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Towards Stable Lithium-Sulfur Batteries with a Low Self-
Discharge Rate: lon Diffusion Modulation and Anode

Protection
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Qiang Zhang*"

The self-discharge of a lithium—sulfur cell decreases the shelf-
life of the battery and is one of the bottlenecks that hinders its
practical applications. New insights into both the internal
chemical reactions in a lithium-sulfur system and effective
routes to retard self-discharge for highly stable batteries are
crucial for the design of lithium—sulfur cells. Herein, a lithium-
sulfur cell with a carbon nanotube/sulfur cathode and lithium-
metal anode in lithium bis(trifluoromethanesulfonyl)imide/1,3-
dioxolane/dimethyl ether electrolyte was selected as the
model system to investigate the self-discharge behavior. Both
lithium anode passivation and polysulfide anion diffusion sup-
pression strategies are applied to reduce self-discharge of the
lithium-sulfur cell. When the lithium-metal anode is protected

Introduction

High-energy-density batteries are of increasing demand to
meet the requirements in highly developed applications, such
as electric vehicles and personal electronics. The lithium-sulfur
battery is considered to be one of the most promising candi-
dates'"® because of its high theoretical specific energy density
of 2600 Whkg™, high specific capacity as a cathode material,
and the low cost of elemental sulfur and its nontoxicity. How-
ever, several challenges, including unsatisfying practical capaci-
ty, poor cycling life span, low efficiency, and severe self-dis-
charge, remain before the broad application of lithium-sulfur
batteries is possible. These problems are closely related to the
unique chemistry and transport behavior of soluble high-order
polysulfides generated during the electrochemical process.

To date, most research on lithium-sulfur batteries has fo-
cused on improving the capacity and efficiency of the batter-
ies, such as trapping sulfur into porous carbon frameworks®*
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by a high density passivation layer induced by LiNO;, a very
low shuttle constant of 0.017 h™' is achieved. The diffusion of
the polysulfides is retarded by an ion-selective separator, and
the shuttle constants decreased. The cell with LiINO; additive
maintained a discharge capacity of 97% (961 mAhg™') of the
initial capacity after 120 days at open circuit, which was
around three times higher than the routine cell (32% of initial
capacity, corresponding to 320 mAhg). It is expected that
lithium-sulfur batteries with ultralow self-discharge rates may
be fabricated through a combination of anode passivation and
polysulfide shuttle control, as well as optimization of the lithi-
um-sulfur cell configuration.

or a conductive polymer structure,*® the use of ionic selective
or sulfur-recyclable membranes,”® and modifying the compo-
sition of the electrolyte.*'? Great achievements have been
made to obtain a practical cathode with an areal sulfur loading
of more than 4.0 mgcm™ with high sulfur utilization and ex-
traordinary stability.”’ Some prototypes of lithium-sulfur bat-
teries have also been reported towards practical applica-
tions."*' However, except for on-service performance, capaci-
ty retention in the static state is another crucial aspect for the
practical applications of secondary batteries. As a practical re-
chargeable battery, the lithium—sulfur cells would not always
be in the working state because fully charged batteries would
often be shelved for delivery or service. Therefore, the internal
chemical redox reaction in a lithium-sulfur cell, which reduces
the remaining capacity without any power output to the exter-
nal circuit, needs to be considered. This phenomenon, general-
ly defined as self-discharge, decreases the shelf-life of lithium-
sulfur cells and induces an initial loss of charge capacity. It is
expected that understanding the internal chemical reactions in
a lithium-sulfur cell and exploring an effective route to retard
self-discharge will lead to highly stable batteries.

The self-discharge behavior depends on the battery chemis-
try, electrode composition, current collector, electrolyte formu-
lation, and storage temperature.®'>"2"5'7 |n 3 lithium-sulfur
cell, both corrosion of the current collector by an electrolyte
and shuttling of intermediate polysulfides contribute to self-
discharge. Mikhaylik and Akridge proposed a mathematic
model to correlate self-discharge to polysulfide shuttle phe-
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voltage dropped from 25 to 1
2.2V and the discharge capacity
decreased to 72 % of the original
capacity after 30 days of stor-
agel"™ Chung and Manthiram
found that the sulfur-nickel
foam cathodes reduced self-discharge and retained 85% of the
original capacities after a two-month waiting period."” On the
other hand, efforts were also devoted to determine how the
electrolytes of lithium-sulfur cell impact the self-discharge be-
havior. When tetraethylene glycol dimethyl ether was applied
as the electrolyte, the self-discharge rate of a lithium-sulfur
cell with an aluminum current collector reported by Ahn and
co-workers was 34% during the initial 80 days, but only 36%
after 360 days of storage."””” A modified electrolyte containing
LiNO; offered a low self-discharge rate of 3.1% for a sulfur/
polypyrrole cathode.”” Recently, Wang and co-workers!'” re-
ported a series of fluorinated ether electrolytes to address the
self-discharge issue. For example, 1,1,2,2-tetrafluoroethyl-
2,2,3,3-tetrafluoropropyl ether was incorporated into a routine
1,3-dioxolane (DOL) electrolyte system to efficiently suppress
the deleterious shuttling effect and effectively eliminate the
self-discharge of the lithium—-sulfur battery.""'? Another cosol-
vent of bis(2,2,2-trifluoroethyl) ether combined with LiNO; ad-
ditive could decrease self-discharge at an elevated temperature
of 45°C" However, a general concept to eliminate self-dis-
charge in lithium-sulfur systems has rarely been proposed, es-
pecially for a detailed understanding of the self-discharge pro-
cess with emerging cathode and anode materials for novel lith-
ium-sulfur cell configurations.

For a lithium-sulfur cell with liquid electrolyte, the dissolu-
tion of polysulfides is thermodynamically inevitable during
charge/discharge. Thus, in essence, self-discharge in lithium-
sulfur batteries can be ascribed not only to the corrosion of
current collectors and decomposition of electrolytes, as in typi-
cal lithium-ion batteries, but also to the transport of soluble
polysulfide intermediates through porous separators and its ir-
reversible reaction with lithium anode. Due to the solubility,
mobility, and high reactivity of polysulfides, the shuttle of poly-
sulfides and their irreversible reaction with the anode might
be the dominate factor in a lithium-sulfur cell.

Herein, we investigated the self-discharge behavior of
a carbon nanotube (CNT)-based lithium-sulfur cell. The sup-
pression of self-discharge was explored through two routes:
1) anode protection from attack by polysulfides, and 2) diffu-
sion control of mobile polysulfides (Scheme 1). LINO; was em-
ployed to passivate the surface of the lithium-metal anode and
to prevent the direct exposure of fresh lithium to polysulfides,
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Scheme 1. Schematic illustration of a) self-discharge in routine lithium-sulfur cells induced by an internal redox
cycle, along with inhibition of self-discharge by b) anode protection from attack by polysulfides, and c) diffusion
control of polysulfides through an ion-selective membrane.

whereas the Nafion-coated separator was chosen as a cation-
selective membrane to suppress the diffusion of polysulfide
anions to the anodic chamber. The self-discharge constant was
lowered by nearly four times compared with that of normal
cells; this was attributed to higher resistance for diffusion and
the parasitic reaction of polysulfides.

Results
Self-discharge behavior of routine lithium-sulfur batteries

A lithium-sulfur cell with CNT/sulfur cathode and lithium-metal
anode was selected as a model system to investigate the typi-
cal self-discharge behavior of a lithium-sulfur cell. A routine
mixed solvent electrolyte of DOL and dimethyl ether (DME;
v/v=1:1) containing 1.0 molL™" lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI) was employed. The reason why we se-
lected CNT/S cathode arose from the feasibility of the large-
scale production of CNTs, and the high sulfur utilization per-
formance of CNT scaffolds in lithium-sulfur cells.””

To probe the self-discharge behavior, a lithium-sulfur coin
cell with a sulfur loading of 0.43 mg and a high amount of
electrolyte (20 pL) was employed. These were not the best cell
parameters for a high-energy-density lithium-sulfur cell. The
commonly understood “shuttle” of polysulfides was deliberate-
ly intensified herein to investigate the self-discharge behavior.
The model system was chosen to clearly reveal the self-dis-
charge behavior in a distinguishable scan. The lithium-sulfur
coin cell was charged to its full state (galvanostatic charge to
2.8V) and rested for 24-240 h before discharge. A voltage
window of 1.6-2.8 V was applied. Five cycles were carried out
before the collection of self-discharge profiles at different rest
durations to imitate conditions of working cells. After charging
to 2.8V after 5 cycles, the open-circuit voltage was monitored
during resting (Figure 1). The voltage monotonously decreased
with prolonged rest time before 50 h. Within 48 h of rest, the
open-circuit voltage dropped to 2.25 V, which corresponded to
the voltage of electrochemical conversion of solid S; into
liquid Li,Sg. When the rest time was 120 h, the initial loss
within 50 h was very similar to the profile collected with a rest
time of 48 h. However, a rapid voltage loss from 2.25 to 2.20 V
could be observed within 50-70 h. After 70 h, the open-circuit
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Figure 1. In situ monitoring of the open-circuit voltage during open circuits
of 24, 48, 120, and 240 h to describe the self-discharge behavior of routine
lithium-sulfur cells with LiTFSI-DOL/DME electrolyte.

voltage became very stable at 2.20 V. Such a long rest time
open-circuit voltage profile illustrated a plateau-slope-plateau
evolution that was similar to the routine discharge curve of
a lithium-sulfur cell at constant current density.”?" The first pla-
teau of Li,Sg conversion from Sg; ended during the first 50 h of
the self-discharge process. However, the slope of Li,Sg to Li,S,
was only partially lost and the second voltage plateau of the
steady open-circuit voltage (2.20 V) did not directly correspond
to the second plateau of Li,S, to Li,S/Li,S, in a routine dis-
charge curve (2.15 V). Moreover, there was a small rise of 5 mV.
These differences in plateau voltage indicated an internally bal-
anced self-discharge stage of the cell.

Galvanostatic discharge was conducted at a current density
of 0.2 C after the rest period. For instance, the red dashed line
in Figure 2a shows galvanostatic discharge after 120 h at rest.
The discharge curves before the rest period (black line) and
the second discharge curve after resting (blue line) are also
listed in Figure 2a and indicate redox behavior. The second
plateau of Li,S, conversion into Li,S,, at 2.10 V was the main
contribution to the discharge capacity after self-discharge;
a tiny slope from 2.18 to 2.10 V was also detected. The slope
that mainly contributed to the partial conversion of Li,Sg into
Li,S, occupied 4% of the capacity after 120 h of rest. In con-
trast, the blue line in Figure 2a for the 2nd discharge curve
after the rest period clearly showed both the first complete
plateau of Sg conversion into Li,S; at 2.30 V and the slope of
Li,Sg conversion into Li,S, from 2.30 to 2.10 V. The slope and
second plateau of the red and blue lines in Figure 2a almost
overlapped, whereas the discharge profile before rest (black
line) exhibited a longer second plateau. This indicated an irre-
versible discharge capacity loss of about 20 mAhg™" during
the 120 h rest period. The capacity contributed to by the con-
version of Sg into Li,Sg and Li,Sg into Li,S, can be almost recov-
ered; however, the loss of the second plateau was significant.
Such phenomena were also observed for cells with 24, 48, and
240 h rest periods (Figure STa-c in the Supporting Informa-
tion). The discharge profiles of the lithium-sulfur cells started
at the midpoint or end of the first plateau after 24 or 48 h at
open circuit, which fitted well with the open-circuit voltage
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Figure 2. Self-discharge behavior of routine lithium-sulfur cells with LiTFSI-
DOL/DME electrolyte. a) The galvanostatic discharge curves of the cycle
before self-discharge, and the 1st and 2nd cycles after 120 h of self-dis-
charge. b) Cycling performance with intermittent open circuit. c) Galvano-
static discharge profiles of cycles after different open-circuit durations.

profiles shown in Figure 1. For 240 h of self-discharge, the
starting point was close to that obtained for the results at
120 h, which reflected an almost-stable state of the cell. Be-
cause the related onset point is at the midpoint of the slope,
the self-discharged products were expected to be a mixture of
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Li,S, and Li,Ss. It can be observed that the blue line is shorter
than the black line, although they have similar shape (Fig-
ure S1c in the Supporting Information). The difference be-
tween the two lines reflected irreversible capacity loss during
the rest period, which was severer than the irreversible capaci-
ty loss between normal cycles. Owing to the low sulfur loading
and large amount of electrolyte, active sulfur cathode may dis-
solve into the electrolyte and diffuse into the dead space of
a coin cell. This process was closely correlated to the diffusion
duration of soluble sulfur compounds. Therefore, larger capaci-
ty loss was observed after 120 h of rest than that during rou-
tine discharge processes. The decay of the discharge capacity
was induced by both the irreversible deposition of sulfur-con-
taining compounds and the decomposition of electrolyte
during cycling."” When the cell was under open-circuit condi-
tions, a large capacity decay was detected (Figure 2b), which
was contributed to from both routine decay and decay at the
static state induced by self-discharge. To quantitatively de-
scribe the contribution of decay induced by self-discharge, the
self-discharge ratio was defined herein as the ratio of capacity
loss and the discharge capacity of the next cycle. The ratios
were 17.3, 23.6, 33.1, and 36.8% when the open-circuit inter-
vals were 24, 48, 120, and 240 h, respectively; these values cor-
responded to coulombic efficiencies of 80.5, 74.6, 65.2, and
61.8%.

Figure 2c described the discharge profiles after different
open-circuit durations. The discharge profiles can be divided
into two parts by the lowest point of the slope section, which
corresponds to a transition from liquid-to-liquid (Li,Sg to Li,S,)
to liquid-to-solid conversion (Li,S, to Li,S/Li,S,). The ratio of the
second (Q,,,) and first parts (Qy,,) was calculated to be 1.9 for
the discharge curve with no rest period (0 h). The ratios of Q,,
and Qyg, were 3.9, 5.1, 10.2, and 10.4 for the cycles after rest
periods of 24, 48, 120, and 240 h, respectively. The increasing
ratio reflected the significant capacity loss during the first part
(first plateau and slope), that is, the conversion from solid Sg to
high-order polysulfides (Li,S,; x=4-8). The loss of the second
plateau was mainly ascribed to irreversible decay during cy-
cling. In contrast, the charge profiles shown in Figure S1d in
the Supporting Information exhibited similar trends, but with
different decay capacities.

As indicated above, self-discharge in routine lithium-sulfur
systems mainly arose from the loss of high-order polysulfides.
Tremendous efforts have proved that the dominant route of
polysulfide loss during electrochemical charge/discharge was
the spontaneous reaction between lithium metal and polysul-
fides. Analogous to the on-service loss mechanism of polysul-
fides, dissolved polysulfides tend to react with unprotected
lithium metal and be continuously consumed in the static
state, which results in severe self-discharge. This undesirable
process involved two individual steps: the first step involved
polysulfides generated at the cathode side that diffused
through the porous separator, as driven by the concentration
gradient, whereas the second step was the spontaneous reac-
tion of polysulfides with the lithium anode. Therefore, self-dis-
charge induced by polysulfide loss from the reaction with lithi-
um can be inhibited by 1) protecting the lithium anode from
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direct side reactions with polysulfides, and 2) blocking the dif-
fusion of polysulfides to the anode side. A robust passivation
layer™ and high-density ion-selective membrane to block the
anions” 2 were thereby proposed for diffusion control and
anode protection, respectively.

Low self-discharge rate through anode protection

LiINO; was commonly applied as an electrolyte additive to pro-
tect the anode and improve the efficiency of lithium-sulfur
batteries during discharge/charge;*? this was also expected to
be efficient at preventing self-discharge by blocking the reac-
tion pathway between the lithium anode and high-order poly-
sulfides. To prove this concept, lithium-metal foils were added
to electrolyte with 0.0125 molL™" Li,Sg (0.1 molL™" sulfur) and
0.2 molL™" LiNO, to demonstrate the concept of anode protec-
tion. In comparison, lithium-metal foils were added to Li,Sg
electrolyte at the same concentration, but without LiNO; addi-
tive, to simulate the self-discharge phenomenon in a routine
lithium-sulfur cell. As shown in Figure 3a, the metallic luster of
the metal foil faded rapidly after being added to both electro-
lytes, which indicated the formation of the solid-electrolyte in-
terphase (SEI) on the surface of the metal. There was no clear
change of color in the electrolyte with LiNO; additive within
12 h, whereas the electrolyte without LiNO; changed from
red-brown to yellow-brown in 12 h (Figure 3a). UV/Vis spec-
troscopic analysis was used to probe the evolution of two elec-
trolytes with the introduction of fresh lithium foil after different
intervals (Figure 3b). The initial change in shape and loss of
absorbance were related to the formation of the SEl, which ac-
counted for the loss of a tiny amount of polysulfides. More im-
portantly, the shift of the wavelength to a smaller wavenumber
depended on the nominal compositions of various polysulfides
(Figure S2 in the Supporting Information). There were few
changes to the wavelength for LiNO;-containing electrolytes,
which indicated that Li,Sg was the main stoichiometric compo-
sition of the polysulfides. For the LiNO,-free electrolytes, a nom-
inal mixture of Li,S, and Li,S; was obtained after 12 h of soak-
ing. The above spectroscopic results further confirmed that the
self-discharge in lithium-sulfur systems corresponded to the
diffusion of polysulfides and their reaction with lithium metal.

The open-circuit voltage of a lithium—sulfur cell with LINO,—
LiTFSI-DOL/DME electrolyte was recorded in situ (Figure 4a).
The open-circuit voltage profiles of the cell dropped quickly in
the initial 1 min and then stabilized at 2.30 V. Even with a pro-
longed rest period, the voltage was still 2.30V, which was
much higher than that for the cell without LiNO; (Figure 1).
The drop in voltage can be observed on the galvanostatic dis-
charge profile as the lack of the initial part (about 25 mAhg™)
of the first plateau (Figure 4b). However, there was almost no
loss of overall discharge capacity after the open-circuit state,
and the coulombic efficiency was almost 100%. Such phenom-
ena were also observed with self-discharge times of 24, 48,
and 240 h (Figure S3a-c in the Supporting Information). The
capacity loss at the beginning of the first plateau was induced
by the chemical reaction between solid Sg and residual polysul-
fides in solution that could not be electrochemically fully
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Figure 3. Lithium-metal anode protection through the addition of LiNO, ad-
ditive. a) Photographs of Li,Sg electrolyte without (above) and with (below)
LiNO; additive during 12 h of reaction with lithium foil. b) The corresponding
UV/Vis spectra of the electrolytes after 12 h of reaction.

charged back to Sg. The reason for this was ascribed to the
poor stability of Li,Sg; in DME-based electrolyte, as discussed
previously.”” However, this capacity loss can be completely
compensated for by the additional capacity of the “tail” after
the second plateau and slope. Because the lithium anode was
fully protected by the stable SEI decomposed from the LiNO;-
containing electrolyte,”” polysulfides in the electrolyte could
not be further reduced to low-order polysulfides by reacting
with metallic lithium. Thus, these polysulfides remaining in the
electrolyte can only be electrochemically reduced at the sur-
face of the cathode to relieve external current. Consequently,
when the lithium anode was passivated, the internal chemical
redox reaction was retarded, which was favorable for negligi-
ble self-discharge and reduced capacity loss. The results in Fig-
ure 4c describe the discharge curve of the first and self-dis-
charge cycles. The ratios of Qy,/Quign Were 2.48, 2.51, 2.67, and
2.74 when the open-circuit intervals were 24, 48, 120, and
240 h, respectively. The minor increase in the Q,,/Qyg ratios
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Figure 4. Self-discharge behavior of lithium-sulfur cells with LINO;-contain-
ing electrolyte. a) The open-circuit voltage after different self-discharge
times. b) Galvanostatic discharge curves of the cycle before the rest period,
and discharge curves for the 1st and 2nd cycles after 120 h of self-discharge.
) Galvanostatic discharge profiles of cycles after different open-circuit times.

indicated that the reaction between sulfur and remaining low-
order polysulfides was tiny compared with that of routine cells
(Figure 2¢). There were almost no changes to the shape of the
charge profiles with different open-circuit periods (Figure S3d
in the Supporting Information).
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Low self-discharge rate through ion diffusion control

In addition to the strategy of directly preventing reactions be-
tween high-order polysulfides and the lithium anode by form-
ing an interfacial passivation layer on the anodes, suppressing
the diffusion of polysulfide anions to the anode side was ex-
pected to be another promising route to reduce self-discharge.
In a working lithium-sulfur cell, the routine shuttle of polysul-
fides is highly dependent on not only the “sulfiphilic” affinity
and porous structures of the cathode,” but also on the ion
channels in the porous separators.”?! To prevent the diffusion
of polysulfide anions and provide high coulombic efficiency,
a cation-selective Nafion membrane with SO;~ groups coating
the channels was employed.” As compared in Figure 5a and
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Figure 5. Lithium-sulfur cells with Nafion separators. SEM images of a) a rou-
tine separator and b) a Nafion separator. c) Galvanostatic charge and dis-
charge curves of the first cycle.
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b, a uniform and dense Nafion layer is coated onto the top sur-
face of the porous Celgard 2400 separator to form an ion-se-
lective membrane. With the cation-permselective properties of
the Nafion coating layer, the diffusion of polysulfide anions
across the membrane is blocked. The coulombic efficiency
became almost 100% with reversible charge/discharge as con-
ventional sulfur redox (Figure 5¢), which was much higher
than that of routine cells with low coulombic efficiencies of
about 90 %.

We also monitored the open-circuit voltage of a lithium-
sulfur cell with a Nafion separator. The voltage was well main-
tained at 2.30 V when the self-discharge time was more than
1 h (Figure 6a). No slope or second plateau was observed,
which indicated that the starting point of the discharge profile
was maintained on the first voltage plateau. Compared with
the cell with an anode passivated by LiNO;, the capacity loss
of the initial stage of the first voltage plateau was severer (Fig-
ure 6b). With the Nafion separator suppressing diffusion, poly-
sulfides were constrained on the cathode side and such a large
quantity of polysulfides with higher local concentration would
chemically consume more solid Sg than that in the case of the
LiNO;-passivated anode (Scheme 1). Solid Sg chemically reacted
with soluble polysulfide carriers turned out to be electrochemi-
cally “reactivated” in subsequent cycles, as indicated by the in-
creased capacity (Figure S4 in the Supporting Information).
“Dissolved” Sq is not electrochemically reduced immediately, as
in the case of LiNO;-modified electrolyte, which mainly related
to slow kinetics being restrained by the high-viscosity electro-
lyte in the cathodic chamber, which accumulated a high con-
centration of polysulfides and induced high polarization. How-
ever, there was still much less capacity loss than that in routine
cells, as indicated by the discharge profile starting at the mid-
point of the first plateau after 120 h of self-discharge. Even
after 240 h of self-discharge, the curve still started at the first
plateau (Figure S5 in the Supporting Information), which was
consistent with the open-circuit voltage profiles shown in Fig-
ure 6a. The discharge curve after self-discharge (red dashed
line in Figure 6b) was a bit lower (about 15 mV) than that in
the next cycle. Such phenomena were also observed in other
cycles (Figure S5a-c in the Supporting Information), which in-
dicated strong polarization after self-discharge.

Additional polarization disappeared after subsequent cycles,
which was in good accordance with the increase in capacity.
As discussed above, this phenomenon was ascribed to polysul-
fides that accumulated around the ion channels during the
long resting time, and gradually reduced on the surface of the
cathode in subsequent cycles. The coulombic efficiency in-
creased clearly after the introduction of Nafion membrane. The
ratios of Q, and Qg were 2.30, 2.67, 2.57, 3.02, and 4.53 for
the first cycle and cycles after self-discharge times of 24, 48,
120, and 240 h, respectively (Figure 6¢). These ratios were
much lower than the ratios of the routine cell (3.9, 5.1, 10.2,
and 10.4 for self-discharge cycles) because of the very low self-
discharge capacity and preservation of the discharge capacity
at the first voltage plateau. Meanwhile, such ratios, although
higher than the value obtained for anode protection, could be
recovered to lower values in subsequent cycles. The results in-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Self-discharge behavior of lithium-sulfur cells with Nafion separa-
tors. a) The open-circuit voltage after different self-discharge times. b) Galva-
nostatic discharge curves of the cycle before self-discharge and those for
the 1st and 2nd cycles after 120 h of self-discharge. c) Galvanostatic dis-
charge profiles of the cycles after different open-circuit times.

dicated that Nafion separators (representing ion-selective
membrane strategy) were effective in suppressing cross-mem-
brane diffusion of polysulfide and in reducing the self-dis-
charge phenomenon in lithium-sulfur cells.
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Discussion

To provide a quantitative understanding of self-discharge, the
shuttle constant, k, proposed by Mikhaylik and Akridge was
calculated based on the dependence of the remaining capacity
of the high plateau with open-circuit time by Equation (1):"®

d(In Qugy) /dt, = —k, (M

in which k; is the shuttle constant, Qyq, is the remaining ca-
pacity of the high plateau, and t; is the time at open circuit.
Preventing self-discharge mainly lay on suppression of the pol-
ysulfide shuttle at the static state. The amount of polysulfides
shuttling between the cathode and anode highly depends on
the ratio of electrolyte to sulfur. The ratio was defined as the
total sulfur concentration in the electrolyte added to a coin
cell. As shown in Figure 7, ratios of discharge capacity loss of

0.68 mol L’
=117 mol L
—2.38 mol L
i «eeceee Capacity loss

-\

0 300 500 500
Discharge capacity / mAh g

Voltage

Figure 7. Self-discharge behavior of lithium-sulfur cells with different sulfur/
electrolyte ratios.

18.1, 18.9, and 32.9% were obtained for routine lithium-sulfur
cells with a sulfur concentration of 0.68, 1.17, and 2.38 molL™",
respectively, all of which underwent 2 h of rest. Therefore, the
shuttle constants based on Mikhaylik and Akridge’s self-dis-
charge method were calculated to be 0.114, 0.122, and
0.218 h™' for cells with different total sulfur concentrations of
0.68, 1.17, and 2.38 molL™" (Table 1). This result was consistent
with previous work proposed by Mikhaylik and Akridge."®
With the addition of electrolyte to a cell that corresponds to
a low sulfur concentration, residual polysulfides become less.

Table 1. The shuttle constant, k,, derived from the self-discharge profile.

Total sulfur concentration k, [h™"] calculated by self-discharge

[molL™"] normal cell Nafion separator LiNO,
0.68 0.114 0.040 0.017
117 0.122 0.039 0.013
2.38 0.218 0.047 0.012
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Multielectron chemistry renders the lithium—sulfur system
with a very high theoretical energy density; however, many in-
termediates (e.g., polysulfides of Li,Sg, Li,S¢, and Li,S,) are pro-
duced in a cell during cycling. The shuttle effect is attributed
to the diffusion and reaction of polysulfides: high-order poly-
sulfides diffuse through the separator, react with the lithium
anode to form low-order polysulfides, shuttle back to the cath-
ode side, and are then electrochemically reoxidized into high-
order polysulfides."®#?¥ The shuttle cycle is preferred at a low
charge current. Even when the voltage reached 2.8V during
charging, polysulfides remained in the electrolyte due to the
poor stability of Li,S;.*’ The residual low-order polysulfides
can be chemically oxidized by Sy as cathode materials. There-
fore, part of solid S; was “dissolved” to form Li,Sg. The degrada-
tion of Li,Sg relies on its concentration gradient in the electro-
lyte. Some Li,Sq diffuses into the anode side to react with lithi-
um metal and form low-order polysulfides. If this path was not
blocked, then low-order polysulfides would continue to diffuse
back to the cathode side and form more polysulfides. On the
other hand, the amount of polysulfides increased exponentially
with the reduction of Sg This process is self-accelerated, even
with a limited amount of remaining polysulfides. The overall
effect is that solid Sg on the cathode side is carried to and pre-
cipitated on the surface of the anode with the assistance of
polysulfide “carriers” through an internal redox cycle of high-/
low-order polysulfides. Therefore, the available capacity is lost
as the active mass is lost; this is referred to as self-discharge.
When Sg is eventually exhausted, self-discharge is terminated
as all sulfur is converted into 1) low-order polysulfides, such as
Li,Ss remaining in the electrolyte, the discharge profile of
which starts at the midpoint of the slope; and 2) solid precipi-
tate, such as Li,S/Li,S, on the surface of the anode, which is
electrochemically inactive. This induced a rapid capacity loss at
the initial stage with a high self-discharge rate, followed by
a slow capacity loss with a very low self-discharge rate in rou-
tine lithium-sulfur cells, which is consistent with other re-
ports.l"”?

In sharp contrast to routine cells, very low shuttle constants
of 0.017, 0.013, and 0.012 h™" were obtained when LINO, elec-
trolyte additive was introduced into a lithium-sulfur cell. The
formidable decrease in the shuttle constant upon adopting
LiNO; additives validated the significance of anode protection
because it was the most direct way to block access of polysul-
fides to highly reactive lithium. For diffusion control by em-
ploying Nafion separators, the shuttle constant calculated by
the self-discharge data was 0.040, 0.039, and 0.047 h™" for lithi-
um-sulfur cells with a total sulfur concentration of 0.68, 1.17,
and 2.38 molL™', respectively. A simple comparison to anode
protection by LiNO; plausibly indicated that anode protection
seemed to be superior to diffusion control. However, with the
dynamic change and renovation of SEl films composed of de-
composed LiNO;, LiNO, suffered from continuous consumption
and eventual exhaustion, especially when a high sulfur loading
was applied for practical applications. Therefore, a chemically
stable ion-selective membrane might be more reliable for
long-term duration. The long cycle stability of cells with
a Nafion separator was superior to that of routine cells and
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a low decay rate of 0.08% per cycle was achieved.”’ The prob-
lem with the Nafion separator appeared to be high polariza-
tion induced by accumulated polysulfides at the electrolyte/
separator interface and additional resistance of lithium ions.
Thus, the effectiveness of diffusion control might be hindered
by the limitation of the tests because the capacity loss was not
recovered in the cycle after self-discharge, but following sever-
al cycles (Figure S4 in the Supporting Information).

Figure 8 shows the open-circuit voltage profile of cells
during a 120 day rest period. The routine cell lost capacity of

2.8

= Routine cell
—— Nafion separator
= LiNO, anode protector

26F

22F

-
NE

0 30 80 % 120
Time / day

Open circuit voltage / V
'S

2.0

Figure 8. Voltage profiles of lithium-sulfur cells during open circuit for
120 days.

the first plateau quickly in the initial two days and was stable
in a fully self-discharged state. In comparison, cells with LiNO,
additive and Nafion membrane maintained their open-circuit
voltages of 2.3V during the 120 days at open circuit. The cell
with LiNO; additive still maintained a discharge capacity of
97% (961 mAhg™") of the initial capacity after 120 days at
open circuit. This value is around three times higher than that
of the routine cell (32% initial capacity, corresponding to
320 mAhg™'). Future progress on suppressing self-discharge
might be realized based on the following concepts: 1) more
robust and protective SEl films on the lithium anode construct-
ed from novel electrolyte additives beyond nitrites"®'? or
direct coating of artificial resistive layers;'*'>? 2) separators
with ion selectivity, but with a higher permeability of lithium
ions™® to lower the polarization and kinetic limitations;** and
3)a wise combination of anode protection and polysulfide
shuttle controls, as well as optimization of the lithium-sulfur
cell configuration.:8232430

Conclusions

A lithium-sulfur cell with a CNT/sulfur cathode and lithium-
metal anode in LiTFSI-DOL/DME electrolyte was selected as
the model system to demonstrate self-discharge behavior. The
open-circuit voltage of a routine lithium-sulfur cell presented
a plateau-slope-plateau structure similar to the routine galva-
nostatic discharge curve of a lithium-sulfur cell. The ratios of
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discharge capacity loss were 17.3, 23.6, 33.1, and 36.8% when
the open-circuit intervals were 24, 48, 120, and 240 h, respec-
tively. The self-discharge process corresponded to the sponta-
neous reaction between the sulfur cathode and lithium anode
within a cell at open circuit. With an increase in sulfur/electro-
lyte ratio from 0.68 to 1.17 and 2.38 molL™', the shuttle con-
stants increased from 0.114 to 0.122 and 0.218 h™". Diffusion of
the polysulfides was retarded by an ion-selective separator,
and the shuttle constants decreased from 0.040, 0.039, to
0.047 h™". When the lithium-metal anode was protected by
a high-density passivation layer, the internal chemical reactions
in a cell were expected to be reduced and very low shuttle
constants of 0.017, 0.013, and 0.012 h™' were obtained when
the sulfur/electrolyte ratios were 0.68, 1.17, and 2.38 molL ',
respectively. After 120 days at open circuit, the cell with LiNO,
additive maintained 97% of the initial discharge capacity of
961 mAhg™' and cell voltages of 2.25 and 2.14V for the first
and second plateaus, respectively. This work shed light on un-
derstanding the self-discharge mechanism. It is anticipated
that with the rational design and careful combination of anode
protection and polysulfide shuttle control strategies, as well as
optimization of the lithium-sulfur cell configuration, lithium-
sulfur cells with ultralow self-discharge rates may be realized.

Experimental Section
Preparation of electrolytes and Nafion membrane

LINO; electrolyte was prepared by adding 0.2 molL™' anhydrous
lithium nitrate to a mixture of DOL and DME (v/v=1:1) containing
1.0 mol L' LiTFSI. Polysulfide electrolytes were prepared by stoi-
chiometrically adding sulfur and lithium sulfide in a blank electro-
lyte of 1.0 molL™" LiTFSI dissolved in DOL/DME (v/v=1:1) to form
Li,S,-Li,Sg electrolyte. The molar concentration of sulfur was fixed
at 0.1 molL™" in each polysulfide electrolyte. The Nafion mem-
branes were prepared by blade coating Nafion solution (30 pL; 5%
w/w, purchased from Alfa Aesar) on Celgard 2400 membrane disks
with a diameter of 16.0 mm and then dried in air for 12.0 h.

Electrochemical measurements

CNT/S composite with a sulfur content of 70 wt% was prepared by
a conventional melting—diffusion strategy and mixed with poly(vi-
nylidene fluoride) (PVDF) binder in N-methylpyrrolidone in a mass
ratio of CNT/S-PVDF =90:10 to form the cathode slurry after mag-
netic stirring for 12.0 h. The slurry was blade coated onto an alumi-
num current collector with an areal sulfur loading of 0.8-
3.2 mgcm 2 and dried at 60°C for 6.0 h. Then the foil was punched
into disks. A standard 2025-type cell was assembled with a CNT/S
cathode, lithium foil as the anode, electrolyte (20.0 uL), and a sepa-
rator. The assembling process was conducted in an argon-filled
glove box with water and an oxygen content below 1.0 ppm. The
coin cells were tested at 25 °C in galvanostatic mode with a current
density of 0.2C and a voltage range of 1.6-2.8V by using
a Neware multichannel battery cycler. An open circuit was intro-
duced at the end of every five cycles. Open-circuit times of 24, 48,
120, and 240 h were chosen as the cycle number increased.
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UV/Vis spectroscopic analysis of polysulfide electrolytes

Polysulfide electrolytes containing Li,S,-Li,S; were sealed in
a quartz cuvette in an argon-filled glove box to obtain standard
UV/Vis spectra of polysulfides. Lithium-metal foil was cut into
pieces and sealed in two quartz cuvettes with LiNO; and normal
electrolytes, both contained 0.0125 mol L™" Li,Sg (0.1 molL™" sulfur).
The UV/vis spectra of each sample was recorded every hour to
track the self-discharge process.
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