allow fast charge transport path for both electron and Li ion during
discharge and charge cycles. By comparison, in the case of sOMC-S
and rOMC-S, dense sulfur loading zone as well as long travel distance
will make it slow for active sulfer to interact with Li, increasing the R;.
The unique pPOMC nanostructure with short ordered mesopores can
provide faster charge and mass transfer in lithium insertion/extraction
processes and facile charge transfer at the electrode/electrolyte inter-
face. Eventually, among the OMC-S composites, the pPOMC-S shows
the lowest R and R, values because of its highly conductive porous
host and shortest mesochannel length, facilitating the interface charge
and electron transfer. The detailed kinetic parameters derived from the
Nyquist plots for the OMC-S composites are summarized in Table S1.

Figure 6 depicts comparative effects of mesopore channel length
on the electrochemical performance for each of OMC-S composites
as a cathode in LSB. In the OMC-S composite structure, the ma-
jority of sulfur is infiltrated into the mesopores with some sulfur on
the surface of OMC. The OMC materials with long mesopore chan-
nels have heavily sulfur-loaded zone near on the surface as shown in
TEM images in Figure 2. The heavily sulfur-loaded zone near on the
surface may also black the way to inner part so that densely sulfur-
loaded shell and empty or less-populated core zone may form for the
rOMC-S and sOMC-S composites. In fact, the rOMC-S composite
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with longest mesopore channels can have trapped dead volume in the
inner part. The thickness of the heavily sulfur-loaded zone increases
with increasing mesopore channel length due to difficulty of sulfur
in traveling into the inner part with increasing channel length. On
the other hand, for pPOMC-S with short mesopore channel length, no
such heavily sulfur-loaded zone is seen in the composite since sulfur
can easily infiltrate the short mesopore channel with more homoge-
neous sulfur distribution in the pOMC-S composite. Figure 6 shows
schematic illustration of sulfur distribution in various OMC-S com-
posites with different yellow grades including densely sulfur-loaded
shell marked with dark yellow along with possible empty zone on the
basis of experimental evidence.

The discharge-charge processes in the OMC-S cathodes for LSB
are also illustrated in Figure 6. During the electrochemical discharge-
charge processes, it is also likely that the more polysulfides generated
during cycles are located homogeneously throughout the short meso-
pore channels of pPOMC-S due to relative easy filling. The longer the
mesopore channels, the less mesopore channels will be filled with the
polysulfides also due to increasing transfer resistance. Eventually, the
less efficient utilization of mesopore surface area and volume in the
OMC with long mesopore channels will induce gradually more poly-
sulfides to be located near on the surface for rOMC-S and sOMC-S
compared to pPOMC-S. Therefore, the diffusion or shuttle of the solu-
ble polysulfides gets more severe with increasing mesopore length in
the OMC-S composites, which will result in less sulfur utilization and
thus, less cycle and rate capability in rOMC-S and sOMC-S cathodes.
After all, short mesopore channels, which guarantee more homoge-
nous distribution of the polysulfides in the mesopores, help to provide
much better electron and ion transport path and mitigate polysulfide
diffusion/shuttle during the cycles within the electrode, which can
result in a higher sulfur utilization and longer cycle life.

Conclusions

In this study, the OMCs with different mesopore channel length
were fabricated and explored as hosts for sulfur as cathode materials
in LSB. The mesopore channel length of the OMC host for sulfur has
significnat influence not only on mass transfer but also on the sulfur
untilization and eventually LSB performance including cycle and rate
capabilty of the cell. The as-synthesized OMC-S composites cannot
only lead to facile mass transport but also hold soluble polysulfides
in the OMC framework because of distinctive structural features such
as well-developed 3D conductive hexagonal mesopores, high specific
surface area, and large mesopore volume. In particular, thin hexag-
onal prism-shaped pOMC-S with the short mesopore channels has
demonstrated higher sulfur utilization and thus better cycling perfor-
mance and rate capability compared to the other OMC-S composites
with longer mesopore channels. This superb behavior is attributed
to more full utilization of mesopore channels for sulfur loading and
polysulfide holding, thus demonstrating better LSB performance. We
believe that this systematic study will help to better understand the
correlation between porous surface structures and LSB performance
which is much needed to develop high energy LSB in accordance with
present-day requirement.
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