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With the increasing demand for green energy due to environmental issues, developing
batteries with high energy density is of great importance. Li-S batteries, since their
big breakthrough in 2009, have attracted much attention in both academia and
industry. In academia, significant progress has been made in improving the specific
capacity, rate capacity, and cycle performance using various novel strategies. However,
the performance is hugely different when these strategies are extended to mass
production, indicating a significant difference between academic research, and industrial
production. In this brief review, we discussed the gap between the academic research
and commercialization in detail based on literature reports and to our more than 10
years’ experience on Li-S pouch cells, which including cathodes, anodes, separators,
interlayers, electrolytes, and additives. The problems, which existing in pouch cells by
using the materials and technologies developed by academic research using coin cells,
was analyzed. We expected that this review could be helpful to both academic research
and industrial commercialization of Li-S batteries.

Keywords: lithium-sulfur batteries, commercialization, academic research, energy density, gap

INTRODUCTION

With the fast growth of population and economy, the demand for clean energy is increasing
rapidly. Traditional Li-ion batteries are more and more difficult in satisfying the demand due to
their limited capacity and energy density (Bruce et al., 2011; Lu et al., 2013). The energy density
of traditional Li-ion batteries can hardly go beyond 300 Wh/kg. Other storage devices, such as
supercapacitors, are representative of high-power devices, whereas their energy density is much
lower than Li-ion battery (Simon et al., 2014; Yan et al., 2018). Therefore, it is highly imperative
to develop high-energy storage systems to satisfy the increasing energy demand. Lithium-sulfur
(Li-S) batteries with a much higher energy density have attracted more and more attentions (Ji
et al., 2009; Manthiram et al., 2014; Sun et al., 2017; Tan et al., 2017; Li Z. et al., 2018). As one
of the richest elements in the earth’s crust, sulfur delivers a high theoretical capacity of ~1,675
mAh/g, which is much higher than those cathode materials in Li-ion batteries. A Li-S cell works
based on the following conversion reaction: 2Li + S <> Li,S, leading to an overall theoretical cell
capacity of ~1,167 mAh/g (Ji et al., 2009). Based on an average discharge voltage of 2.15V, the
theoretical gravimetric energy density of a Li-S cell is ~2,510 Wh/kg, which is much higher than
that of the traditional Li-ion batteries. However, Li-S batteries suffer from the electrochemical
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intermediates (polysulfides) dissolution, which causes poor
cyclability and lithium anode corrosion, poor electronic
conductivity, and significant volume change during cycling
(Wang et al., 2014; Li et al., 2016).

A large number of academic researches have been reported on
Li-S batteries, and many of them achieved reversible capacities
over 1,000 mAh/g (based on sulfur), whereas they are still far
away from the industrial production. A big gap between industry
and academic research exists in Li-S batteries, just like two
parallel lines. In this review, we analyzed the big gap between
academia and industry, and hope to give guidance to promote
the commercialization of Li-S batteries.

GAPS BETWEEN ACADEMIA AND
INDUSTRY

To date, there are no commercial Li-S batteries in the market.
In this paper, the industry of Li-S batteries is mainly the
pilot-scale production in many companies and universities. The
situation of many critical factors for Li-S batteries in academia
and industry researches is presented in Figure 1. Scientists
involving in academic research of Li-S batteries developed very
fast and achieved fruitful results in the past decades. However,
the commercialization process of Li-S batteries developed very
slowly, therefore, there still has no product in the market. The
development of Li-S batteries in academia is as fast as taking
a bullet train, but the development in the industry is as slow
as running. In academia, various advanced carbon materials
have been synthesized in many research articles, and most of
the carbon materials can be hardly produced on a large scale.

However, the commercially available carbon materials that are
suitable for the industrial production of Li-S batteries are rarely
studied. Besides, high rate capabilities of more than 10C (1C
= 1,675 mA/g) and long life-span over 1,000 cycles have been
reported in many research papers based on coin cells, but the
charge/discharge rate can hardly exceed 0.2 C, and the cycle life
is no more than 300 cycles in pouch cells (Hu et al, 2016;
Weller et al., 2017; He et al., 2018). Furthermore, the Coulombic
efficiency is commonly reported to be more than 99% in many
research papers, but the Coulombic efficiency in pouch cells can
hardly reach 98%. The reason can be addressed to the amount
of electrolyte, lithium nitrate (LiNO3) additive, and lithium used
in the cells. To a certain level, the more LiINO3 used, the higher
the Coulombic efficiency and longer cycle life, which is due to the
consumption of LiINO3 upon cycling (Barghamadi et al., 2016;
Adams et al,, 2017; Zhang et al., 2018). However, the addition of
LiNO3 can lead to serious safety problems for Li-S batteries. The
combination of sulfur, carbon, and nitrate is the composition of
a bomb, which can be dangerous. Thus, in industry people try to
find a replacement for LiNO3 and pay much more attention to
the safety issues.

In academia, researchers have reported many solutions to
solve the polysulfides shuttle effect, such as the use of coating
layers on electrode and separator, interlayers between cathode
and separator etc. (Kong et al,, 2013; Luo et al., 2016; Abbas
et al., 2017; Park et al., 2017; Pei et al., 2018). Whereas, when
considering about cost and processing of those technics, most
of the methods can be hardly used in pouch cells. What's more,
the dendritic Li growth is also a severe problem in Li-S batteries,
and there are many academic reports show that the problem
has been solved by using protective layers on lithium metal,
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FIGURE 1 | The status of some key factors of academic research and industry production for Li-S batteries.
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solid electrolytes and electrolyte additives etc. (Ding et al., 2013;
Li et al, 2016; Cheng et al., 2019). However, those methods
can hardly work in a limited lithium amount pouch cells; thus
pouch cells still suffer from low Coulombic efficiency, micro
short-circuit, and short cycle life.

CURRENT STATUS AND FUTURE
DIRECTION

Li-S batteries can hardly be commercialized unless the gaps
between the practical productions and academic researches are
filled in. In the following text, we will focus on the discussion of
the anode, cathode, electrolyte, interlayer, additive, mass loading,
and cell safety of Li-S batteries based on our more than 10
years’ research experience on Li-S batteries in both coin cells and
pouch cells.

Lithium Anode

Lithium metal is an ideal anode material because of its highest
specific capacity of 3,860 mAh/g and the lowest potential of
—3.04V (vs. standard hydrogen electrode). However, lithium
anode suffers from dendritic growth, significant volume change
during repeated cycles, and low Coulombic efficiency. The
significant volume change can lead to the pulverization of the
anode and expand of the pouch case, which may cause sudden
failure and serious safety problem of the cells (Xu et al., 2014; Lin
etal., 2017). Pulverized lithium will lose electric contact with the
lithium foil and can result in rapid deteriorate of electrochemical
performance when the lithium amount is limited, and it is very
active, which can generate a large amount of heat and get fire
when exposing to air. This problem can hardly be observed
in coin cells because of the much excess lithium is used, low
energy capacity, and the use of stainless steel case. However, in
pouch cells, the aluminum plastic case is not as strong as the
stainless steel ones, and the energy capacity is thousand times
higher than that of the coin cells; thus we should pay special
attention to the case design of Li-S pouch cells. Figure 2 shows
the severe corrosion and pulverization of lithium foil in a 3.5 Ah
pouch cell after 89 cycles, which leads to the loss of contact and
specific area increase of lithium electrode. This further makes the
side reactions of lithium and electrolyte aggravated, ultimately
resulting in the exhaust of electrolyte, a sudden drop of capacity,
and the failure of cells (Cheng et al., 2017).

As we mentioned before, there already have many articles
that focus on the improvement of lithium anode problems,
but few of them can be used in pouch cells. Price and craft are
something we need to consider, but the most important is the
difference in the energy capacity of coin cells used in academic
researches and pouch cell production. With a bulk density of
0.534 g/cm?, lithium foil can deliver a theoretical areal capacity
of ~1 mAh/cm? with a thickness of 5 um. Typically, in coin cell
researches, the energy capacity of the cathode is <2 mAh/cm?.
If we use a lithium disc with a thickness of 0.5 mm, which is 100
mAh/cm?, then the energy capacity of lithium is fifty more times
higher than that of the cathode. The excess of lithium in many
reports is even higher than this. Thus, many of the problems of

FIGURE 2 | The optical morphology of (a) cycled Li foil electrode with a
thickness of 160 wm in a pouch cell with a capacity of 3.5 Ah after 89 cycles at
200 mA/g and (b) detached Li fragments from the Li foil.

lithium can hardly be observed in coin cells, because there always
has plenty of new lithium to replace the dead lithium. However,
in pouch cells, considering the overall energy density, we cannot
use too much excess lithium. In academia, the performance of
lithium can be improved by building artificial SEI layers (Li et al.,
2016), using modified electrolytes (Scheers et al., 2014), and
constructing 3D current collectors (Yang et al., 2015; Wang S. H.
et al., 2017). These strategies can greatly buffer the growth of Li
dendrites and primarily improve electrochemical performance.
For example, Guo group reported a 3D collector with submicron
skeleton (Yang et al., 2015). The results demonstrate that the
growth of Li dendrites can be effectively suppressed, leading
to the Li anode can work for 600 h without short circuits and
presents low voltage hysteresis. However, most of the researches
are based on deficient energy capacity (<3 mAh/cm?) (Ji et al.,
2009; Jing et al., 2015; Zhang et al,, 2015; Li et al., 2016; Li Z.
et al., 2018), but in pouch cell, as a double side anode, the energy
capacity should be at least 10 mAh/cm?, which is based on the
loading of sulfur is 5 mg/cm?, and specific capacity is 1,000
mAh/g. Thus, most of the methods do not work in pouch cells.

For industry, lithium foil is the most suitable anode material
for Li-S batteries at present due to its easy processibility,
commercial availability, and feasible operation in battery
assembly. In pouch cells, lithium foil not only works as the anode
but also works as the current collector. As a result, the energy
capacity of lithium is usually designed to triple that of the cathode
in pouch cells to ensure the cell works well.

In order to beat the traditional Li-ion batteries, the areal
capacity of pouch cells is required to be at least 5 mAh/cm?, then
the thickness of lithium foil should be at least 25 um, and the
triple is 75 wm. In pouch cells with double side coated cathode,
the thickness should be 150 pm. In the first cycle, only the surface
25 um lithium of the lithium foil will be stripped and take part
in the redox reaction with sulfur. Thus, the protective layers,
such as artificial SEI layers mentioned above, will detach from
lithium foil after discharge. After charge, lithium will deposit
on the remained lithium foil randomly and cause significant
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volume change, which can break the artificial SEI layers seriously.
Moreover, the area of the electrode in pouch cells is much larger
than that of the coin cells, and such large and uniform coating
layers are tough to make. Novel 3D current collectors such as
porous conductive foam, hollow carbon fiber cloth, could be a
good choice after optimization for lithium plating (Yang et al,,
2015; Wang S. H. et al, 2017). For pouch cells, the volume
changes and performance of Li anode could be significantly
relieved and improved by employing novel 3D current could
support the lithium foil with thickness of 150 jum. Related work
needs to be done, verifying the effect on improvement of Li anode
in pouch cells.

Cathode

In the past two decades, most researchers who are working on
Li-S batteries are mainly focused on the development of novel
cathode materials to improve the electrochemical performance,
including the improvement the electronic conductivity of
sulfur composites, suppression the polysulfides shuttle effect by
absorbents, and promotion reaction kinetics of sulfur species
using catalysts (Wang et al., 2015; Cleaver et al., 2018). Various
advanced carbon materials that are working as a conductive
matrix, such as carbon nanotubes (Wang et al., 2013), graphene
(Wang et al., 2014; Li et al., 2015), porous carbon (Zheng et al.,
2014), and hybrid carbon (Yang et al., 2014), and most of them
are usually fabricated in a complex and high-cost process.

Only the traditional carbon materials (e.g., carbon nanotubes
and acetylene black) (Miao and Yang, 2013; Wang et al,
2013), which are commercially available at low cost, are
practically applied in industrial production. Many carbon
materials with the high specific surface area may not be suitable
for commercialization due to the additional side reactions, low
volumetric capacities, need more binder, and difficulties in the
slurry casting process of cathodes. As a reference in Li-ion
batteries industry, the specific surface area of active materials
is generally <1 m?/g, and only 1-3 wt.% of binder is used in
the cathodes. However, the required amount of binders in Li-S
batteries is often up to 10 wt.% in the cathode to stick together
with those advanced carbon materials with high specific surface
area, thus unavoidably lowering the overall energy density of
cells. At present, the cathodes we used in pouch cells are usually a
mixture of the commercial carbon materials (e.g., acetylene black,
CNT, graphene, etc.), sulfur, and binder (3-6 wt.%) to minimize
the cost and maximize the mass production and overall capacity
of the products.

Another issue we should pay special attention to is the loading
content of sulfur in the electrodes, which is vital to determine
the specific energy density of Li-S batteries. However, people
may not be aware of the significant effect of different sulfur
content on the electrochemical performance of cells. In many
previous reports, the weight ratio of pure sulfur within cathode
is no more than 50% for coin cells (Ji et al,, 2011; Zoo and
Manthiram, 2013; Zheng et al., 2014; Zhou et al,, 2015; Du et al.,
2016; Fang et al,, 2017; Wang Q. Q. et al,, 2017). In our long-
term experiments, sulfur is usually designed to be 75-78 wt.%
to achieve specific energy of 400 Wh/g for Li-S pouch cells. To
highlight the influence of weight ratio of sulfur on the absolute

amount of sulfur, we establish relation between specific sulfur
mass (y-axis) and sulfur weight ratio (x-axis). Assuming that
the amount of additives (including conductive agent and binder)
is 1 mg/cm?, the equation can be expressed as y = x/(1—x)
and plotted in Figure 3. When sulfur content increases from
25 wt% to 50 or 75 wt.%, the absolute amount of sulfur rises
significantly (Figure 3). For example, 50 wt.% sulfur is comprised
of 1 mg sulfur and 1 mg additives (including conductive agent
and binder). If the sulfur weight ratio increase to 75 wt.%, 3 mg of
sulfur will be needed, which means the amount of sulfur triples
the value of the electrode with 50 wt.% sulfur. Furthermore, if
the weight ratio of sulfur is promoted to 90 wt.%, the amount of
sulfur is 9 times the value of the electrode with 50 wt.% sulfur.
Therefore, it is very challenging to ensure a reversible capacity of
1,000 mAh/g and 75-78 wt.% sulfur content within cathode for
the pouch cells. Another issue is the area of the cathode electrode
in coin cells. Some researchers reported very high sulfur content
in the cathode with a tiny electrode (much <1 cm?) (Chang et al.,
2016; Fangetal., 2016; Song et al., 2018), in such case, the stainless
steel case also acts as a current collector for the cathode and the
area of electrode changed. People may not aware of this effect in
coin cells, but this situation will not happen in pouch cells, as the
electrode area is the same as the current collector (Cheng et al.,
2017). Thus, many of the electrochemical performance in coin
cells can be hardly repeated in pouch cells. Besides, it should be
noted that researchers are imperatively needed to optimize the
structure of cathodes and cathode materials synthesis process.

Separator, Interlayer, and Adsorbent

In academic researches for Li-S batteries, multi-functional
separators or interlayers can effectively suppress the shuttle
effect of lithium polysulfides, thus improving the electrochemical
performance of batteries (Chung et al., 2015; Ma et al., 2016;
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FIGURE 3 | The curve of the relationship between sulfur weight ratio and
specific sulfur mass in the electrode. Assuming that the amount of additives
(including conductive agent and binder) is 1 mg/cm?.
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Li M. et al,, 2018). There are two main pathways for preparing
the multi-functional separators: (1) modifying the composition
and structure of separator to improve the ionic selectivity and
suppress the diffusion of lithium polysulfides, and (2) adding
a blocking layer between the separator and cathode/anode to
inhibit the transport of lithium polysulfides.

For example, an activated carbon nanofiber layer was filtered
onto a polypropylene separator as a functional separator for
Li-S batteries (Chung et al, 2015). The porous activated
carbon nanofiber films were demonstrated to adsorb the lithium
polysulfides and restrain their diffusion, thus suppressing the
shuttle effect. It is also suggested that this separator can
effectively enhance the utilization of sulfur. The separators
modified with polypyrrole nanotubes can inhibit the migration
of lithium polysulfides and suppress the shuttle effect by
strong adsorption of polypyrrole to lithium polysulfides and
excellent wettability between polypyrrole and separator, thus
improving the electrochemical performance of Li-S batteries
(Ma et al., 2016). Novel separators have gained increasing
attention. Wang et al. report a kind of novel separator of
graphdiyne (GDY)-modified polyimide (PI) separator (Figure 4)

(Wang et al, 2019). The working mechanism involves an
interaction effect between polysulfides and GDY including
chemical adsorption and physical obstruction, as shown in
Figure 4A. After introducing novel separator, the battery
with GDY-PI separator delivers obvious improved cycling
performance compared to these common separators (Figure 4B),
demonstrating the effective interaction between acetylenic bonds
of GDY and lithium polysulfides. In general, by using a modified
separator to reduce the lithium polysulfides shuttle effect, the
electrochemical performance improved significantly. It is noted
that the electrochemical data are collected using coin cells with
the mass loading of sulfur rather low (<1.5 mg/cm?) and low
absolute weight of sulfur (<1 mg). When the modified separators
employed in pouch cells, the advantage is generally rather limited
due to the limited adsorption capacity of these separators with
high sulfur loading in the electrode (>5 mg/cm?). Increasing the
amount of additives on separators would anchor more lithium
polysulfides and improve the performance of pouch cells, but the
overall specific capacity reduces, and the cost inevitably increases.
There should have a balance between specific capacity and sulfur
content/loading. Higher sulfur content/loading usually leads to

Chemical A

dsorption

et al. (2015). Copyright® 2019 American Chemical Society.
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FIGURE 4 | (A) Work mechanism between polysulfides and GDY. (B) Cycle performance with PI, PI-SP, and PI-GDY separators at 0.5 C. Reproduced from Chung
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poorer electrochemical performance. What we experienced now
in pouch cells is that the sulfur content can hardly go over
75 wt.%, and sulfur loading is <8 mg/cm? in the cathode
to ensure excellent electrochemical performance. Also, some
other issues should be specially noted as well, referring to the
commercialization of LI-S batteries. For example, the materials,
especially in type of powder, which is used to modify the
separators could be detached from separators with extended
cycling, result in the failure of the modified separators. The
cost and weight of modified materials also should be carefully
evaluated in pouch cells, which directly influence the price, and
energy density of commercial battery packs.

Placing an adsorption interlayer between the cathode and
separator not only enhances the conductivity and the utilization
of cathode but also relieves the shuttle effect of lithium
polysulfides (Manthiram et al., 2014). Interlayers play a similar
role as the modified separators. Therefore, interlayers also suffer
from similar problems with modified separators when they are
introduced in pouch cells. The mass and thickness of interlayers
should be considered due to the decrease of overall energy density
for both gravimetric and volumetric energy density. In addition,
it is worth noting that the introduction of interlayer will make the
assembly process complicated and increase the cost of cells.

Adsorbents such as Al;O3, TiO, and MnO, are widely
reported to bind polysulfides through physical and/or chemical

interactions, which could be a right choice for alleviating shuttle
effect of polysulfides and thus improve the performance of Li-S
batteries (Wei Seh et al., 2013; Liu et al., 2015; Tao et al., 2016; Wu
etal., 2019). However, the role of absorbents may be meaningless
for pouch cells in industrial production. For the absorption
experiment in many reports, the polysulfide concentration is very
low (e.g., 0.5-3 mM), and the ratio of absorbent to polysulfides
is very high. We listed the ratio of absorbent to polysulfides
in Table 1, which is calculated from the absorption experiment
in the literatures (Hart et al., 2015; Pang and Nazar, 2016; Tao
et al., 2016; Wu et al., 2019). Most of the literatures did not
provide the mass of the absorbent in the polysulfides absorption
experiments. From Table 1 we can see that the smallest ratio is
around 1.7 and the highest one is more than one thousand. The
absorption interaction is obvious under such a high ratio, and
it is impossible to use such ratio in a real cell. In a commercial
pouch cell, the concentration could be supersaturating to as high
as 10 M, which is four orders of magnitude higher than that of
those polysulfides solution. Considering of the sulfur content, the
ratio of polysulfides absorbent to sulfur should be much lower
(<0.3). Thus, if the amount of adsorbent is small, the absorption
interaction is negligible. If we use a hefty dose of adsorbent to
achieve satisfying adsorption effect, it will increase the weight of
cells dramatically, leading to a decrease in the energy density of
batteries and an increase in the cost.

TABLE 1 | Polysulfide adsorption capabilities various absorbents.

Absorbents amount Adsorption amount of Adsorption amount of

Ratio of absorbent to Ratio of absorbent to References

(10mg) Li»Se determined by Li»Sg determined by Li,Sg determined by Li»S¢ determined by
UV-vis (mg) ICP-AES (mg) UV-vis ICP-AES

V205 0.163 2.3 61.4 64.1 Wu et al., 2019
TiSy 0.717 2.2 14.0 13.6
V503 0.292 2.02 34.2 35.5
MoS, 0.35 1.8 28.6 27.8
TisO7 0.220 1.05 45.4 45.4
TiO» 0.178 0.95 56.0 56.0
SiOs 0.106 0.7 93.6 120.3
nS 0.410 0.55 24.4 33.3

Adsorption amount of Ratio of absorbent to

Li2S4 (mg) Li>S4

g-C3Nyg 4.25 2.4 Pang and Nazar, 2016
N doped Carbon ~2.5 4.0
MnO, sheets 6 1.67 Hart et al., 2015
GO 5 2
Ti,O7-C 2 5

Adsorption amount of Ratio of absorbent to

Li»Sg (mg, 270.4 g/mol) LioSg
Al O3/C 1.50 6.67 Judez et al., 2017
Ce0,/C 1.44 6.94
La,03/C 117 8.55
MgO/C 1.46 6.85
Cal/C 0.997 10.0
C 0.200 50.0
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Mass Loading

If the mass loading of sulfur on the cathode electrode (single
side) is 5 mg/cm?, the theoretical areal capacity is as high as
8.4 mAh/cm?. In an industrial process, sulfur will be coated
on two sides of aluminum foil, meaning that the theoretical
areal capacity of the sulfur cathode is 16.8 mAh/cm?. In some
literatures, it is claimed that the mass loading of sulfur is more
than 10 mg/crn2 (Fang et al., 2016; Chung and Manthiram, 2018;
Song et al., 2018). For example, Chung et al. revealed a coaxial-
graphene-coated cotton-carbon cathode of Li-S batteries with
sulfur loading as high as 57.6 mg/cm? (Chung and Manthiram,
2018). Although the cathode delivers impressive electrochemical
performance using CR2032 coin cells, whereas sulfur loading
beyond 10 mg/cm? is too high and not feasible for pouch
cells due to severe electrochemical polarization. In addition, for
industrial process, the thickness of electrodes (single side) of Li-
ion batteries is usually 100-120 wm, whereas, the value for Li-S
batteries could more than 200 wm, which is mainly due to the
much higher porosity of the cathodes (>60%, usually around
70%). The volumetric energy density will be largely reduced due
to the large porosity. Thus, the porosity of electrodes for Li-
S batteries should be optimized to maximize their volumetric
capacity. Moreover, in Li-S pouch cells, significant cell volume
changes during operation will bring an enormous challenge
for manufacture cathodes, design of the individual cells, and
cell packs.

Electrolyte

The electrolyte is a critical factor because its dose largely
determines the energy density of Li-S batteries and has drawn
sharply increasing attention in recent years (Pang et al., 2016;
Judez et al., 2017; Watanabe et al., 2017; Liu et al., 2018; Ye
et al,, 2018). It is vital to select electrolyte of Li-S batteries.
Carbonates are a suitable choice for Li-ion batteries, whereas
the choice changes for Li-S batteries. The selection starts with
liquid electrolytes, including aliphatic amines, carbonates and
then ethers (Manthiram et al., 2014). So far, LiN(SO,CF3),
(LiTFSI) lithium salt in mixtures of 1,2-dimethoxyethane (DME)
and 1,3-dioxolane (DOL) has been the most used liquid
electrolyte for Li-S batteries. In addition, ionic liquids could
be a good choice for the electrolyte of Li-S batteries, owing
to their incredible properties including non-volatility, high
thermal stability, and high ionic conductivity (Watanabe et al.,
2017).

For Li-ion batteries, the regular dose of electrolyte is ~3
g/Ah in the industrial production process. Here, we refer to
the parameters of 465473-type pouch cells (Figure 5), which are
usually used in the small-scale test for Li-ion batteries to roughly
estimate the specific energy of Li-S batteries and highlight the
importance of electrolyte. The detailed parameters are listed in
Table 2. The layer number of cathode and anode are 10 and
11 layers, respectively. The pouch cells are assembled using
a lamination process. It is noted that the capacity of sulfur
composites has a reversible value of 1,000 mAh/g (based on sulfur
mass). Assuming that the amount of electrolyte in the Li-S pouch
cell is 3 g/Ah for a 5 mAh/cm? energy density sulfur cathode

(5 mg/cm? single side), thus the electrolyte usage is 15 mg/cm?,
which is equal to an E/S ratio of 3.

The capacity of lithium foil is 15 mAh/cm?® which is designed
to triple that of sulfur, then the thickness of lithium foil is 150 pm
(75 wm for one side), and the weight of lithium foil is around
8.1 mg/cm?. For a 1 Ah pouch cell, the weight of the jellyroll is
estimated to be ~6.6g, and the energy density is calculated to
be only ~320 Wh/kg. If the mass of electrolyte is reduced to 1
g/Ah, and the weight of pouch cells is decreased to ~4.6 g, the
specific energy can reach 459 Wh/kg. Thus, it is vital to minimize
the amount of electrolyte used in pouch cells for Li-S batteries to
maximize their specific capacity and energy. As for coin cells, it is
demonstrated that a coin cell with low E/S ratio of 4.2 and high
sulfur loading of 57.6 mg/cm? still delivers impressive specific
capacity (Chung and Manthiram, 2018), however, with such high
E/S ratio, the specific energy is <270 Wh/kg for pouch cells. If
an excessive electrolyte (E/S ratio > 11 mL/g) is used (McCloskey
and McCloskey, 2015), the specific energy of pouch cells could
be <140 Wh/kg, which is even lower than that of the advanced
Li-ion batteries. As claimed in a previous report, only small E/S
ratios enable high energy density cells (Hagen et al., 2014).

The solid electrolyte is an idea choice referring to the
capability of blocking the shuttle effect of polysulfides and
safety problem (Pang et al, 2016; Judez et al., 2017; Liu
et al, 2018). Recently, Judez et al. have reported a lithium
bis(fluorosulfonyl)imide/poly(ethylene  oxide)  (LiFSI/PEO)
polymer used as solid electrolyte for Li-S batteries (Judez et al,,
2017). The batteries with LiFSI/PEO solid polymer electrolytes
could effectively suppress the shuttle effect of polysulfides
which usually occur in the batteries with liquid electrolytes
(Figure 6A). The LiFSI/PEO solid polymer electrolyte membrane
is free-standing and transparent (Figure 6B), and exhibits an
impressive ion-transport behavior comparable to that of
conventional LiTFSI/PEO electrolyte (Figure 6C). The cell with
LiFSI/PEO electrolyte delivers high areal capacity of 0.5 mAh
cm ™2, relatively good rate capacity and a discharge capacity
as high as 800 mAh g;uifur with Coulombic efficiency of 95%
(Figure 6D).

Although  solid electrolyte will be ultimate for
commercialization of Li-S batteries, there is a long way to
go before the real application of solid electrolyte on pouch cells
and battery packs. Many severe issues should be noted on the
solid electrolyte including the optimization of the interface
between electrode and electrolyte, the improvement of Lit*
migration in the solid electrolyte, and production cost, the
cycling life, and rate capacity of batteries.

Additive

If lithium metal is directly exposed to the electrolyte, many side
reactions occur at the interface between lithium and electrolyte,
leading to the severe corrosion of lithium. Thus, scientists devote
themselves to minimize the environmental exposure of lithium
metal in the electrolyte by adding some additives (Ding et al,
2013). Moreover, compact passivation film forms on the surface
of lithium metal after the addition of additives, leading to
improved stability and extended cycling performance for Li-S
batteries. At present, LINOj3 is the most commonly used additive
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FIGURE 5 | The prototype graph of a 465473-type pouch cell. The unit of dimension is mm.

TABLE 2 | Parameters of 465473-type pouch cell design table.

Cell Thickness Width Length
dimension (mm) (mm) (mm)
4.6 54 73
Cathode Active Ratio in Mass loading  Reversible

material cathode (Wt.%) (mg/cm?) capacity (mA h/g)
Sulfur 70 5 1,000

Anode Active Thickness (mm) Mass loading Theoretical
material (mg/cm?) capacity (mA h/g)
Lithium 0.15 8.1 3,860
stripe

Current Material Thickness (mm) Areal density

collector for (mg/cm?)

cathode Aluminum 0012 3.24
foil

Aluminum- Thickness  Areal density

plastic (mm) (mg/cm?)

film 0.153 21.5

in the electrolyte to improve the electrochemical performance of
Li-S batteries (Adams et al., 2017). However, only use nitrate is
hard to effectively protect lithium metal due to its continuous
consumption caused by the breakdown of the passivation film
during repeated discharge/charge process. It is suggested that
metal ions can also be used as electrolyte additives and form metal
or alloy layers on the lithium surface to enhance the stability
of lithium anode. Gao group introduced lanthanum nitrate
(La(NOs3)3) as an electrolyte additive for Li-S batteries (Tao et al.,
2016). After the addition of La(NO3)3, La3t ions are rapidly
reduced by lithium metal to lanthanum metal, which then reacts
with polysulfides ions (Sn?>~) to produce polysulfides lanthanum,
such as La,S3. The formed La,Ss, together with Li;S,/Li,S and
LixSOy constitute the passivation film on the surface of Li
metal, leading to obvious improvement in the electrochemical
performance. Zeng et al. have investigated the effect of additives
of transition metal cations on Li-S batteries (Zeng et al., 2019).
The results suggest that some transition cations especially Zn
cations exhibit a positive effect on enhancing rate capability and
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Coulombic efficiency of Li-S batteries. Although those additives
mentioned above can remarkably promote the performance of
coin cells, the improvement could be largely compromised for
pouch cells. Lithium used in coin cells are much smaller than
in pouch, and lithium plating and stripping phenomena are
more local than global. At present, the only effective electrolyte
additive for pouch cells is still LINO3, which improved the
Coulombic efficiency significantly, but batteries still suffer from
short circuit, and lithium pulverization. Other additives like
La(NO3)s, transition metal cations may worth trying in pouch
cells. The kind of additives should be rationally selected, and the
additive amount should be carefully optimized in consideration
of actual performance improvement and cost of batteries.

Safety

Safety is the most critical factor when it comes to the daily
usage and commercialization of Li-S batteries. The enhancement
of safety of Li-S batteries can be achieved by modifying metal
anodes (Xu et al,, 2014; Lin et al, 2017), optimizing cathode
materials (Wang et al., 2015; Cleaver et al., 2018), designing
new separators (Chung et al, 2015; Ma et al, 2016; Li M.
et al., 2018; Wang et al,, 2019), selecting suitable electrolyte
(Pang et al., 2016; Judez et al., 2017; Liu et al, 2018),
adding additives (Liu et al., 2016; Zeng et al, 2019) related
discussions can be found in the above sections. Here, we
mainly discuss safety involving the choice of solvent and the
recycling of lithium. As discussed above, the most commonly
used electrolyte is 1 M LiTFSI in 1:1 w/w DOL/DME with lithium
nitrate as additive. The boiling point of 1,3-dioxolane and 1,2-
dimethoxyethane is 78 and 83°C (at 100 kPa), respectively.
They are both highly flammable, thus leading to large potential
safety problems. However, few published works are focusing
on the safety problems of Li-S batteries. It is necessary to seek

new solvents with high boiling point and chemical stability
for safe Li-S batteries. Using a mixture of several solvents
could be a good choice. The ionic liquid is a promising
electrolyte, but its cost needs to be further reduced. It should
be noted that the low solubility of sulfur in ionic liquid would
result in inferior utilization of sulfur with poor electrochemical
performance. Solid-state electrolytes will be the ultimate choice
for Li-S batteries.

Moreover, as the limited lithium source on earth, recycling of
the lithium source form spent Li-S batteries is important if Li-S
is commercialized in the further. The disposal and recycling of
spent Li-S batteries are hazardous. After cycling, the pulverized
lithium metal is highly reactive, and the organic solvent is quite
flammable, which could catch fire easily when spent Li-S batteries
are opened and disposed of in the air. Detailed studies need to be
taken and special attention should be specially paid.

CONCLUSION

We present the differences between the coin cell and the pouch
cell in this review. Undoubtedly, there is a long way to go from
coin cells to pouch cells. When doing the research in coin cells,
we should always consider to use more realistic parameters for
sulfur content, loading, lithium mass, etc., but not just show
fantastic data. Many materials and methods available for coin
cells generally are not suitable for pouch cells. Engineers need
to check and choose appropriate and effective strategies for
pouch cells in order to realize the commercialization of Li-S
batteries. We suggest that the future researches on commercial
Li-S batteries should focus on the following points:

1) The modification of lithium metal with multifunctional and
cost-effective current collectors or stabilized coating layers
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to buffer the infinite volume change of lithium and protect
lithium from corrosion. Lithium dendrites should be specially
paid and suppressed as much as possible to avoid the
occurrence of safety problems.

The development of cathode preparation craft using common
carbon (for example, super P carbon, black acetylene carbon,
and carbon nanotube) and sulfur species on a large scale.
The cathode materials exhibit not only good electrochemical
performance but also are low-cost to the competitiveness of
commercially available Li-S batteries.

Exploration of novel separators to minimize the transport of
lithium polysulfides, suppress shuttle effect, and enhance the
utilization of the efficiency of sulfur. Moreover, the cost should
be carefully evaluated.

Selection suitable electrolytes and additives for pouch cells.
The selected new additives or electrolytes should be tested
and verified under certain sulfur loading and limited excess
of lithium. Solid electrolytes will be the ultimate choice for
commercially available Li-S batteries.

Optimization of sulfur mass loading for maximizing the
capacity of pouch cells. It is unrealistic for blindly pursuing
high sulfur content for more than 10 mg/cm? in pouch
cells. The sulfur mass loading should be cautiously designed
for commercially available Li-S batteries’ competitive energy
density, cycling life, and low cost.

2)

3)

4)

5)
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