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ABSTRACT: The Li−S system offers a tantalizing battery for
electric vehicles and renewable energy storage due to its high
theoretical capacity of 1675 mAh g−1 and its employment of
abundant and available materials. One major challenge in this
system stems from the formation of soluble polysulfides during
the reduction of S8, the active cathode material, during discharge.
The ability to deploy this system hinges on the ability to control
the behavior of these polysulfides by containing them in the
cathode and allowing for further redox. Here, we exploit the high
surface areas and good electrical conductivity of mesoporous
carbons (MC) to achieve high sulfur utilization while
functionalizing the MC with sulfur (S−MC) in order to modify the surface chemistry and attract polysulfides to the carbon
material. S−MC materials show enhanced capacity and cyclability trending as a function of sulfur functionality, specifically a 50%
enhancement in discharge capacity is observed at high cycles (60−100 cycles). Impedance spectroscopy suggests that the S-MC
materials exhibit a lower charge-transfer resistance compared with MC materials which allows for more efficient electrochemistry
with species in solution at the cathode. Isothermal titration calorimetry shows that the change in surface chemistry from
unfunctionalized to S-functionalized carbons results in an increased affinity of the polysulfide intermediates for the S−MC
materials, which is the likely cause for enhanced cyclability.

KEYWORDS: lithium−sulfur cell, sulfur-functionalized porous carbons, isothermal titration calorimetry, sulfur cathode,
enhance polysulfude affinity, mesoporous carbons

■ INTRODUCTION

The increasing need for widely available clean energy
technologies such as electric vehicles and renewable electricity
generation require high-capacity energy storage systems
utilizing abundant materials. Battery systems available for this
kind of energy storage include intercalation and conversion
reaction systems. The energy density and gravimetric capacity
of intercalation strategies are limited by the heavy host lattices
required for topotactic Li-ion intercalation. This mechanism
fundamentally limits the capacity of intercalation materials to
around 300 mAh g−1, making them poor choices for lightweight
batteries. Alternatively, conversion reaction battery systems can
achieve the large gravimetric capacities necessary for lightweight
batteries and open the door for the utilization of abundant
resources.
The Li−S conversion reaction battery has one of the highest

theoretical gravimetric capacities, making it an excellent system
to study for lightweight batteries. The Li−S cell utilizes sulfur as
the active cathode material, an ideal material for two main
reasons. First, sulfur is highly abundant and not geographically

isolated.1 Second, the S atom can store two electrons yielding
theoretical capacities of 1675 mAh g−1, more than five times
higher than the intercalation cells. Sulfur has its challenges, as
well, which originate from its low electrical and ionic
conductivities,2 two very important properties for a battery
material. These weaknesses necessitate the incorporation of
conductive additives in the cathode, usually carbons, to facilitate
electron transfer to the sulfur, as well as the use of electrolytes
that slightly solubilize sulfur, allowing it to combine with the Li+

and mitigating its low ionic conductivity.
Although the poor electrical and ionic conductivities can be

improved by additives, the Li−S system in practice still shows
poor cyclability, insufficient utilization of active material, and
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stability issues. The primary cause for these performance
problems is the formation of intermediate polysulfide species
formed during discharge. The long-chain polysulfides are
soluble in the electrolyte leading to dissolution into the bulk
electrolyte,3,4 loss of active mass during every discharge, a
steady fade in discharge capacity as the cell cycles, and parasitic
side reactions of the polysulfides with the anode.5

Various efforts have been made to decrease the polysulfide
dissolution by modifying nearly every aspect of the cell. For
instance, Fu et al. found that a carbon fiber trap between the
cathode and separator is able to trap polysulfides and prevent
their migration to the anode.6 Modification of the conductive
carbon matrix in the cathode itself has also been shown to hold
polysulfides in the cathode. Studies have evaluated graphene-
wrapped sulfur7 and sulfur−graphene composites,8 sulfur-
coated multiwalled carbon nanotubes sandwiched between
graphene sheets,9 hollow carbon nanofiber−encapsulated
sulfur,10 carbon sphere micropore-encapsulated sulfur,11

sulfur−impregnated carbon nanotubes,12 sulfur−impregnated
activated carbon cloth,13 and even sulfur−impregnated porous
carbon derived from crab shells,14 to name a few. Another
interesting approach evaluated ordered mesoporous carbon
(OMC) materials which exhibit high sulfur utilization due to
their high specific surface areas (around 1000 m2/g) which
provide good electrical contact to the sulfur.15 Since the first
report utilizing OMCs as sulfur hosts by Ji et al. in 2009, several
additional modifications to the OMC materials have been
investigated. For example, hierarchically structured OMC,16

bimodal OMC materials,17 and OMC nanospheres18 have been
evaluated. These studies focus on modifying the structure of the
pore network including the pore sizes or the size of the porous
particles themselves.
We evaluate similar ordered mesoporous carbon materials

and find that while the capacity decay is abated, additional
modification of the pore network is needed to create a more
amiable environment within the cathode for the polysulfides.
Our work focuses on a compositional modification of the
carbon material through the incorporation of sulfur function-
alities, which are known to effect catalytic and capacitive
behavior,19−21 into the carbon materials. We find that the sulfur
functionality changes the surface chemistry of the carbons

resulting in enhanced affinity of intermediate polysulfides to the
carbons and better cycling behavior.
Functionalizing the mesoporous carbons with sulfur

functionality allows the cathode to better retain polysulfides
in the mesoporous carbons (Figure 1). This modification
increases the polarizability of the carbon material and could
allow for S−S interactions between the S-functionalized carbon
and the solubilized intermediate polysulfide materials. Here, we
describe (1) the effect of the sulfur functionality (denoted by
S), even in small weight fractions relative to the mesoporous
carbon weight, on the capacity retention of the Li−S cell, and
(2) the mechanism by which the S-functionalized carbons
interact with a model lithium polysulfide solution.

■ EXPERIMENTAL SECTION
Materials Preparation. All mesoporous carbon materials were

prepared via a hard templating method using mesoporous silica as the
template. Both hexagonal and cubic ordered mesoporous carbons were
prepared using the appropriately ordered mesoporous silica structure.

Hexagonal ordered mesoporous silica (SBA-15)22 and cubic
ordered mesoporous silica (KIT−6)23 were prepared following the
previously published routes. SBA-15 was prepared by dissolving
Pluronic P123 block copolymer in diluted HCl (2 M). Tetraethylor-
thosilicate was then added while stirring. The solution was stirred at 38
°C for 6 min and allowed to rest for 24 h with no stirring. The solution
was then heated to 100 °C in a Parr pressure vessel for 24 h. The
resulting silicate was filtered and washed with ethanol and water and
then calcined at 550 °C for 4 h in air. To achieve the cubic ordered
mesoporous silica, we added butyl alcohol to the initial 2 M HCl
solution at a 1:1 ratio with the P123.

The hexagonal ordered mesoporous carbons were templated with
SBA-15 following previously published procedures.22 Sucrose (0.86 g)
was dissolved in water (3.5 mL) along with H2SO4 (0.1 g). The
sucrose solution was then stirred with SBA-15 (0.7 g) and heated to
100 °C for 24 h to remove the water. The same procedure was
followed for a second infiltration with 0.5 g sucrose. The sucrose/silica
composite was then reduced in a tube furnace with flowing 5% H2/Ar
at 900 °C for 6 h. The silica template was removed by stirring in HF
(24%) overnight. The resulting carbons were then filtered and washed
with alternating 20 mL aliquots of ethanol and water until the filtrate
reached about 150 mL. The carbon was then dried at 65 °C overnight.
All silica templates were removed in this way.

Cubic ordered mesoporous carbons were prepared similarly
following previously published procedures.24,25 Boric acid (0.9 g)

Figure 1. Preparation of cubic ordered mesoporous carbon (CMC) materials with and without sulfide functionality.
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was dissolved along with sucrose (0.6 g) and H2SO4 (17.8 M, 39 μL)
to about 3 mL of water. We found that adding the boric acid helped to
replicate the silica template pore network for our setup. The KIT−6
silica template (0.5 g) was stirred into the solution and subsequently
placed in a sealed vessel and heated at 100 °C for1 h prior to removing
the water. The composite was placed in an oven at 160 °C overnight.
A second infiltration was done with sucrose (0.4 g), boric acid (0.9 g),
and H2SO4 (17.8 M, 25.5 μL) in 2.7 mL of water. The composite was
reduced at 900 °C under 5% H2/Ar for 6 h. The boric acid phase
separates into the silica during carbonization forming boron oxide and
borosilicate and expands the pore size as described previously.24 The
silica template along with the boron oxide and borosilicate were then
removed as described above.
The preparation of S-functionalized mesoporous carbons was

inspired by previous work preparing sulfur-containing mesoporous
carbon materials by Shin et al.26 and Valle-Vigoń et al.27 Two methods
were used to obtain a varying degree of sulfur-functionality in the
mesoporous carbons. Cubic mesoporous silica, KIT-6, was used as the
template for all S-functionalized materials. For the lowest wt% S
material, p-toluenesulfonic acid monohydrate (PTSA, 0.62 g) was first
dissolved in acetone (about 1 mL). KIT-6 (0.5 g) was stirred into the
solution for 1.5 h. The acetone was removed and the resulting
composite was heated at 100 °C overnight and then at 160 °C for 8 h.
A second infiltration was done with PTSA (0.413 g) dissolved in about
7 mL of acetone following the same procedure. The material was then
reduced at 900 °C under 5% H2/Ar for 3 h. The silica template was
removed as described above.
For the higher wt % S-containing mesoporous carbon, thiophene

methanol was polymerized within the KIT-6 via an acid catalyzed
polymerization, similar to the procedure described by Shin et al.26

First, KIT-6 (0.48 g) was functionalized with PTSA (0.66 g) dissolved
in acetone (about 1.5 mL). After removing the acetone, 2-
thiophenemethanol (0.96 g) dissolved in toluene (4 mL) was added
to the KIT-6 and stirred for 1.5 h until brown. The excess solvent was
decanted and material was rinsed with additional toluene to remove
any unreacted monomer. The material was then dried in a vacuum
oven at 50 °C overnight. The resulting composite was reduced in a
tube furnace with flowing 5% H2/Ar at 800 °C for 4 h and the silica
template was removed as previously described.
Materials Characterization. All porous materials were charac-

terized by low-angle X-ray diffraction (XRD) and wide-angle XRD on
a Scintag X2 θ−θ diffractometer and Philips X’PERT MPD,
respectively. N2 sorption isotherms were measured on a MicroMeritics
TriStar Porosimeter at 77 K. The materials were first degassed with
flowing N2 at 100 °C for 2 h followed by 200 °C for at least 10 h.
Elemental analysis was performed on the materials to determine the wt
% of C, H, and N using an automated organic elemental analyzer. The
S content of the materials was determined by 34S isotope ratio mass
spectrometry. X-ray photoelectron spectroscopy (XPS) was done on a
Kratos Axis Ultra X-ray Phototelectron Spectroscopy system with
powders. The reduced C (284.8 eV) signal was used as the reference
binding energy.
Isothermal titration calorimetry (ITC) was done on a TA

Instruments Nano Isothermal Titration Calorimeter at 25 °C.
Titration volumes were 10 μL with a relaxation time of 800 s between
titrations and a stir rate of 350 rpm. Sample preparation was
performed under Ar; however, loading the samples into the ITC
required brief exposure to air (while in solution). ITC experiments
were done in 1,3-dioxolane (a common Li−S electrolyte solvent).
Ethyl methyl sulfone (EMS) is difficult to use for the ITC experiments
as it is a solid at room temperature preventing the preparation of
solutions with accurate concentrations. The “Li2S6” titrant solutions
were prepared by reacting Li metal and S8 in DOL by continuous
mixing at 85 °C for 5 days in a sealed vessel under Ar. The initial
solution was prepared at 5 M and subsequently diluted to obtain the
various concentrations used for ITC. The heat of dilution of “Li2S6” in
DOL was first determined by titrating the “Li2S6” solutions into DOL
(see the Supporting Information, Figure S1). This background heat of
dilution was subsequently subtracted titration by titration from all
measurements thereafter.

Cell Assembly and Electrochemical Analyses. Prior to cell
assembly, the CMC materials were first infiltrated with sulfur at 70% of
the available pore volume (as determined by N2 sorption analysis).
The CMCs were ground with an agate mortar and pestle with the
appropriate amount of precipitated sulfur. The powder was then
placed in a Parr pressure vessel to prevent loss of sulfur during heating
and then placed into an oven at 155 °C for two hours. The cathode
materials were evaluated in 2032 coin cells (MTI). Cell assembly was
performed in an Ar filled glovebox from the negative case (anode)
upward and pressed with a MTI Corporation hydraulic crimping
machine to 1000 psi. The entire volume of the cell was filled with
electrolyte (1 M LiTFSI in ethyl methyl sulfone, EMS) to mimic
industrial battery fabrication. Etched polypropylene separators (25 μm
thick, Celgard) cut into 19 mm diameter discs were used along with
composite, drop cast cathodes. Cathode casts were prepared by drop
casting 84% S/CMC, 8% Super P (TIMCAL) conductive carbon, and
8% polyvinylidene fluoride (PVDF, battery grade, Mitsubishi
Chemical) binder in dry cyclopentanone on carbon coated aluminum
foil. Cathode casts were allowed to dry overnight prior to loading them
into the glovebox. Li metal (12 mm diameter) anodes were punched
out of Li foil and scraped clean in an Ar glovebox. All cells were
measured at room temperature.

Electrochemical measurements were performed on a Bio−Logic
Variable Multichannel Potentiostat. Galvanostatic cycling and
impedance measurements were performed in 2032 coin cells.
Impedance measurements were performed from 1000 kHz to 10
mHz with an amplitude of 100 mV.

■ RESULTS AND DISCUSSION

Our interests in the mesoporous carbon materials initially
concerned the effect of the structure of the pore network. We
compared the performance of hexagonal ordered mesoporous
carbon, denoted as HMC, and cubic mesoporous carbon,
denoted as CMC (Figure 2). The characterization of these
materials can be found in the Supporting Information of our
previous work.28 Upon cycling the sulfur infiltrated mesoporous

Figure 2. Galvanostatic discharge and charge curves of the sulfur
infiltrated cubic ordered mesoporous carbon (S/CMC) materials vs
hexagonally ordered mesoporous carbon materials (S/HMC). The
cells are cycled at C/10 with 1 M LiTFSI in ethyl methyl sulfone
electrolyte. The error bars represent the standard deviation of three
replicate cells. The HMC cells tended to fail around 40 cycles which is
indicated by the increase in the error bars when averaging the
capacities. The data shown after 40 cycles with no error bars
represents the one cell that was able to cycle. We believe this failure is
due to the nature of the one-dimensional pore network afforded by the
HMC.
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carbons (denoted by S/HMC and S/CMC), the three-
dimensionally connected pore network afforded by the CMC
materials resulted in steadier cycling over 40 cycles. S/HMC
cathodes continually failed at the higher cycle numbers. We
believe that the isotropic pores of the HMC material clog more
easily, resulting in a higher percentage of failed cells over 40
cycles. Because of the enhanced cyclability of the S/CMC
materials, this pore network was selected as the baseline
material to compare the effect of the S-functionality.
The polar nature of the polysulfide intermediates was the

primary consideration when determining what kind of
functionality would be most effective. The ionic nature of the
polysulfides suggests that increasing the polarizability of the
surface of the carbons would be an advantageous modification;
however, this modification cannot negatively affect the surface
area or the conductivity. By including a heteroatom in the
carbon precursor material prior to pyrolysis, the nature of the
mesoporous carbon can be modified without significantly
reducing the conductivity and maintaining the pore structure of
the template. Pyrolysis of the heteroatom precursor p-
toluenesulfonic acid results in sulfur incorporation into the
carbon. The chemical nature of the sulfur is discussed in the
following paragraph. The material contains 3.2 wt % S and is
denoted S3.2-CMC. Simply using a heteroatom precursor such
as thiophene, with a higher S:C ratio, does not produce a
material with higher sulfur functionality in the resulting carbons
due to the high pyrolysis temperature required to reduce
carbon. Thiophene is lost due to its low boiling point leaving
no material behind at the temperatures where carbonization
occurs. An extended network must be prepared within the silica
template prior to pyrolysis which contains an already thermally
stable sulfide moiety, as in thiophene. With this in mind, the
higher wt % S-CMC was prepared by polymerizing
thiophenemethanol within KIT-6 yielding a mesoporous
carbon material with 5.5 wt % S (S5.5-CMC). The resulting
carbons contain a cubic ordered pore system (Figure 3a) and
retains its amorphous nature (Figure 3b) independent of the

precursor. The high sulfur content material contains almost
double the S content and a similar, although not identical, pore
system (Figure 4). The BET surface areas for each material are

above 1000 m2/g allowing for good contact to the infiltrated
sulfur. The BET surface area, pore volume, micropore surface
area, and BJH pore size along with the elemental analysis of all
the CMCs are tabulated in Table 1. By changing the precursor
material, the pore system varies slightly across the series of
materials. For instance, the average pore diameter for the S5.5-
CMC material is larger than S3.2-CMC (Figure 4b). This pore
size variability which coincidentally corresponds well with the
sulfur content is probably not related to the sulfur functionality
at all. By changing the carbon precursor used for the pyrolysis,
the pyrolysis procedure will vary, resulting in different mass
losses during pyrolysis and possibly even a variation in the
temperature at which pyrolysis begins due to the different bond
strengths of the precursor. Both precursors utilize largely
already aromatic carbons, however, so the temperature is
probably not a big factor. With careful manipulation of the
infiltration and pyrolysis conditions, we expect that an identical
pore structure would be obtainable even using varied carbon
precursor material; however, we did not explore this aspect, as
the focus of this paper was to obtain a high-surface-area cubic
ordered mesoporous carbon with sulfur incorporation.
The XPS of the S-functionalized materials reveals that the

sulfur is carbon bound in a thiophenic moiety. We see only
sulfur, carbon, and oxygen in the sample and there is only one
sulfur environment as evidenced by the single 2p doublet
(Figure 5a). There is no evidence for any S−O environments
that would show up above 166 eV29 and elemental sulfur would
not survive the pyrolysis conditions so the sulfur must be
bound to carbon. The possible organosulfur compounds that
would survive the pyrolysis conditions include thiophenic
moieties consisting of an aromatic C−S−C type bond.
Additionally, the position of the S 2p3/2 peak at 163.8 eV
corresponds well with other sulfur-doped carbonaceous
materials in which an aromatic C−S−C type bonding is

Figure 3. X-ray diffraction (XRD) of the cubic mesoporous carbon
materials (CMC). The weight percent of sulfur functionality of the S-
functionalized CMCs (S-CMC) is denoted by the subscript. (a) Small-
angle XRD of the CMCs show the ordering of the pore structure
independent of the precursor used for the CMCs. (b) Wide-angle
XRD shows the two broad peaks centered around 21 and 45° 2θ,
characteristic of amorphous carbon.

Figure 4. N2 sorption analysis of the cubic mesoporous carbon
materials (CMC). The weight percent of sulfur functionality of the S-
functionalized CMCs (S-CMC) is denoted by the subscript. (a) The
pore size distribution shows the majority of the pores to be
mesoporous. The S5.5-CMC material displays a smaller pore size
making direct comparison of the materials difficult. (b) All materials
show the characteristic Type IV isotherms indicative of mesoporous
networks. The isotherms are not identical for each CMC indicating
that the pore networks are slightly different.
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suggested.19,20 The carbon 1s peak can be fit with 5 constituent
peaks with a full width at half-maximum of 0.96 eV
corresponding to the various carbon environments present in
the amorphous carbon material (Figure 5b). It is not
immediately obvious which peak corresponds to carbon-
bound sulfur. The carbon environments above 286 eV can,
however, be assigned to oxidized surface states which are always
present on the surface of amorphous carbon materials and
could include carbonyls, ethers, carboxylic acids, etc.30 The two
lower binding energy peaks are more interesting. The lowest
peak corresponds to graphite-like carbon, whereas the peak at
285.4 eV could either be carbon bound sulfur or aliphatic-like
carbon that shows up in carbon blacks.30 At pyrolysis
temperatures above 700 °C, however, the aliphatic carbon
peak should constitute less than 5% of the total carbon
environments.30 These carbons are pyrolyzed at 900 °C
suggesting that most of the reduced carbon should show up
at the low binding energies, however, we still see a significant
peak at slight higher binding energies of 285.4 eV. This peak is
18% of the carbon environment, which is much higher than we
would expect for aliphatic carbon contributions, suggesting that
this peak probably corresponds to the C−S environment.
The ability of the S-CMC material to retain polysulfides was

determined by cycling sulfur infiltrated CMCs (at 70% of the
available pore volume) vs a Li anode (Figure 7b) in 1 M
LiTFSI in ethyl methyl sulfone (EMS) electrolyte. This
electrolyte was chosen for the cycling experiments because it
is known that soluble polysulfides are formed during discharge4

allowing for the evaluation of the interaction between S-

functionalized CMCs with solubilized polysulfides. The
performance of S/CMC was established as a baseline to
compare capacities and capacity fade. All cells exhibit the
characteristic Li−S discharge and charge profiles with two
distinct plateaus on the discharge and a long, single plateau on
the charge (Figure 6). The absence of additional structure in

the profiles suggest that the sulfur functionality itself is not
participating in the discharge or charge. This is confirmed by
the negligible capacity observed when cycling S-CMCs in the
absence of infiltrated sulfur (see the Supporting Information,
Figure S2).
The high surface areas of the mesoporous materials increase

the electrical contact to insulating sulfur and result in much
higher initial discharge capacities compared to a composite of
sulfur with conductive carbon (Super P). The S/CMC material,
containing no sulfur functionality, exhibits a steady capacity
fade as the cell cycles. Just 3.2 wt % sulfide functionality results
in a lesser capacity fade; however, at higher cycle numbers (>80
cycles), the cell cycles very similarly to the neat CMC (Figure
7a). To maintain capacity retention above 80 cycles, a higher
degree of sulfur functionality is required. The S5.5-CMC

Table 1. Pore Network and Composition of Cubic Mesoporous Carbon (CMC) Materials from N2 Sorption Analysis and
Elemental Analysis

elemental analysis (wt%)

material BET surface area (m2/g)a pore volume (cm3/g)b micropore surface area (m2/g)c BJH pore size (nm) C H N S

CMC 1046 1.8 479 9.5 74.2 0.8 0.2
S3.2-CMC 1176 1.6 350 5.9 89.8 1.3 0.3 3.2
S5.5-CMC 1044 1.4 249 5.0 88.9 1.5 0.3 5.5

aMultipoint surface area calculated from the adsorption branch between 0.1p/po and 0.25p/po.
bSingle point pore volume from the desorption

branch at 0.98p/po.
cCalculated using the t-plot method.

Figure 5. XPS of S-CMC shows (a) the S 2p1/2 and the S 2p3/2 can be
fit by a single set of doublets indicating that there is a single chemical
environment for S. The S 2p3/2 peak position corresponds well to
carbon bound sulfur. (b) The C 1s envelope is defined well by 5
separate environments. The majority of the surface C (70%) exhibits a
peak at very low binding energy indicating a graphitic-type carbon
while 18% of the surface C is probably bound to sulfur. The three
peaks above 286 eV correspond to oxidized surface states.

Figure 6. Galvanostatic discharge and charge curves of the sulfur
infiltrated cubic ordered mesoporous carbon (S/CMC) materials with
and without sulfur functionality for the (a) 1st cycle, (b) 40th cycle,
and (c) 100th cycle. The wt % sulfur functionality is denoted by S#-
CMC. The cells are cycled at C/10 between 1.0 and 2.6 V with 1 M
LiTFSI in ethyl methyl sulfone electrolyte and show the characteristic
Li−S plateaus. The S5.5-CMC material shows higher charge capacities,
especially at higher cycles which allows for higher subsequent
discharge capacities. The charge capacities are higher due to favorable
interactions between the solubilized polysulfides and the S#-CMC. The
consequence of these favorable interactions are enhanced at higher
cycles becaues of the increasing concentration of polysulfides as the
cell cycles.
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material steadily outperforms the CMC material by 50% over
60 cycles. This trend can be seen more clearly when the
capacities are plotted normalized to the neat CMC material (S/
CMC) (Figure 7b).

Capacity retention is improved as sulfur functionality is
introduced into the mesoporous carbon materials even though
the S-CMC materials show slightly lower capacities initially.
The initial low capacity is probably due to the slightly lower
conductivity of the S-CMCs, as shown by the increase in
impedance of the S-CMC cells prior to cycling (Figure 8a). The
discharge capacity for the first cycle of S/S5.5-CMC is much
lower than the other two CMCs because of the slight decrease
in conductivity. However, at the high cycle numbers, S/S5.5-
CMC outperforms the other materials because of the
functionality.
Electrochemical impedance spectroscopy (EIS) was meas-

ured on the cells before cycling and at a fully charged state after
cycling in order to gain insight into the mechanism by which
sulfur functionality helps retain capacity (Figure 8). The
Nyquist plots are relatively similar before cycling but the S−
CMCs show dramatically different responses after cycling
compared to the CMC material. Qualitatively speaking, a
dramatic increase in the diameter of the first semicircle at high
frequencies is observed for the CMC materials. This semicircle
corresponds to the charge-transfer behavior of the electrodes.31

The decreased width of the semicircle exhibited by the S-CMC
materials after cycling suggests that the charge-transfer
impedance is greatly subdued.
The EIS spectra are fit to the equivalent circuit shown in

Figure 8 to allow for quantitative comparisons of the resistance
elements. The proposed circuit has been used previously to
describe Li−S cells.32 Constant phase elements (CPE) are used

in place of capacitance elements. Capacitance elements are not
ideal for our system because of the roughness of the particle
surfaces, an effect intrinsic to using powders, which results in
imperfect semicircles with centers below the x-axis in the
Nyquist plot. These elements are better modeled by CPEs.32,33

The impedance corresponding to the diffusion of Li+ at the
solid−electrolyte interface has been modeled by either a CPE32

or a Warburg element. We use a CPE to model this element
because Warburg impedance exhibits a signature 45° line at low
frequencies and this is not evident in our Nyquist plots. The
physical explanation of each resistance element in the
equivalent circuit is: Rel is the bulk ohmic resistance, which is
dominated by the electrolyte but also includes the resistance of
the electrodes; Rsl corresponds to the resistance of the surface
layers on both the anode and cathode; Rsl is in parallel with
CPEsl, the capacitance of the surface layers, Rct corresponds to
the charge transfer resistance at the carbon/electrolyte
interface, CPEf is the capacitance of the carbon material, and
CPE1 models the diffusion of the polysulfides.
After cycling, the S-CMC materials show higher Rsl values

and much lower Rct values compared to the unfunctionalized
CMC (Table 2). Higher Rsl values indicate that the surface
layers formed on the S-CMC materials are more insulating than

Figure 7. Galvanostatic cycling of the sulfur infiltrated cubic ordered
mesoporous carbon (S/CMC) materials with and without sulfide
functionality. The wt % sulfur functionality denoted by S#-CMC. The
cells are cycled at C/10 with 1 M LiTFSI in ethyl methyl sulfone
electrolyte. (a) The discharge capacities as a function of cycle number
show enhancement sulfur utilization (capacity) provided by the
mesoporous materials as a result of their high surface area. Error bars
indicate the standard deviation of 3 replicate cells. The S-function-
alized CMC materials show enhanced capacity retention. (b) The
effect of sulfur functionality is more clearly demonstrated when the
discharge capacities are normalized to the unfunctionalized CMC. The
discharge capacities normalized to the unmodified CMC are plotted vs
cycle number. The S5.5-CMC shows a 55% increase in capacity after
100 cycles.

Figure 8. Electrochemical impedance spectroscopy of the cells with
the various sulfur hosts (a) before and (b) after cycling. The symbols
represent the data and each fit overlaid as a solid line. The inset circuit
represents the equivalent circuit for the fits. The tabulated values for
the fit can be found in Table 2. The S-CMC materials initially show
slightly higher impedance probably due to a difference in conductivity
of the carbon materials. After cycling, S/CMC cell shows much higher
impedance compared with the S/S-CMC cells. The maximum −Z″ for
the first semicircle in the as-prepared state for S/CMC, S/S3.2-CMC,
and S/S5.5-CMC occur at 2454, 3630, and 2020 Hz, respectively. The
maximum −Z″ for the first semicircle in the cycled state for S/CMC,
S/S3.2-CMC, and S/S5.5-CMC occur at 239, 11562, and 54562 Hz,
respectively.

Table 2. Resistance Values Obtained by Fitting the Nyquist
Plots in 8 to the Inset Equivalent Circuit

as-prepared/after 100 cycles

Rel (Ω) Rsl (Ω) Rct (Ω)

S/S-CMC 1.76/0.28 9.94/2.46 8.71/72.0
S/S3.2-CMC 9.31/16.2 38.6/17.6 8.02/9.85
S/S5.5-SMC 5.35/13.0 15.6/479 33.8/11.9

ACS Applied Materials & Interfaces Forum Article

dx.doi.org/10.1021/am405025n | ACS Appl. Mater. Interfaces 2014, 6, 10908−1091610913



the surface layer formed on the CMC material. The surface
layers are likely oxidized sulfur in all cases as this is the well-
known insulating solid charge product. The EIS data suggest
that perhaps the S-CMC materials allow for more sulfur
deposition resulting in an increase in the resistance of the
surface layer and higher Rsl values. This would suggest that the
S-CMC materials allow for enhanced oxidation efficiency of the
dissolved polysulfide species. This can be seen directly by the
much higher capacity exhibited at the 100th cycle by the S-
CMC materials compared to that of the CMC materials. S5.5-
CMC materials exhibit a charge capacity of 350 mAh g−1,
whereas CMC shows 100 mAh g−1. Concurrently, the lower Rct
values are likely a result of the S-functionality decreasing the
interfacial resistance between the carbon surface and the
dissolved polysulfides. The ability of the S-CMC materials to
attract polysulfides to the surface of the carbons results in
higher concentrations of polysulfides in the mesoporous
material and thus decreases the charge transfer resistance.
This interaction will be probed further using isothermal
titration calorimetry later in this paper. Low charge transfer
resistance allows for more efficient electrochemical reactions at
the cathode.31,32

The EIS data imply that the charge transfer resistance
between S-functionalized CMC and the dissolved polysulfides
is much lower compared to the neat CMC. To evaluate this
behavior, we explored the interaction of intermediate
polysulfides with the CMCs directly through calorimetry.
Isothermal titration calorimetry (ITC) is a good tool to explore
surface interactions as it can detect heats as low as 0.05 μJ.
Although this technique is most commonly used for aqueous
solutions, there have been prior reports of using ITC in organic
solvents and with suspensions.34 For our purposes, ITC allows
for the qualitative determination of thermodynamic differences
between the intermediate polysulfide materials interacting with
CMC vs S5.5-CMC. A solution of “Li2S6” in 1,3-dioxolane
(DOL) represents the dissolved polysulfide species in the cell,
which is titrated into a suspension of the mesoporous carbon
materials. Interestingly, although the raw heats are exothermic
(Figure 9a), once the background heat resulting from the
dilution of the polysulfide solution as it is titrated into the
sample cell is subtracted, the interaction between the “Li2S6″
solution and unmodified carbons is clearly endothermic
reaching values over 100 kJ mol−1 during the initial injections
(Figure 9). When the sample cell contains S-CMCs, however,
this significant endothermic response is strongly subdued. This
suggests that the interaction between polysulfides and CMCs is
less favorable than with the S-CMC materials and could be the
reason for enhanced capacity retention exhibited by the S-
CMCs during battery cycling.

■ CONCLUSIONS
The sulfur functionality in the mesoporous carbons enhances
the cyclability of the cell because of a decreased repulsion
between the polysulfide species and the surface of the modified
mesoporous carbons. Because of the relatively low heats
observed when the polysulfide species are titrated into the S-
CMC materials, we believe this interaction is not due to bond
formation between the S-functional groups in the CMCs and
the polysulfides. Rather, this interaction is more akin to
“hydrophilic” vs. “hydrophobic” interactions where the
polysulfide species are driven away from the unmodified
carbon materials because of unfavorable thermodynamic
interactions, whereas these unfavorable interactions are greatly

subdued when the polarizability is increased and the nature of
the surface is changed by introducing the sulfur-functionality.
The effect of this functionality can be seen as the cell is cycled
and in the electrochemical impedance spectroscopy as the
charge transfer resistance is much lower for the S-CMC
materials. At cycle numbers greater than 10, when more of the
active cathode material exists as polysulfides, the S-CMC
materials exhibit much higher capacities. Between cycles 60 and
100, the S5.5-CMC materials reproducibly exhibit capacities
50% higher than unmodified the CMCs. Changing the surface
chemistry of the CMCs greatly improves polysulfide reactivity.
We believe this modification is not limited to sulfur
incorporation but it can be achieved through many routes
such as the inclusion of heteroatoms such as N or P. In fact, N-
doped carbons have very recently been shown to improve the
Li−S cell performance compared to undoped carbons and we
suggest that this is due to an increase in affinity of the
polysulfides to the doped carbon.35,36 Additionally, this is the
first time, to the best of our knowledge, that ITC has been used
to evaluate the interaction of the soluble polysulfides with the
cathode structure. This technique can be very useful in
evaluating effective polysulfide trapping materials without ever
cycling the material in a cell. We are currently evaluating this
technique further in order to directly quantify the enthalpy of
interaction between various materials and polysulfide solutions.

■ ASSOCIATED CONTENT
*S Supporting Information
Heat of dilution of “Li2S6” solutions at concentrations of 4.865
and 6.786 mM, cyclic voltammetry and galvanostatic cycling of
S-CMC materials with and without S infiltration. This material

Figure 9. Isothermal titration calorimetry (ITC) on suspensions of the
mesoporous carbon materials in 1,3-dioxolane. The titrant solution is
6.786 mM “Li2S6” in DOL intended to simulate dissolved polysulfide
species. (a) Heat evolved (exotherm is upwards) upon a 10 μL
titration of 6.786 mM “Li2S6” in DOL into a suspension of
mesoporous carbons (1.03 mg L−1 CMC and 1.04 mg L−1 S5.5-
CMC to maintain a constant surface area in the sample cell). The
background heat of dilution measured by titrating the same titrant
solution into DOL alone is also shown. (b) The integrated heat of
interaction (per mole of titrant) between the polysulfides and the
CMCs show that the unmodified CMCs show an endothermic
response once the background heat of dilution is subtracted. This
unfavorable response is greatly subdued with the addition of S-
functionality. This indicates that the polysulfides interact with the S5.5-
CMC more favorably thermodynamically.
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