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A membrane-free lithium/polysulfide semi-liquid
battery for large-scale energy storaget

Yuan Yang,$? Guangyuan Zheng1® and Yi Cui*®

Large-scale energy storage represents a key challenge for renewable energy and new systems with low
cost, high energy density and long cycle life are desired. In this article, we develop a new lithium/
polysulfide (Li/PS) semi-liquid battery for large-scale energy storage, with lithium polysulfide (Li,Sg) in
ether solvent as a catholyte and metallic lithium as an anode. Unlike previous work on Li/S batteries
with discharge products such as solid state Li,S, and Li,S, the catholyte is designed to cycle only in the
range between sulfur and Li,S,4. Consequently all detrimental effects due to the formation and volume
expansion of solid Li,S,/Li,S are avoided. This novel strategy results in excellent cycle life and
compatibility with flow battery design. The proof-of-concept Li/PS battery could reach a high energy
density of 1770 W h kg™" and 190 W h L™ for large scale storage at the solubility limit, while keeping
the advantages of hybrid flow batteries. We demonstrated that, with a 5 M Li,Sg catholyte, energy
densities of 97 W h kg~' and 108 W h L™" can be achieved. As the lithium surface is well passivated
by LiNOs additive in ether solvent, internal shuttle effect is largely eliminated and thus excellent
performance over 2000 cycles is achieved with a constant capacity of 200 mA h g~'. This new system
can operate without the expensive ion-selective membrane, and it is attractive for large-scale
energy storage.

Energy storage systems are crucial for extensive deployment of renewable energy, due to the intermittent nature of many forms of green energy, such as solar and
wind systems. Low cost, high energy density and long cycle life are desired for large-scale energy storage. Rechargeable batteries are attractive among various
strategies, as they are modular, environmentally friendly and not limited by location. Herein, we propose a new room-temperature lithium/polysulfide (Li/PS)
semi-liquid battery, which has high energy density while maintaining the merits of hybrid flow batteries. In this system, lithium polysulfide (Li,Sg) in ether-
based solvent and passivated metallic lithium are used as the catholyte and the anode, respectively. This proof-of-concept Li/PS battery has a theoretical energy
density of 1770 Wh kg™" and 190 W h L™" based on the mass and volume of catholyte and lithium. Excellent performance over 2000 cycles has been accomplished
with constant capacity cycling at a capacity of 200 mA h g, corresponding to 37 and 72 W h L™ for full cells with 2.5 and 5 M catholyte, respectively, which is
higher than that of conventional vanadium flow batteries. The system also has a low cost and low self-discharge rate.

Introduction

friendly and not limited by location.* Among different chemis-
tries explored, redox flow batteries and lead-acid batteries have

Energy storage systems are crucial for extensive deployment of
renewable energy, due to the intermittent nature of many forms
of green energy, such as solar and wind systems.*” Low cost,
high energy density and long cycle life are desired for large-scale
energy storage. Rechargeable batteries are attractive among
various strategies, as they are modular, environmentally
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relatively low cost but also low specific energy (20-50 W h kg™ ).
Na/S batteries need to be operated at high temperature (300-
350 °C).® New battery systems with exceptional performance are
needed. Recently, our group has reported Prussian blue-like
open framework materials with ultra-long cycle life although
their specific energy is low (~30 W h kg *).”® Several other
groups also demonstrated a semi-solid flow battery based on
the suspension of Li-ion battery materials.'®"* The semi-solid
system has a high energy density but may need more complexity
in material preparation and system design than a conventional
flow battery. A liquid metal battery was also reported with very
high current density but it needs to be operated at 700 °C and
shows a low voltage (~0.5 V)."> Aqueous rechargeable Li-ion
batteries also draw much attention due to their safety.”*™**
Herein, we propose a new room-temperature lithium/
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polysulfide (Li/PS) semi-liquid battery, which has high energy
density while maintaining the merits of hybrid flow batteries. In
this system, lithium polysulfide (Li,Ss) in 1,3-dioxolane (DOL)/
1,2-dimethoxyethane (DME) and passivated metallic lithium are
used as the catholyte and the anode, respectively. The catholyte
is only cycled between sulfur and Li,S,, but not to the insoluble
Li,S, and Li,S phases. This proof-of-concept Li/PS battery has a
theoretical energy density of 1770 W h kg™" and 190 W h L™*
based on the mass and volume of the catholyte and lithium. The
LiNO; additive in the ether solvent helps form a uniform solid
electrolyte interphase (SEI) that prevents parasitic reactions
between polysulfide and lithium. Furthermore, as the catholyte
is not discharged to insoluble Li,S, and Li,S, which is different
from previous work on Li-S batteries, all adverse effects on
cycling due to the formation and volume change of Li,S, and
Li,S are avoided. Subsequently high coulomb efficiency and
long cycle life are achieved. This high quality SEI also acts as a
solid electrolyte layer, so that the polysulfide catholyte could
directly contact the lithium anode but not react with it. This
unique property allows the system to work without the expen-
sive ion-selective membrane and significantly lowers the cost.
Excellent performance over 2000 cycles has been accomplished
with constant capacity cycling at a capacity of 200 mA h g7,
corresponding to 37 and 72 W h L™ for full cells with 2.5 and
5 M catholyte, respectively, which is higher than that of vana-
dium flow batteries.”> Constant voltage cycling also shows
capacity retention as high as 75% for 500 cycles with a specific
capacity of 335 mA h g '. Recently Zhang and Read,'® and
Demir-Cakan et al.™” reported an Li-S battery with a polysulfide
catholyte. Though improved performance was observed, the
nucleation and volume change of insoluble Li,S,/Li,S still
significantly deteriorate the cycle life, as the catholyte is dis-
charged to the lower plateau. Apparent capacity fading is
observed within 50-100 cycles. Our strategy of using narrow
voltage window successfully avoids all issues related to Li,S,/
Li,S and the system is compatible with the flow battery design.
We noted that, while preparing the manuscript, a similar idea
has been proposed by the Arumugam Manthiram group
although there has not been experimental demonstration of
this idea.™

Experimental

Li,S powder and 0.75 mm thick lithium strip (99.9%) were
purchased from Alfa Aesar and all other materials were received
from Sigma Aldrich. To prepare lithium polysulfide solution,
stoichiometric amounts of Li,S and sulfur were mixed together
with a nominal formula of Li,Sg and stirred in dioxolane/
dimethoxyethane solvent (DOL/DME m/m = 1:1) at 60 °C
overnight. 5 M and 2.5 M solutions were used in this study. All
molarities in this report are based on the amount of sulfur in
the solution. The passivation layer on the surface of the lithium
anode was realized by soaking the lithium strip in 0.5 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in DOL/DME
solution with 1 wt% LiNO; additive for 1.5 hours. A 2032 coin
cell was used to evaluate the performance of this proof-of-
concept semi-liquid cell. Carbon fiber paper discs with a
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diameter of 1.25 cm (AvCarb™ P75) served as the current
collector for the catholyte, and a piece of common porous Li-ion
battery separator (Asahi) was used to separate lithium and
carbon electrodes. It should be noticed that the purpose of
using a separator is only to avoid shorting between the carbon
electrode and lithium, but not selectively transport lithium
ions. Samples were tested with a multi-channel Arbin battery
tester. The voltage range for cycling is 2.15-2.8 V. In all
measurements, 1 C rate is defined as the reaction of 0.5 Li* per
sulfur in one hour (S — Li,S, per hour), which is 418 mA g~".

Results and discussion

The schematic of the proposed Li/PS battery is shown in Fig. 1a.
Lithium foils are used as an anode while liquid lithium poly-
sulfide solution is used as a catholyte with carbon-paper as the
current collector. The design is similar to a hybrid flow battery,
such as the Zn-bromine system.* In operation, polysulfide solu-
tion continually flows through the electrode stacks to generate or
store electricity, while the catholyte drains back to the reservoir
tank in downtime. Such a design has merits of modularity,
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Fig. 1 Design principle of the Li/PS battery. (a) The schematic illustrating the
structure of the Li/PS battery. Polysulfides flow through the system during
operation and are stored in the tank in downtime. Magnified scheme on the right:
the SEI passivation layer has a high resistance towards internal reaction between
PS and lithium due to the presence of LINOs. Consequently the shuttle effect is
significantly suppressed. The narrow voltage window avoids the formation of
insoluble Li,S,/Li,S and leads to excellent cycle life. (b) An experimental
demonstration of the membrane-free Li/PS battery with lithium and the carbon
fiber electrode soaked in Li,Sg solution. The Li,Sg solution can be prepared easily
by mixing stoichiometric amounts of Li,S and sulfur in ether-based solvent.
Additional polysulfides can be added from an external reservoir. (c) The volu-
metric energy density of the Li/PS system versus concentration of sulfur in the
catholyte. The capacity of lithium is set to 2000 mA h g~" and 1000 mAhcm~3to
take the extra lithium needed for practical operation into consideration. The
specific capacity between sulfur and Li,S4 is 418 mA h g~ . The black line shows
the energy density of the vanadium flow battery based on the vanadium cath-
olyte and analyte only (30 W h L™"). The concentrations of both catholyte and
analyte are supposed to be 1.7 M, which is the commonly used stability limit for
vanadium flow batteries.?®
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transportability, flexibility in design and scalability.’ The liquid
nature of polysulfides also avoids issues of volume expansion and
poor kinetics of Li,S in conventional Li/S batteries."®>* To prevent
direct reaction between the highly reactive lithium and poly-
sulfides, we utilize the recently developed LiNO; electrolyte
additive to form a passivating layer on the lithium surface. The
effect of the LiNO; additive is first reported by Aurbach et al.** in
Li/S batteries and confirmed by other works.”>*” The coulomb
efficiency of Li/S batteries with the LiNO; additive is improved
significantly from less than 90% to more than 99%. LiNO; is
probably reduced to insoluble Li,NO, species at the lithium
surface and oxidizes the polysulfides in solution to Li,SO,
species, preventing the continuous electron transfer from
lithium to polysulfides in solutions.> This passivation layer
dramatically improves the coulomb efficiency and significantly
reduces self-discharge in the Li/PS system (Fig. 1a). To form a
uniform passivation layer, the lithium anode is first soaked in
0.5 M LiTFSI in DOL/DME electrolyte with 1% LiNO; additive for
1.5 hours, followed by drying and assembled into a full cell. A
simple demonstration of the membrane-free Li/PS battery is
shown in Fig. 1b by soaking the carbon fiber paper electrode and
lithium in a polysulfide solution (2.5 M Li,Sg in DOL/DME m/m =
1:1). The Li,Sg solution can be easily prepared by stirring stoi-
chiometric amounts of Li,S and sulfur in DOL/DME solvent. 200
mL of the solution was prepared and stored in a glass bottle,
which serves as a reservoir for additional polysulfides.

The Li/PS battery is attractive as it has higher energy density
compared to other redox flow batteries (RFBs). The electro-

chemical reactions involved in the Li/PS system include:***°

— 2
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Except sulfur, all other phases are readily soluble in the
solvent. The specific capacity within the range between Li,S,
and sulfur is 418 mA h g~ " based on the mass of sulfur in the
catholyte. Lithium has a high theoretical specific capacity of
3860 mA h g~ . In addition, the average discharge voltage of the
reactions is 2.30 V, which is higher than the stability voltage
dictated by many aqueous electrolytes used in other redox flow
batteries. Lithium polysulfide has high solubility in ether-based
electrolyte, with ~7 M in DOL/DME solution and ~10 M in
tetrahydrofuran.*® In comparison, the concentration of vana-
dium species in conventional vanadium redox batteries (VRBs)
is typically not higher than 1.7 M to avoid stability issues.>?®
Fig. 1c and S1T show the volumetric and gravimetric energy
densities of Li/PS batteries, respectively. In calculation, the
capacity of lithium is set to 2000 mA h g~ or 1000 mA h em™*
(half of its theoretical capacity) to take into account the low
coulomb efficiency of lithium. When a 5 M polysulfide solution
is used, the energy density reaches 149 Wh L' (133 Wh kg™ ),
which is about five times that of the vanadium redox battery
(VRB) (see ESI for detailed calculationf).
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The electrochemical performance of the Li/PS system is
shown in Fig. 2. All electrochemical tests in this paper were
done in the 2032 coin cell configuration (see Experimental).
Fig. 2a shows the voltage profile of a Li/PS cell with 35 uL 5 M
Li,Ss solution as the catholyte at a current of 0.8 C (334 mA g~
or 1.5 mA cm ™ ?). The initial discharge capacity is 172 mAh g™,
which is consistent with the capacity to reduce Li,Sg to Li,S,.
The subsequent charge-discharge profiles are the same as
common sulfur, which suggests that sulfur forms at the end of
charge. The second discharge reaches a capacity of 295 mA h
¢~ ' sulfur, corresponding to a capacity of 48 mA h cm ™2 for the
whole catholyte. By taking into account both the catholyte and
lithium, the energy density of the system reaches 95 W h kg ™*
and 106 W h L™". These values are three times that of the
vanadium flow battery with a concentration of 1.7 M.? The
average discharge and charge voltage are 2.45 and 2.30 V,
respectively, indicating that the reaction is highly reversible.

Results on constant voltage cycling of the Li/PS system are
shown in Fig. 2b. Two different concentrations, 2.5 M and 5 M,
are investigated at 0.8 C rate. 2.5 wt% LiNO; additive is added to
the solution. The 5 M sample reaches a capacity of 300 mAh g~
(based on sulfur) at the beginning while the 2.5 M polysulfide
solution has a higher initial capacity of 335 mA h g™, since
lower concentration of the active material leads to a lower
current at the same C rate, and thus a smaller overpotential and
higher specific capacity. The corresponding energy densities of
the cell are 108 Wh L™' (97 Whkg ) and61 Wh L' (59 Wh
kg™ ') for 5 M and 2.5 M catholytes, respectively. The discharge
capacities after 500 cycles are 175 and 252 mA h g™, respec-
tively. The corresponding capacity fading rate is as low as 8.4%
and 5.0% per 100 cycles. The cycling data show potential for
applications in grid-level energy storage, and optimization on
additives and solvents could further enhance the cycle life. The
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Fig. 2 Electrochemical characteristics of the Li/PS system. (a) The voltage profile
of a cell with 35 puL 5 M Li,Sg catholyte at 0.8 C (334 mA g~ " or 1.5 mA cm~2). The
cycling performance (b) and coulomb efficiency (c) of the system. 2.5 wt% LiNOs is
added to both solutions, and the volume of catholyte in each sample is 35 pL. (d)
The charge/discharge voltage of the Li/PS full cell at different current densities
and the corresponding energy efficiency.
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cells also exhibited high coulomb efficiency at around 99%
initially, and stabilized at around 95% even after 500 cycles.
This indicates that the lithium surface is well passivated and
thus the shuttle effect is largely eliminated. In contrast, cells
without the LiNO; additive cannot be properly charged due to
the strong shuttle effect (Fig. S21). The corresponding coulomb
efficiency is only 15%.

The power capability and energy efficiency of the Li/PS
system are also studied. Fig. 2d shows the discharge and charge
voltage of the full cell at different current densities. The voltage
is selected as the midpoint potential for a 200 mA h g*
constant capacity cycling at different rates. At 1 mA cm >
(2.3 mW cm?), the voltage hysteresis is as low as 100 mV,
leading to a high voltage efficiency of 96% and energy efficiency
of 91%. When the current is increased to 4.4 mA em™ > (10 mW
em™?), the discharge/charge voltage remains at 2.24 Vand 2.5 V,
respectively. The corresponding voltage efficiency is still 90%
and the energy efficiency reaches 85%. In comparison, the
energy efficiency of common flow batteries is only 65-80%.>
Moreover, as both sides of the lithium and carbon current
collector could be used to generate power in a real system, the
real current density per footprint area of the electrode could be
doubled at the same energy efficiency.

Constant capacity cycling was also carried out. In this test,
we try to limit the cycling within the range of liquid phases
(Li,Sg < Li,S,) so that solid-liquid phase transformation does
not occur, which is known to deteriorate the cycle life. The cell is
first discharged to 2.15 V and then the charging capacity is kept
at 200 mA h g™, The voltage cut-off for all following discharges
is 2.15 V. At 200 mA h g~ ' capacity, the energy densities are 37
and 72 W h L™" for the cells with 2.5 M and 5 M catholyte,
respectively (Fig. 3). Although a slight capacity drop is observed
at the beginning of cycling, as the coulomb efficiency decreases
in initial cycles, both 5 M and 2.5 M samples show steady
cycling afterwards. For the 2.5 M sample, the capacity remains
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Fig. 3 Constant capacity cycling of Li/PS cells. (a) The discharge capacity versus
cycle number for constant capacity cycling where the charge capacity is set to
200 mA h g and the discharge cut-off is set to 2.15 V. (b) The maximum
charge voltage versus cycle number in the constant capacity cycling. 25 ul cath-
olyte with 2.5 wt% LINO3 was used in the tests.
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at 193 mA h g * after 2000 cycles, with a coulomb efficiency of
96.5%. The prototype cell can be charged-discharged for more
than 2400 cycles before a significant increase in maximum
charged voltage (MCV) is observed. The discharge capacity of
the 5 M sample remains at 189 mA h g~ " after 1500 cycles. These
cycling data are comparable with current state-of-the-art flow
batteries. The maximum charged voltage (MCV) is almost
constant over about 90% of the whole cycle life, allowing
feasible control over voltage delivery. The excellent cycling
performance of the polysulfide electrode originates from the
fact that all detrimental effects related to solid state Li,S/Li,S
are eliminated by controlling the discharge voltage cut-off. Our
results also indicate that when the LiNO; additive is present,
polysulfide dissolution and shuttle effect are not the most
important issues. Instead, phase nucleation and volume change
of insoluble Li,S, and Li,S are likely to play a significant role in
capacity fading of traditional Li-S batteries.

In order to understand the mechanisms behind the capacity
decay and guide further optimization of the system, effects of
various parameters on the cycle life and coulomb efficiency are
studied. In our investigation, the cycle life is evaluated as the
capacity decay from the 100™ to the 200™ cycle in constant
voltage cycling (2.15-2.8 V), and the coulomb efficiency used for
comparison is based on the value after stabilization. We found
that a lower concentration of polysulfides leads to a better cycle
life (Fig. 4a). The capacity decay rate for the 2.5 M catholyte is
mostly within 5-7.5% per 100 cycles, while the majority of
samples with 5 M catholyte show a decay rate of around 10-15%
per 100 cycles. There are two possible reasons: (1) direct reac-
tion between polysulfides and lithium is slower at lower
concentration, (2) at the same current rate, low concentration
means low current, which causes less damage to the lithium
anode. Other factors, such as current rate, concentration of
LINO; and volume of catholyte, do not show statistically
significant influence on the cycle life.

The major contributing factor influencing coulomb effi-
ciency is found to be the LiNO; concentration. Both samples
with 1 wt% and 2.5 wt% of LiNO; additive showed nearly 100%
coulomb efficiency at the beginning, but the value decreases to
85-90% for samples with 1% additive while those with 2.5%
LiNO; stabilized at around 95-97% (Fig. 4b). This observation
could be explained as follows. At the beginning, the passivation
layer on lithium results in a high coulomb efficiency. After
cycling, lithium gradually exposes to the catholyte due to the re-
deposition of lithium in charging and cracks of the lithium film
arising from the volume change. Then LiNO; and polysulfides
compete with each other to react with the exposed fresh lithium
surface. A higher concentration of LiNOj; passivates the lithium
surface faster so there is less reaction between lithium and
polysulfides. Consequently higher coulomb efficiency is ach-
ieved. A higher current rate also favors higher coulomb effi-
ciency (Fig. 4d), which is well established by previous
reports.*>** The concentration of polysulfides and volume have
no statistically significant effect on coulomb efficiency, which
can be explained by the mathematical model developed by
Mikhaylik and Akridge.*” In their model, the level of the shuttle
effect is related to the parameter f. = kgu[Stotal]/I, Wwhere k is the

This journal is © The Royal Society of Chemistry 2013
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heterogeneous reaction constant, gy is the high plateau sulfur
specific capacity, [Scotal] is the total sulfur concentration in the
catholyte and I is the absolute value of the current. At the same
C rate, [Scoal)/I is @ constant no matter how [Syorai] and volume
change, and thus the concentration of polysulfides and volume
should not affect coulomb efficiency.

The effect of the LiNO; additive is further examined by
characterizing the lithium surface by scanning electron
microscopy (SEM), as illustrated in Fig. 5. The surface of the
lithium anode was characterized after 100 cycles with a 5 M
Li,Sg catholyte. Though both samples show a particulate surface
(Fig. 5a and b), the lithium surface without additive is more
porous (Fig. 5d) while the one with LiNO; is much smoother at
the microscale (Fig. 5c). The porous surface indicates that

This journal is © The Royal Society of Chemistry 2013
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Fig.5 SEM characterizations of the lithium surface after cycling. The SEM images
of the lithium anode with (a) and without (b) LINO5 additive. (c and d) The zoom-
in images of (a) and (b), respectively. (e) The corresponding energy dispersive
spectrum of the lithium surface with (black) and without (red) LiNO3 additive. The
spectrum is normalized to the intensity of oxygen.

lithium is aggressively corroded by polysulfides in the catholyte
without passivation, resulting in inhomogeneous local current
densities. The energy-dispersive X-ray spectroscopy results
showed a strong sulfur peak for the sample without the LiNO3
additive, indicating the formation of insoluble Li,S or Li,S, on
the surface of lithium. In contrast, a very weak sulfur signal is
detected for samples with 2.5 wt% LiNO; additives. These
results also explain why there is a strong correlation between
the concentration of LiNO; and the stabilized coulomb effi-
ciency (Fig. 4b).

The system's stability against overdischarge is also investi-
gated. We discharge extra 100 mA h g~ " capacity every 20 cycles
and check whether the cycling performance degrades. The
overdischarged capacity is 1/3 of that in normal discharge. In
ordinary cycling, as the low cut-off is 2.15 V, Li,Sg is not totally
converted to the Li,S, phase. As a result, the overdischarged
capacity includes two parts, as shown in Fig. 6a. The first part is
to continually reduce all polysulfides to Li,S,, which counts for
~65 mA h g~ *. The second part lasts for ~35 mA h g *, which is
the conversion of soluble Li,S, to insoluble Li,S, phase, as
indicated by the flat line at the end of the discharge curve. The
corresponding cycling performance is shown in Fig. 6b. No
notable degradation is observed, especially after the system
becomes stabilized after 50 cycles. For example, the capacity
fading rate is only 9.0% per 100 cycles between the 80™ and
120™ cycles, which is similar to cells without overdischarging.
Moreover, no obvious drop in capacity or faster fading is
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Fig. 6 Overdischarge test of the Li/PS cell. (a) The voltage profile of normal
discharge and deep discharge. Extra 100 mA h g~ is discharged, and phase
transformation from soluble polysulfide to insoluble solid Li,S, occurs in the deep
discharge. (b) The corresponding cycling performance. Overdischarge is applied
every 20 cycles. The current rate is 0.8 C except those marked with arrows. The cell
used in this test has a 5 M Li,Sg catholyte solution and 2.5 wt% LiINOs additive.
The volume of the catholyte is 25 pL.

observed after overdischarge. This suggests that the Li/PS
battery has a good resistance to moderate level of overdischarge.
We also calculate changes in Gibbs free energy of reactions
between various polysulfides. It turns out that even if insoluble
Li,S and Li,S, phases precipitate out of the catholyte in deep
overdischarge, they can chemically react with Li,Sg and sulfur
and dissolve in the ether solvent again (see ESI for detailsT).
This is different from the solubility concern in vanadium flow
batteries and should represent a minor issue for cell operation
and system design.

One concern for the Li/PS battery is the possibility of forming
solid phases at the end of charge and discharge. Solid sulfur
forms at full charge based on the capacity obtained. However, as
it is formed electrochemically, the sulfur phase sticks onto the
carbon current collector, which is similar to the electroplating
of zinc in a zinc-bromine hybrid flow battery. This indicates
that sulfur does not form particles within the solution. Conse-
quently it should have little adverse effect on the circulation of
the catholyte.

At full discharge, Li,Ss is reduced to Li,Ss and Li,S,. We
found that the solubility of chemically prepared Li,S, is only
~2.5 M. Though electrochemically formed species could have
different properties from their chemically prepared counter-
parts, this generates concerns on the solubility of the dis-
charged species. To avoid the possible formation of
precipitates, the voltage cut-off is limited to 2.15 V, which
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corresponds to a discharge capacity of ~300 mA h g™* for the
5 M catholyte. Consequently, ~90% of sulfur remains in the
form of Li,Se, which has a much higher solubility in the solvent
so that precipitate should not form.

To further address this issue, we performed both experi-
ments and theoretical calculations. Our conclusion is that the
reduced products should not precipitate out. Even if a solid
precipitate forms, it can be dissolved spontaneously in charge.
First, two experimental tests were performed to check the
existence of possible precipitates. In the first one, a discharged
cell with 0.4 mL Li,Sg catholyte was opened and no precipitate
was observed even after 36 hours. The second experiment is to
rest the cell at the discharged state for 3 days and then check
the discharge capacity in the following cycles. The change in
capacity is not detectable (<1%), which suggests that precipi-
tates are unlikely to form or they have minimum effect on the
cell performance. Furthermore, theoretical calculations show
that thermodynamically Li,S, can react with sulfur to form
Li,Sg, which is readily soluble in the ether solvent (see ESI for
detailed calculationt). As a result, Li,S, precipitates could be
consumed chemically in the charge cycle. In addition, 2.5 M
polysulfide catholyte with a capacity of 330 mA h g™* already
leads to a high energy density of 60 Wh L ™" and 58 W h kg™,
about twice that of the VRB. This means that even if the
concentration is limited to the entirely safe range regarding
solubility, the energy density is already very attractive. It should
be noted that the real flow battery system also includes pumps
and plumbing, which decrease the energy density of the
entire system.

The self-discharge behavior of the Li/PS system is also
investigated. A seven-day resting shows an average self-
discharge rate of 6.5% per day in the coin cell prototype
(Fig. S37). The equivalent permeation rate of active species at
the Li/PS interface is only 10"° ecm min ™", much lower than that
in the vanadium-based system, which is in the order of 5 x 107>
cm min "' for the common Nafion membrane® (see ESI for
detailst). This indicates that the self-discharge rate in the Li/PS
system is much less than that of the vanadium system. The
result also demonstrates the high quality of the passivation
layer on the lithium surface. Moreover, the capacity could be
fully recovered in the following cycle, indicating that the self-
discharge does not damage the rechargeability of the
battery. Optimization of electrolyte additives, polysulfide
concentration and solvent composition could further reduce
the self-discharge rate.

Cost analysis shows that the Li/PS system is attractive. The
expense on all raw materials is $45 kW h™', which is less than
that in VRBs ($50-110 kW h™" for vanadium materials)** and the
total cost of the flow battery ($180-250 kW h™").* The cost per
power is also as low as $145 kW' based on the cost of active
materials, carbon current collectors and separators, which is
reasonable for practical operations (see ESI for detailst).
Moreover, the unique property of SEI also makes the system free
from the high-cost ion exchange membrane, which is the most
expensive component in flow batteries ($100-250 m™2).4%3 It
should be noted that extra cost needs to be considered as safety
protection is needed due to the use of organic electrolytes.
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Conclusion

In this report, we develop a new lithium/polysulfide semi-liquid
battery. This proof-of-concept Li/PS battery can reach 170 W h
kg™' and 190 W h L™ " at the solubility limit (7 M polysulfide
catholyte). Experimentally we achieve an energy density of
108 W h L™" and 97 W h kg™ based on the mass of the poly-
sulfide catholyte and lithium. The cost of raw materials in this
system is as low as $45 kW h™" and $145 kW', Moreover, no
expensive ion-selective membrane is needed for this system.
Cycle life over 2000 cycles has been achieved in constant
capacity cycling with a discharge capacity of 195 mA h g7,
corresponding to 37 and 72 W h L™ for full cells with 2.5 and
5 M catholyte, respectively. Constant voltage cycling also shows
retention as high as 75% for 500 cycles with a capacity of 335 mA
h g~". There are two key reasons for the good cycle life of this
system: (1) narrow voltage window to avoid the formation and
volume change of solid state Li,S,/Li,S, which has not been
reported in previous experiments and (2) the formation of the
solid-electrolyte-like passivation layer on the lithium surface,
which prevents the continuous electron transfer from Li to
polysulfides in solution. Issues such as formation of possible
insoluble phases in the catholyte and self-discharge are also
discussed. This new system shows attractive and promising
performance for large scale energy storage.
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