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Lithium-sulfur battery is one of the most promising alternative power sources, but the polysulfide shuttle
between the anode and cathode induces low Coulombic efficiency, low utilization of the sulfur cathode,
and severe degradation of cycle life. Herein, the polysulfide shuttle was tuned by the loading of sulfur and
electrolyte in a Li-S cell. A lithium-sulfur cell with a high initial discharge capacity of 1053 mAh g lata
high rate of 1 C and an ultralow decay rate of 0.049%/per cycle during 1000 cycles was obtained by using
carbon nanotube@sulfur cathode and suppressing polysulfide shuttle to a shuttle factor of 0.02 by
matching the sulfur/electrolyte loading. The use of matching the sulfur/electrolyte loading is a facile way
to tune the shuttle of polysulfide, which provides not only new insights to the energy chemistry of Li/S
batteries, but also important principle to assemble a Li/S cell with recommend loading for their
commercialization application in portable mobile devices and electric vehicles.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The energy from the fossil fuels brings the flourish of mankind.
However, the vast consumption of fossil-fuel causes the rapid
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decrease of its holding and increasing pollution of environment
[1,2]. High-capacity energy storage systems are highly desirable to
meet the requirement of electric vehicles and utilization of
renewable energies like solar or wind energies. The broad appli-
cations of portable batteries in cell phones or laptops as well as
large-packaged batteries in electric vehicles requires energy stor-
age systems with high energy density, good safety, and low cost [3].
Li-ion batteries, which are approaching their theoretical specific
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capacity at around 100—200 mAh g~ based on the cathode’s active
material for traditional intercalation materials, cannot meet these
requirements. With a theoretical capacity of 1675 mAh g/,
elemental sulfur has been considered as one of the most promising
alternative cathode materials [2,4,5]. The use of sulfur cathode has
low cost, a low toxicity, and abundant resource [1,6,7]. Li—S batte-
ries have a gravimetric energy density being the same or 2—3 times
as high as Li-ion batteries.

However, the practical application of Li/S batteries is greatly
hampered by some persistent problems including (1) sulfur and
discharge products (Li»S; and/or Li,S) has a low electrical conduc-
tivity, affecting the reaction rate of the battery; (2) the Li,S and
other insoluble compounds are generated and cover the active
compounds during cycling, which inhibits access of lithium ions
and degrades the conductive network, and (3) the high-order sol-
uble polysulfides can penetrate through the separator to the
lithium negative electrode, where they are reduced to insoluble Li»S
or Li»S,, and the following polysulfides react with these fully
reduced sulfides to form lower-order polysulfides, which become
concentrated at the anode side and diffuse back to the positive
electrode and are then re-oxidized into high-order polysulfides [7].
Such shuttle between the anode and cathode induces deposition of
solid Li»S, and Li,S on the anode and loss of the active material,
which leads to low Coulombic efficiency, low utilization of the
sulfur cathode, and severe degradation of cycle life.

To overcome these problems, many efforts have been explored
to enhance the electrical conductivity of the cathode and suppress
the loss of soluble polysulfide intermediates during cycling. The use
of conductive nanocarbon (e.g. mesoporous carbon [8—11], carbon
nanotubes (CNTs) [12—16], graphene [1,17—19], CNT/graphene hy-
brids [20], carbon hollow spheres [21], etc.) and polymers (Poly-
aniline [22,23], polyacrylonitrile [24], etc.) gives rise to advanced
composite cathode with excellent conductivity, robust electron/ion
pathway, as well as superior reversible charge—discharge capacity
and cycling performance [5]. Up to now, how to retard the shuttle of
polysulfides is still a key issue to obtain Li—S cells with superior Li
storage performance. On one hand, the incorporation of polymer
chains (such as polyethylene glycol [8,18,25], polyvinylpyrrolidone
[16]) or porous polysulfide reservoirs [26] affords the surface of
nanocarbon/sulfur cathode to become highly hydrophilic and a
chemical gradient is constructed that the polysulfides would pref-
erentially be trapped by oxygen-containing groups on the cathode
surface instead of dissolving in the bulk electrolyte. Therefore, the
concentration of polysulfide in the electrolyte inclines to be lower,
and the redox shuttle is partially inhibited. On the other hand, an
electrolyte with a highly concentrated lithium salt [27,28] or
solvent-in-salt electrolyte [29] with ultrahigh salt concentration
and high lithium-ion transference number were employed, in
which salt holds a dominant position in the lithium-ion transport
system; consequently, the polysulfide dissolution from the cathode
can be easily controlled by the common ion effect, and a high
discharge capacity with good cyclic capacity retention is available.
The introduction of tetrabutylammonium triflate or N-methyl-N-
butylpyrrolidinium bis(trifluoromethanesulfonyl)imide is expected
to stabilize the polysulfide anions through a chemical interaction
between the soft acid and soft base [30], and the LiNOs3 participates
in the formation of a stable passivation film to effectively suppress
the redox shuttle of the dissolved lithium polysulfides on Li anode
[31]. However, the dissolution of polysulfide in a Li/S cell is highly
dependent on the sulfur/electrolyte loading [32]. How to well fit the
loading of sulfur and electrolyte to retard the shuttle of polysulfide
is not well understood yet.

In this contribution, the fitting between CNT@S cathode and
electrolyte was explored. The reason we select CNT@S cathode with
excellent Li ion storage performance is that the CNTs with quite

high electrical conductivity, tunable pore size distribution, and
robust scaffolds had been mass-produced by fluidized bed chemical
vapor deposition at a very low cost of less than 100 $ kg~ ! [33,34],
which is quite potential for the commercial industrial applications
of Li/S cells. Herein, the mixed solution of the 1,3-dioxolane (DOL)
and 1,2-dimethoxyethane (DME) (v/v = 1/1) with 1 mol L~! lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) was selected as the
electrolyte. This is most popular electrolyte that is accepted for Li/S
cells by many research groups due to its solvability of polar poly-
sulfides and appropriate ion mobility, although its Coulombic effi-
ciency is less than 90% in most case.

2. Experimental

The CNT@S cathode was prepared by a facile co-heating pro-
cedure similar to our previous reports [14,20]. The CNTs was mass-
produced on a Fe based catalyst in a fluidized bed reactor, and
routine purification was carried out to remove the residual catalyst
[35]. The sulfur was mixed with the CNTs by ball milling for 3 h, and
the as-obtained mixtures were set in a sealed bottle. The bottle was
heated to 155 °C and maintained for 1.0 h, which allows sulfur to
immerse into the CNT scaffold and form CNT@S cathode.

A JSM 7401F scanning electron microscopy (SEM, JEOL Ltd.,
Tokyo, Japan) at 1.0 kV and a transmission electron microscopy
(TEM, JEOL Ltd., Tokyo, Japan) at 120.0 kV were employed to detect
the morphology of cathodes. The Raman spectra of the CNT and
CNT@S cathode were recorded using Horiba Jobin Yvon LabRAM
HR800 Raman spectrometer (He—Ne laser excitation at 633 nm).
The sulfur content of CNT@S electrode was determined by ther-
mogravimetry analysis (TGA) using TGA/DSC1 STAR® system with
N, atmosphere and a temperature ramp rate of 10 °C min~ .. The N
adsorption—desorption isotherms were collected by using an N,
adsorption analyzer (Autosorb-IQ,-MP-C system) at 77 K. The
sample was degassed at a low temperature of 50 °C until a manifold
pressure of 2 mm Hg was reached before N, sorption isotherm
measurements to avoid the sulfur sublimation. The surface area
was determined by the Brunauer—Emmett—Teller (BET) method,
and the pore size distribution plot was available by the nonlocal
density functional theory and Monte-Carlo method.

The composite CNT@S cathode was fabricated with PVDF binder
in NMP with a mass ratio of CNT@S: PVDF = 85:15. A homoge-
neously mixed slurry was prepared by magnetic stirred for ca.
24.0 h. The as-obtained slurry was coated onto a 25 pm thick Al
current collector by a doctor blade. The obtained electrode was
dried in a vacuum drying oven at 60 °C for 12.0 h. After that, the foil
was punched into 13 mm disks as the working cathodes. According
to the SEM image, the thickness of the cathode electrode was 10—
15 pm excluding the thickness of Al current collector. The elec-
trodes were assembled in a two-electrode cells configuration using
standard 2025 coin-type cells. 1 mm thick Li metal foil was selected
as a counter electrode. The mixed solution of DOL and DME (v/
v =1/1) with 1 mol L' Lithium bis(trifluoromethanesulfonyl)imide
(LiTESI) as the electrolyte, and the Celgard 2400 polypropylene
membranes as the separator. The assembling of cells was con-
ducted in an Ar-filled glove box with oxygen and water content
below 1 ppm. The coin cells were monitored in galvanostatic mode
within a voltage range of 1.6—3.0 V using Neware multichannel
battery cycler. To increase the discharge capacity of CNT/S cathode
and Coulombic efficiency, an electrolyte with 0.1 M Li,Ss (with
[S] = 0.5 M) and 0.5 M lithium nitrate (LiNOs3) dissolved in the
above mentioned DOL/DME with 1 mol L~! LiTFSI electrolyte was
employed. Unless otherwise noted, the capacities hereafter are
normalized to the sulfur content in the cathode. The amount of
Li,Ss in the electrolyte was also calculated as the sulfur source.
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3. Results and discussion

The CNT@S composites employed herein illustrated coaxial
nanocable morphology (Fig. S1a), while sulfur uniformly coated on
the conductive CNT scaffold (Fig. S1b). The CNTs were served as
robust conductive networks, and well-preserved interpenetrated
architectures offered the interconnected channels for electrolyte
wetting and fast ion diffusion. No vibration peak of sulfur was
detected in the Raman spectrum of CNT@S composites, and only
weak and broaden diffraction peak of orthorhombic sulfur phase
was observed in the X-ray diffraction pattern (Fig. S1c, d), indicating
the sulfur was uniformly distributed on the conductive network.
From thermogravimetry (TG) profile, high sulfur loading with 53.6%
was obtained (Fig. Sle).

The thickness of the electrode was controlled by the doctor
blade method, and the electrolyte volume was tuned to obtain Li/S
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cells with different sulfur loading concentrations ([S]). The [S] was
defined as the ratio of molar amount of sulfur in the CNT@S com-
posite cathode to the volume of electrolyte encapsulated in an in-
dividual cell. An obvious dependence of discharge capacity vs. the
sulfur loading was shown as Fig. 1a. The initial discharge capacities
of CNT@S were 854, 1026, 1098, and 803 mAh g~ ! at a [S] of 0.34,
0.51, 1.12, and 2.58 mol L™, respectively. As shown in the galva-
nostatic charge—discharge profiles of 2nd cycle (Fig. 1b), there are
two discharge stages: the reduction of sulfur to polysulfide in the
first stage (Sg + Lit + e~ — LipSy (about 2.4V, 4 < x < 8)), and the
further reduction of polysulfide into lithium sulfide in the second
stage (LiaSy + Lit 4+ e~ — LiyS; and/or LisS (around 2.1V, x < 4)).
When employing a large amount of electrolyte and correspond-
ingly low sulfur loading of 0.34 M, the Coulombic efficiency was
ultralow of 35.0%, while the charge and discharge capacities were
2435 and 853 mAh g, respectively. The dissolved polysulfides in

@ (b) =0
)
% sor 0.51 M
z <
600}
8 st 8
8 -e- 1% cycle XS]
g 10" cydl =
% 300 - CycCle 1.12M
=
O
o %_0 05 1.0 15 2.0 25 3.0 200 400 600 800 1000 12(6 2500
[S] (mol/L) Capacity (mAh/g)
(c) (d)
oF e S1200}
osk - 1% cycle 01c
[ th
5 -=- 10" cycle = oo} 02C
g 06k _%‘ 05C 1C 2c
© 04 ® 8 600} ) PPPp
E AL S 5C
b o2} &, soof Yeeee
== 3
0.0} ‘. S of
0.0 05 0 725 30 2 0 5 10 1B 20 2 %
[S] (mol/L) Cycle number
© 0 200 400 600 800 1000

S ——————— 4 100

8
(o4,) Aousioye olquuioino)

S 1e00p [S|=1.28 M :
% 1200 LiTFSI in DOL/DME i
>

= GOON
®

g o . . . . |
o 0 200 200 800

1000

600
Cycle number

Fig. 1. (a) The relationship between the initial and 10th discharge capacity at a current rate of 0.1 C vs. the sulfur loading amount based on DOL/DME electrolyte in a Li/S cell. (b) The
Galvanostatic charge-discharge profiles of the 2nd cycle of DOL/DME electrolyte at a current rate of 0.1 C. (c) The dependence of shuttle factor on the sulfur loading amount in a Li/S
cell. (d) The rate performance of CNT@S cathode at the optimized [S]. (e) The cycling performance of CNT@S cathode with a sulfur loading of [S] = 1.28 M in the DOL/DME electrolyte
at a current density of 1 C.



266 X.-B. Cheng et al. / Journal of Power Sources 253 (2014) 263—268

the electrolyte give rise to a redox shuttle phenomenon inside the
cell due to their spontaneous reduction and oxidation and freely
diffusion in the electrolyte between the anode and cathode. The
reduction of the polysulfides may form an insoluble Li,S; and/or
Li»S film on the metallic lithium, which can create a barrier to Li-ion
diffusion, lower the utilization of active mass, and thus, degrade the
overall cell performance [36]. In contrast, as decreasing the elec-
trolyte amount to a relatively high sulfur loading of 1.12 mol L™, the
precipitation and dissolution equilibrium ensured that the con-
centration of dissolved polysulfides was quasi-dynamically balance.
Therefore, the amount of dissolved polysulfides would be reduced
with less electrolyte employed. As a result, a high Coulombic effi-
ciency of 97.3%, charge and discharge capacities of 1128 and
1098 mAh g~! were available. The voltage platform of polysulfide
reduction increased from 2.09 to 2.14 V, while the voltage platform
of sulfide/disulfide oxidation almost remained the same. Such
alleviated polarization of reversible polysulfide reduction/oxida-
tion indicated that the high concentration of polysulfide during
discharge/charge process facilitated the transfer of polysulfide to
the electrode/electrolyte interface and the utilization of sulfur. The
Coulombic efficiency was increased to 99.1% when the [S] was
further increasing to 2.58 mol L~! via decreasing the amount of
electrolyte, also ascribing to the equilibrium theory; however, the
full infiltration of the electrolyte to the CNT@S cathode became
difficult, and such poor wetting induced an obviously decreased
discharge capacity.

The diffusion behavior of high-order polysulfides at different
sulfur loading concentrations were quite different. The shuttle ef-
fect was considered as the competition between the electro-
chemical reactions macroscopically performed as the charge/
discharge current and the thermodynamically spontaneous diffu-
sion of polysulfides from cathode to anode, and a shuttle factor
proposed by Mikhaylik and Akridge [37] was defined to reflect the
extent of shuttle effect as follows:

f=ks-Qu/l (1)

where ks is the heterogeneous reaction constant related with pol-
ysulfide diffusion and reaction, Qy is the theoretical charge/
discharge capacities of the high plateau, and I is the charge/
discharge current. Based on the assumptions reported in the pre-
vious literature [36], the Coulombic efficiency (Cefr) was a function
of the shuttle effect:

C - 2 nd ) 2
=2~ (In(1-f)/f

The shuttle factor can be calculated based on the Coulombic
efficiency of cells at different sulfur loading concentrations while
larger shuttle factor implied severer shuttle effect. When the [S]
was 0.34 mol L™}, a shuttle factor of 0.9965 was available, indi-
cating that most of polysulfides shuttled between anode and
cathode infinitely, resulting in a very low discharge capacity and
conceivably fast capacity degradation. The shuttle factor mono-
tone decreased with the rise of [S] in a cell (Fig. 1c). The shuttle of
polysulfides was retarded when the [S] became higher. The 1st
cycle shuttle factor of CNT@S cathode at a [S] of 0.34 mol L' is
larger than the 10th cycle, which is attributed from the heavily
dissolution of polysulfides and a large amount of Li»S»/Li>S were
irreversible deposited on the anode at the initial cycles. With the
increasing of [S], the 10th cycle shuttle factors of CNT@S cathode
are larger than the initial cycle. Decay rates of 1.76, 0.99, 0.63, 0.18%
of initial capacity/per cycle were observed on the CNT@S cathode
during the initial 10 cycles with [S] of 0.34, 0.51, 1.12, 2.58 mol L,
respectively.

Fig. 1d showed good rate performance with the optimized
sulfur/electrolyte loading, which revealed a capacity of 998, 949,
768, 668, 652, 360 mAh g~ ! at the current density of 0.1, 0.2, 0.5, 1,
2,and 5 C (1 C = 1675 mAh g 1), respectively. A long cycling test
was conducted at a current density of 1675 mA g~ ' (1 C rate)
(Fig. 1e). An initial discharge capacity of 1053 mAh g~! was
delivered and after 1000 cycles, a discharge capacity of
535 mAh g~ ! was still preserved on CNT@S cathode with a sulfur
loading of [S] = 1.28 M at a current density of 1 C. This is available
in the DOL/DME electrolyte without addition of LiNO3 or replacing
the metallic lithium electrode and/or separator. The decay rate was
0.049% of initial capacity/per cycle, exerting outstanding cycling
stability and high capacity with respect to present work of lithium-
sulfur batteries [6,38]. The Coulombic efficiency gradually
decreased from 94.4 to 87.6% during the 1000 cycles, indicating the
slowly intensified impact of shuttle effect of polysulfides. The
Galvanostatic charge—discharge voltage profiles shown in Fig. S2.
illustrated a typical feature of two voltage platforms. The lower
voltage platform decreased gradually, which is attributed to the
irreversible deposition of Li;S; and/or Li,S in the lithium sulfur
cell.

In consideration of the commercial application of Li-sulfur
batteries, a high sulfur content of 80% in CNT@S composites was
also investigated. With the increase of sulfur content from 50 to
80% according to the TGA, the areal density of sulfur was enhanced
from 0.42 to 1.48 mg cm~2. As shown in Fig. S3, a similar rela-
tionship between the initial and 10th discharge capacity at a cur-
rent rate of 0.1 C vs. the sulfur loading amount was observed. The
[S] of 1.37 M demonstrated an optimal performance in the con-
centration of 0.41-5.22 M.

To improve Coulombic efficiency and demonstrate the general
phenomena of the effect of sulfur/electrolyte loading, the LiNO3
was introduced into the electrolyte to help the formation of stable
solid electrolyte interface films at both the cathode and anode and
selective deposition of polysulfide on the cathode [31,39], leading
to the increase of Coulombic efficiency. The polysulfides were also
introduced to prevent the performance degradation inherent to Li—
S batteries by self-healing effect [40]. However, the polysulfides
attended to be reduced to lithium sulfides/disulfides, which
contributed to the discharge capacity. Herein, the amount of poly-
sulfides should be also considered as the effective sulfur addition
and calculated into the sulfur loading concentration.

As shown in Fig. 2a, the discharge capacities of 373, 620, 965,
1086, and 158 mAh g~ (all based on the total mass of sulfur in both
cathode and polysulfide-containing electrolyte) were available at
the sulfur loading concentration of 0.59, 0.79, 112, 1.67,
323 mol L' respectively. Attributed from the competitive
adsorption and reaction of polysulfide and LiNOs on the Li anode,
the Coulombic efficiency was still low, and the corresponding
shuttle factor was higher than 0.3. There was still an optimized
ratio of sulfur/electrolyte loading to obtain high discharge capacity
and low shuttle factor. As shown in the 2nd cycle of galvanostatic
charge—discharge profiles (Fig. S4), the two discharge stages were
also illustrated with the reduction of sulfur to polysulfide at 2.33 V
and the further reduction of polysulfide into lithium sulfide at
2.10 V. Compared with the electrolyte without polysulfide addi-
tives, the capacity contribution of reduction of sulfur to polysulfide
decreased obviously (Fig. S5), which was attributed to the fact that
the Li>Sy (x = 4—8) species were pre-introduced into the electrolyte,
building a high concentration gradient of polysulfides and partici-
pating into the electrochemical reduction of polysulfide into
lithium sulfide. Interestingly, the shuttle factor decreased to 0.03
after the first cycle, indicating the new-formed Li anode/electrolyte
interface was covered by stable LixNO, species from the reduction
of LiNO3 [39]. An optimized [S] around 1.67 M was determined
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Fig. 2. (a) The relationship between the initial and 10th discharge capacity at a current rate of 0.1 C vs. the sulfur loading amount based on Li,S,/LiNO3/DME/DOL electrolyte in a Li/S

cell. (b) The dependence of shuttle factor on the sulfur loading amount in a Li/S cell.

(Fig. 2) with the highest discharge capacity and lowest decay rate of
2.0%/per cycle during the initial 10 cycles.

The Li storage performance of sulfur cathode highly depended
on the loading of sulfur/electrolyte, which can be explained by the
following scenarios (Fig. 3). The discharge capacity was attributed
from the two-stage multi-electron-transfer reaction. With rising of
sulfur loading concentration, the capacity contributed from the
high plateau gradually increased and reached a vertex with a sulfur
loading concentration of 1.12 mol L' (Fig. S5). Meanwhile, a min-
imum polarization of polysulfide reduction was available, and the
highest discharging capacity of the CNT@S cathode was illustrated.
When the loading amount of sulfur was low, there was a large
amount of electrolyte in the cell, which was well distributed in the
cathode, membrane, and anode and served as the ion channels. The
dissolved polysulfides derived from the reduction of sulfur at the
cathode started to diffuse to the Li anode, which was attributed
from the large amount of polysulfide anion channels between the
cathode and anode. Therefore, the shuttle of polysulfide between
cathode and anode consumes the chemical potentials in the cell,
but it does not transfer electrons to the external circuit. With the
improvement of [S] and the corresponding decrement of electro-
lyte, the ions conductivity became low, and the ratio of polysulfide
diffusion into the anode became smaller, the fully coverage of Li
anode by insoluble Li;S or Li,S; became difficult, and contribution
from the following S2~ react with these fully reduced sulfides to
form lower order polysulfides (S2~) decreased, as a result, the
polysulfide shuttle was retarded. The shuttle of polysulfide can be
minimized by increasing the sulfur/electrolyte loading in a cell.
Consequently, a Li—S cell with superior capacity performance up to
1000 cycles was available. However, if the sulfur loading higher
than 2 mol L™, the electrolyte can’t be uniformly penetrated into
the porous cathode and separator, inducing the limited utilization

Cathode

Fig. 3. Schematic illustration of the shuttle of polysulfides in a typical Li/S cells. The
shuttle of polysulfides is depended on the ratio of sulfur and electrolytes.

of the active sulfur and poor discharge capacity, although the
shuttle of polysulfide was almost fully retarded.

4. Conclusions

The shuttle factor of polysulfide can be mediated from 0.02 to
0.99 by matching the electrolyte/sulfur loading in a Li/S cell. When
the loading of sulfur in the electrolyte was 1.12 mol L™}, an initial
discharge capacity of 1098 mAh g~ at 0.1 C and a Coulombic effi-
ciency of 97.3% were illustrated on CNT@S cathode in a LiTFSI/DOL/
DME electrolyte. For a similar sulfur loading concentration, the 1st
and 1000th discharge capacity of 1053 and 535 mAh g~ ! were
delivered and the decay rate is only 0.049%/per cycle during 1000
cycles, which exerts outstanding cycling stability and high capacity
with respect to present work of lithium-sulfur batteries. The use of
matching the sulfur/electrolyte loading is a facile way to tune the
shuttle of polysulfide and the value of [S] varies in different system
of Li/S cells. The optimized [S] of coil cells may be much smaller
than that of the packing cells and even the practical application,
because of there is dead volume in a coil cell and the difference in
the amount of liquid holdup of the various electrode materials and
membranes. In any case, the principle discussed above is significant
both in theory and practical application of Li/S cells, which provides
not only new insights to the energy chemistry of Li/S batteries, but
also important principles to assemble a Li/S cell with recommended
loading for their commercialization application in portable mobile
devices and electric vehicles. The distribution inside the cell and
consumption process of electrolyte during the cycles should be
further explored.
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