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ABSTRACT: The possibility of achieving high-energy, long-life
storage batteries has tremendous scientific and technological
significance. A prime example is the Li−S cell, which can offer a
3−5-fold increase in energy density compared with conventional Li-
ion cells, at lower cost. Despite significant recent advances, there are
challenges to its wide-scale implementation. Upon sulfur reduction,
intermediate soluble lithium polysulfides readily diffuse into the
electrolyte, causing capacity fading and poor Coulombic efficiency in
the cell. Herein, we increase the capacity retention and cycle life of
the Li−S cell through the use of nanocrystalline and mesoporous
titania additives as polysulfide reservoirs and examine the role of
surface adsorption vs pore absorption. We find that the soluble lithium polysulfides are preferentially absorbed within the pores
of the nanoporous titania at intermediate discharge/charge. This provides the major factor in stabilizing capacity although surface
binding (adsorption) also plays a more minor role. A cell containing TiO2 with a 5 nm pore diameter exhibited a 37% greater
discharge capacity retention after 100 cycles than a cell without the titania additive, which was optimum compared to the other
titania that were examined.

■ INTRODUCTION

The exhaustion of petroleum resources and the pollution
caused by burning fossil fuels require that more environ-
mentally friendly energy storage systems that are safe and low
cost and have high energy densities be developed.1 Among the
most promising energy storage devices, the lithium−sulfur (Li−
S) battery meets all of the aforementioned criteria because
sulfur is environmentally benign and naturally abundant and
has a theoretical gravimetric energy density up to five times
greater than that of present lithium-ion battery technologies.2

Although the redox potential described by the reaction of S8 +
16 Li ↔ 8 Li2S is at a lower voltage (∼2.15 V vs Li/Li+) than
that of commercially available lithium-ion batteries (>3 V vs Li/
Li+), this disadvantage is overcome by sulfur’s high theoretical
gravimetric capacity (1675 mA h g−1).3

Despite its promising attributes, the Li−S cell is plagued with
problems that have hindered its widespread practical utilization.
One of the main obstacles when using sulfur as a cathode is that
it is a very good insulator. The addition of carbon to the
cathode is highly effective at overcoming this shortcoming due
to its high conductivity and low molecular weight. Most
recently a significant amount of research has focused on the use
of different mesoporous/microporous carbons4−7 and carbon
nanofibers8 to encapsulate and electrically “wire-up” elemental
sulfur. The other significant concern of the Li−S battery system
is the rapid capacity fading and low Coulombic efficiency that is
caused by the unfavorable lithium polysulfide (LiPS) shuttle
mechanism between the anode and cathode.9 The LiPS derived
from reduction of S8 are soluble in organic electrolytes and can

diffuse into the electrolyte and be fully reduced on the Li-metal
anode. These dissolved LiPS can also accumulate on the
exterior surface of the carbon cathode and be reduced to
insoluble lower order polysulfides (Li2S2 or Li2S). They are
highly insulating, apparently blocking for ion transport, and are
difficult to reoxidize upon charge of the cell. Although many
attempts have been made to overcome LiPS dissolution into
the electrolyte, such as new electrolyte systems with high
viscosities,10 Li anode protection by additives (TEOS or
LiNO3),

11,12 or metal oxide absorbents (Mg0.6Ni0.4O or
Al2O3),

13,14 these have not proven highly effective at improving
the long-term cycleability of the Li−S cell while maintaining a
high discharge capacity.
Recently, we have reported improved capacity fading by the

combination of mesoporous carbon (SCM), mesoporous silica
(SBA-15), and elemental sulfur as a cathode composite.15 The
mesoporous silica was effective at retaining the soluble LiPS at
the cathode and limiting the fraction that takes part in the
sulfur shuttle mechanism. The hydrophilic pores of SBA-15
reversibly adsorbs/absorbs the hydrophilic LiPS and releases
them near the end of discharge so that they can be further
reduced in the pores of the mesoporous carbon. This research
demonstrated that cycleability in a Li−S cell can be improved
with the use of a small amount of mesoporous silica in the
sulfur/carbon cathode.
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Herein, we report the use of mesoporous titania as an
additive to the cathode in order to enhance the electrochemical
performance of Li−S system. This extends our previous work
with mesoporous silica in hopes of finding a more commercially
viable additive that is both lower cost and easier to mass
produce than SBA-15. Mesoporous titania is expected to
function in a similar manner to mesoporous silica with the
majority of LiPS being absorbed by the porous structure as
illustrated in Figure 1. However, titania is more electropositive

than silica which could lead to significant adsorption as well.
There will be an increase in the electrostatic attraction between
the negative polysulfides and the oxide surface. To clarify the
nature of the adsorption and/or absorption mechanism and
quantify the improvement in the electrochemical performance,
we used three different morphologies of TiO2 with different
physical properties (surface area, pore volume, and pore size).

These different mesoporous titania were used as additives to a
cathode comprised of sulfur imbibed in a large-pore
mesoporous carbon (SCM, >10 nm) where LiPS dissolution
is more pronounced.

■ EXPERIMENTAL SECTION

Preparation of Cathode Composites. The SCM carbon
used as the electrical support for sulfur in this study was
synthesized according to a previously described method.15 α-
TiO2 was obtained from Mesotech Modern Materials Inc. For
the synthesis of β-TiO2 with controlled morphology, 1 g of
Pluronic P123 (EO20PPO70EO20) was dissolved in 10 g of
EtOH at 40 °C. Titanium tetrachloride (1.1 mL) was added to
the above solution with vigorous stirring. The mixture was
stirred for 30 min, and the resulting sol solution was dried in an
open Petri dish at 40 °C in air for 7 days. The as-made bulk
samples were collected and calcined at 400 °C for 5 h in air.
The synthesis of γ-TiO2 is outlined in ref 17. SBA-15 was
synthesized according to a previously described method.16 Each
SCM-additive material was synthesized by mixing SCM (50
mg) and the additive (5 mg) in DI H2O (5 mL) and sonicating
for 1 h. The material was then stirred for a further 4 h, and the
water was evaporated in a 130 °C oven for 48 h. Sulfur was
then impregnated into each SCM-additive. The SCM-additive
(40 mg) and sulfur (60 mg) were ground together and heated
to 155 °C. For the comparison study of SCM/S-no additive,
the appropriate reduction of sulfur content in the SCM was
made.

Electrochemical Measurement. Positive electrodes were
constructed from 80% SCM/S-additive or SCM/S-no additive,
10% poly(vinylidene difluoride) (PVdF) binder, and 10% Super
S carbon. The cathode material, ready for electrochemical
studies, contained 48 wt % of sulfur as active mass and 3.6 wt %
additive. The cathode material was well dispersed in cyclo-
pentanone by sonication and slurry-cast onto a carbon-coated
aluminum current collector (Intelicoat). Coin cells (2025 type)
were constructed using an electrolyte composed of 1.0 M
LiTFSI (lithium bis(trifluoromethanesulfonyl) imide) in a
mixed solvent of DOL (1,3-dioxolane) and DME (1,2-
dimethoxyethane) (1:1 volume ratio). Lithium metal foil was
used as the anode. The batteries were cycled between 1.5 and 3
V using an Arbin battery cycler at room temperature. The
discharge/charge rate 1C (1672 mA g−1) corresponds to a
current density of 1.25 mA cm−2.

Characterization. Nitrogen adsorption and desorption
isotherms were obtained using a Quantachrome Autosorb-1
system at −196 °C. Before measurement, the sample was
degassed at 150 °C on a vacuum line following a standard
protocol. The BET method was used to calculate the surface
area. The total pore volumes were calculated from the amount
adsorbed at a relative pressure of 0.99. The pore size
distributions were calculated by means of the Barrett−
Joyner−Halenda method applied to the desorption branch.
The SEM studies were carried out on a LEO 1530 field-
emission SEM instrument. FTIR analysis was performed on a
Bruker Tensor 37 spectrometer. Raman analysis was performed
on a LabRam HR system (HORIBA Jobin Yvon) using 633 nm
laser irradiation. Thermogravimetric analysis to determine the
sulfur content of each material was performed on a TA
Instruments SDT Q600 in a nitrogen atmosphere at a heating
rate of 10 °C/min from room temperature to 500 °C.

Figure 1. Schematic diagram illustrating the concept of polysulfide
reservoirs vs no reservoirs. Each separate image is a schematic of a Li−
S cell at different stages of discharge. (a) Open circuit voltage (OCV).
The cells with and without additive are similar with no polysulfide
species in the electrolyte. (b) At ∼2.15 V a high concentration of
lithium polysulfides (green, Sn

2−, 3 ≤ n ≤ 8) are formed and diffuse
into the electrolyte in the cell without additive. In the cell with
additive, the lithium polysulfides reversibly ad-/absorb in the porous
TiO2 with fewer diffusing into the electrolyte compared to the no
additive cell. (c) At full discharge, 1.5 V, a high concentration of
lithium polysulfides diffuse back into SCM from the electrolyte and are
further reduced to Li2S, but some are reduced at the lithium metal and
form a solid electrolyte interphase (green/gray film in schematic). In
the cell with additive, the lithium polysulfides diffuse from the porous
TiO2 to the SCM and are fully reduced to Li2S (gray) with fewer
remaining in the electrolyte compared to the no additive cell. Black
cube, carbon; clear cube, electrolyte and lithium salt; gray cube, lithium
metal; yellow circle, sulfur; green circle, reduced sulfur (soluble lithium
polysulfides); gray circle, fully reduced sulfur (Li2S); green molecules
in electrolyte, soluble lithium polysulfides.
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■ RESULTS AND DISCUSSION
The nitrogen BET isotherms for SBA-15, α-TiO2, and β-TiO2
are shown in Figure 2. Our previous work using SBA-15 as a

LiPS sorbent highlighted the effectiveness of mesoporous silica
to attract and hold soluble LiPS and release them to undergo
further reduction in the electrically conducting carbon matrix,
SCM. The BET analysis of SBA-15 (Figure 2) shows that it has
a very high surface area (918 m2/g) and pore volume (1.00 cc/
g) with a very narrow pore size distribution centered at 5.6 nm.
The hysteresis in the BET isotherm is indicative of a strong
capillary force in the mesopores of SBA-15 for N2 adsorption.
In the titania samples, α-TiO2 exhibited a similar isotherm to
SBA-15 with a pore size distribution centered at 5.2 nm (Figure
2). The difference is that α-TiO2 has a significantly lower
specific surface area (275 m2/g) and pore volume (0.41 cc/g)
compared to SBA-15 as evidenced by the decreased nitrogen
uptake. β-TiO2 was synthesized to target larger pores (9.6 nm)
than α-TiO2 in order to identify if polysulfide absorption was a
function of pore size. To isolate this possible effect, we kept the
specific surface area and pore volume similar between α- and β-
TiO2 (Table 1). The third titania material, nanocrystalline γ-
TiO2 (details in ref 17), was examined to determine if the
surface properties of the oxide were more important than pore
absorption. The γ-TiO2 is a nonporous titania with a similar
surface area to both α- and β-TiO2 (Table 1). The pore volume
shown in Table 1 is due to interparticle mesopores created by
aggregation of the 4−6 nm nanocrystalline particles. Therefore,
it can be determined if the LiPS interact with titania through
purely adsorption, absorption, or a combination of the two.

The electrochemical results of the four additives in Li−S cells
are compared in Figure 3. A mesoporous carbon (pore size ∼12
nm) termed SCM was infused with 60 wt % sulfur, and the
various sorption additives were added to form a cathode
composite. The cathodes were examined in a coin cell
configuration using 1 M LiTFSI in a mixed solvent of 1,3-
dioxolane and 1,2-dimethoxyethane (1:1 vol%) as the electro-
lyte and were cycled at a high current rate of 1C (1675 mA g−1,
full discharge in 1 h). Voltage profiles of the tenth discharge of
each cell are shown in Figure 3a. These data more clearly
highlight the discharge characteristics since the cell has
undergone a few conditioning cycles. The voltage profile for
each material is indicative of a typical Li−S cell with two
voltage plateaus (∼2.4 and ∼2.0 V) corresponding to reduction
of sulfur from high order LiPS to lower order LiPS. The long-
term cycling of the cells is shown in Figure 3b with 100 cycles

Figure 2. BET isotherms of SBA-15 (top, black), α-TiO2 (middle,
blue), and β-TiO2 (bottom, purple). Pore size distributions for each
additive are shown as insets in each plot. BET data for γ-TiO2 are not
shown but can be found in ref 17.

Table 1. Specific surface area and pore volume of the
additives. γ-TIO2 data taken from ref 17

SBA-15 α-TiO2 β-TiO2 γ-TIO2

specific surface area (m2 g−1) 918 275 134 176
specific pore volume (cm3 g−1) 1.00 0.41 0.29 0.30

Figure 3. (a) Galvanostatic voltage profile of the 10th discharge and
(b) long-term cycling performance of SCM/S-no additive (green),
SCM/S-SBA-15 (black), SCM/S-α-TiO2 (blue), SCM/S-β-TiO2
(purple), and SCM/S-γ-TiO2 (red).

Table 2. First Discharge Capacity of Each Cathode Material
and the Percentage of Discharge Capacity Retained in Each
Cathode after 100 and 200 Cycles in Comparison to the
Tenth Cycle Capacity

SCM/S-no additive

SCM/
S-SBA-
15

SCM/
S-α-
TiO2

SCM/
S-β-
TiO2

SCM/
S-γ-
TIO2

1st cycle
(mA h g−1)

1123 1244 1201 1135 1094

C100/C10 (%) 45 81 82 74 63
C200/C10 (%) − 71 73 62 44
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shown for the SCM/S cathode (no additive) and 200 cycles for
the SCM/S-additive cathodes. It is readily apparent that the
addition of SBA-15 or α-/β-TiO2 can dramatically increase the
performance of the SCM/S cathode. The first discharge
capacities and specific capacity retention of each material are
given in Table 2. SBA-15 and α-TiO2 exhibit almost identical
cycling stability and high initial discharge capacities above 1200
mA h g−1 (>71% sulfur utilization). Even though the surface
area and pore volume of α-TiO2 are significantly less than those
of SBA-15, the overall diminution of LiPS dissolution is the
same, as evident from the cycling stability which is almost
identical. The overall effect of β-TiO2 on cycling stability is
slightly less than that of α-TiO2 and SBA-15. The larger pore
size of β-TiO2 (9.6 vs ∼5.2 nm) leads to poorer absorption
properties compared to those of the smaller pores and hence
reduced effectiveness at retaining LiPS. The most surprising
result is that of the cathode with the γ-TiO2 additive, which

showed very poor cycling stability even compared to SCM/S-
no additive. This suggests that surface adsorption of polysulfide
ions is not singularly effective at increasing cycling stability
because the surface area is very similar between the porous and
nonporous titanias (Table 1). The electrochemical results
clearly show that LiPS predominantly interact with titania
through an absorption mechanism.
The stability from the porous titania additives is apparent and

readily explained, but the significant decrease in discharge
capacity of the SCM/S-γ-TiO2 cathode material was difficult to
rationalize. In order to have a comparable surface area between
the nonporous and porous titania, the particle size was very
small. In this case, γ-TiO2 exhibits a particle size between 4−6
nm and a specific surface area of 176 m2/g. The porous titanias
are significantly larger on the order of a few micrometers.
Impedance studies were performed on full cells of each cathode
material with the different additives, and the Nyquist plots are
shown in Figure 4. The very high frequency impedance is
similar for each material, which is expected since this
impedance is a measure of bulk electrolyte resistance in the
cell. The high frequency (HF) semicircle is the most noticeable
difference between each material. It has been mentioned in
previous studies that it is due to poor contact between particles
in the electrode as opposed to a passivation layer.18 Since these
impedance data were gathered at open circuit voltage (∼2.8−
3.0 V), the electrolyte is stable and should not form a solid
electrolyte interphase. The reference material is the SCM/S-no
additive, as it is comprised only of sulfur and carbon. Both the
SCM/S-α-TiO2 and SCM/S-β-TiO2 exhibit a significantly
smaller HF semicircle than SCM/S-no additive alone. This
seems to be counterintuitive since titania is an insulator (α-, β-,
and γ-TiO2 all have conductivities ∼10−4−10−5 S/cm) and
should decrease the electrical contact between SCM/S
particles. However, micrometer sized titania as an additive
has been shown in a previous report to decrease charge transfer
resistance in MnO2 electrodes and interacts favorably at the

Figure 4. Nyquist plot of full cells containing SCM/S-no additive
(green), SCM/S-α-TiO2 (blue), SCM/S-β-TiO2 (purple), and SCM/
S-γ-TiO2 (red). Inset: Zoom-in of the high frequency region to more
clearly show SCM/S-α-TiO2 (blue) and SCM/S-β-TiO2 (purple).

Figure 5. Scanning electron microscope (SEM) images of (a) SCM/S-no additive before cycling; (b) SCM/S-no additive after 50 cycles; (c) SCM/
S-α-TiO2 before cycling, and (d) SCM/S-α-TiO2 after 50 cycles. Scale bar = 5 μm.
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junction of MnO2/electrolyte/carbon to increase charge
transfer.19 Although the addition of γ-TiO2 to the cathode
also slightly increases the degree of charge transfer, the effect is
much smaller compared to the other two titania additives. This
is explained by the greater number of γ-TiO2 particles in the
SCM/S matrix due to their nanoscale particle size, which
appears to counteract their positive effect. The lowering of the
charge transfer resistance is also observed in the voltage profiles
(Figure 3a) by a decrease in over potential. Cathodes
containing either α- or β-TiO2 additives, in particular, exhibit
a higher discharge potential by 0.075 V at a capacity of 600 mA
h/g vs that of the SCM/S-no additive cathode alone.
In order to verify that mesoporous TiO2 prevents polysulfide

dissolution during the electrochemical process, the electrode
material from a cell containing no titania additive was compared
to a cell containing α-TiO2. SEM images of the two cathode
materials are shown in Figure 5. Each cell was cycled for 50
cycles, and the material was collected at the end of discharge at
1.5 V. The pristine, noncycled SCM/S-no additive and SCM/S-

α-TiO2 are very similar (Figure 5a and 5c). However, upon
cycling the SCM/S cathode, it is readily apparent that low
order glassy LiPS (Li2S2 and Li2S) are formed on the exterior of
the carbon particles. We believe these are responsible for the
rapidly fading discharge capacity over 100 cycles seen in Figure
3. When the α-TiO2 is added to SCM/S a drastic change in the
surface morphology is observed. SEM micrographs reveal no
glassy Li2S phase on the surface of the material after 50 cycles.
This is indicative of the ability of a polysulfide absorbent such
as mesoporous TiO2 to effectively trap polysulfides at the
cathode and also not allow them to build up in high
concentrations outside of the carbon cathode where they can
reduce and form a highly undesirable insulating coating.
To clarify whether titania interacts with LiPS through

absorption due to the porous architecture or via physical/
chemical adsorption, we probed the bonding interaction
between titania and sulfur using FTIR and Raman spectroscopy
(Figure 6). LiPS were synthesized following a previously
reported method where sulfur is reduced by lithium
triethylborohydride (LiEt3BH) in tetrahydrofuran.20 Sulfur
and LiEt3BH were reacted in a molar ratio of 2:1, in order to
form intermediate length LiPS that are targeted at a
stoichiometry of Li2S4. This synthesis was performed with
and without α-TiO2 present in order to probe the interaction
between reduced sulfur species and titania. In Figure 6a, an
FTIR spectral comparison of neat LiPS and neat α-TiO2 to α-
TiO2 in the presence of LiPS is shown. The LiPS showed a
characteristic S−S band (492 cm−1), and α-TiO2 displayed a
Ti−O band (571 cm−1). In the third spectrum, where LiPS was
synthesized in the presence of α-TiO2, a new band appeared at
534 cm−1. While this feature has not been previously reported,
we hypothesize that this is due to an interaction between sulfur
and titania (S−Ti−O) that can be considered as adsorption of
LiPS on the surface of α-TiO2. The Raman spectra of α-TiO2
and α-TiO2/LiPS also highlight the sulfur−titania interaction.
Two peaks at ∼395 and ∼525 cm−1 in the neat α-TiO2 shift to
∼410 and ∼515 cm−1 when LiPS is added to the system. This
peak shift shows that the environment around the surface
titanium atoms is altered in the presence of LiPS. Identical
FTIR and Raman analysis was carried out with β-TiO2 and γ-
TiO2 that is described in detail in the Supporting Information
(Figure S1a−d). β-TiO2 does not show any peak shift in the
Raman spectrum when it is synthesized in the presence of
lithium polysulfides. This might explain the slight reduction in
effectiveness for limiting capacity fade along with the increased
pore size. In the case of γ-TiO2, the Raman spectra (Figure
S1d) are more difficult to interpret but any possible peak shift is
weak and poorly resolved. However, the poor electrochemistry
exhibited by γ-TiO2 confirms that even if there is surface
adsorption, mesopores are key to limiting polysulfide
dissolution. Therefore, enhancement of the electrochemical
properties of SCM/S by α-TiO2 can be explained as a
cooperative tandem between weak adsorption on the surface
and absorption by the pores that together inhibit the loss of
polysulfides into the electrolyte, with the latter dominating.

■ CONCLUSIONS
In summary, we have effectively coupled mesoporous titania
additives to a sulfur/carbon composite in order to improve the
cycle life and capacity retention of the Li−S battery. This
approach circumvents the need to apply coatings to the carbon
in order to prevent or lessen polysulfide dissolution which can
hinder the rate characteristics of the cell. The use of

Figure 6. (a) FTIR spectra of neat α-TiO2 (top, blue), neat Li2S4
(middle, orange), and neat α-TiO2/Li2S4 (bottom, black); (b) Raman
spectra of neat α-TiO2 (top, blue) and neat α-TiO2/Li2S4 (bottom,
black). Peaks characteristic of the material are highlighted with arrows.
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mesoporous titania particles mixed with the carbon/sulfur
particles allows cycling at high C rates while maintaining
discharge capacities above 750 mA h g−1 after 200 cycles. The
effect of mesoporous titania addition is significant and is
achieved with less than 4 wt % additive. Future work will study
the interaction between various metal oxides and lithium
polysulfides in order to determine the optimum combination of
pore size, surface area, and adsorption characteristics.
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