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HIGHLIGHTS

e This review systematically analyzes the effect of the electrolyte-to-sulfur ratios on battery energy density and the challenges for sulfur

reduction reactions under lean electrolyte conditions.

e The strengths and limitations of different transition metal compounds are systematically presented and discussed from a fundamental

perspective.

e Three promising strategies for sulfur hosts that act as anchors and catalysts are proposed to boost lean electrolyte Li—S battery performance.
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1 Introduction

The lithium-sulfur (Li—S) battery is based on a con-
version-type cathode where the electrochemical redox
reaction between active sulfur (Sg) and lithium sulfide
(Sg+ 16Li* + 16e™ = 8Li,S) takes place [1-3]. While sulfur
is very abundant and inexpensive, sulfur cathodes provide
much higher theoretical specific capacities (1675 mAh g™!)
than those of intercalation-type lithium-ion (Li-ion) bat-
teries (e.g., LiFePO,-170 mAh g~!; LiC00,-274 mAh g~!;
LiMn,0,-148 mAh g_l) [4-7]. Thus, Li-S batteries are
particularly appealing next-generation rechargeable energy
storage devices owing to their potential for low cost and high
theoretical energy density (2600 Wh kg™') [4, 8-10].

Li-S batteries emerged in 1962 when Herbert and Ulam
first proposed the concept of employing sulfur as a cathode
[11-15]. Looking back over the past 60 years, the develop-
ment process of Li—S batteries can be divided into three
stages (Fig. 1). The first phase focused on how to make
rechargeable Li-S batteries (1962-2008). During this
development process, conventional organic electrolytes
(e.g., propylene carbonate, ethylene carbonate, dimethyl
carbonate, dimethyl sulfoxide) [16—18], dioxolane-based
organic electrolytes (e.g., 1.3-dioxolane) [19] and polymer
electrolytes (e.g., polyethylene oxide) [20, 21] were studied.
In 2002, Wang et al. first proposed a sulfur/conductive poly-
mer (sulfur@polyaniline) composite as cathode material for
rechargeable batteries with high performance [22]. In 2008,
Mikhaylik found that lithium nitrate (LiNO;) was an effec-
tive electrolyte additive to inhibit the shuttle effect and boost
the Coulombic efficiency of Li—S cells [23]. However, at the
end of this first phase, the reversibility of the Li—S batteries
was still very low. The second phase primarily focused on
improving the performance of Li—S coin cells (2009-2013).
In 2009, Nazar’s group achieved more than 20 stable cycles
of Li-S cells by using polymer-modified mesoporous car-
bon (CMK-3) as a sulfur host [24], which sparked a renais-
sance of the Li—S battery. Following that, various porous
carbon and polar materials were developed to mitigate the
dissolution of lithium polysulfides (LiPS) through physical
confinement or chemical adsorption [1, 25]. In 2013, Xiao
et al. explored the effect of the electrolyte/sulfur (E/S) ratio
on Li-S batteries [26] evidencing the great challenge that
is moving toward high-density lean electrolyte Li—S batter-
ies [27, 28]. In this second phase, multiple strategies such
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as advanced sulfur hosts [24, 29], anode protection [30,
31] and electrolyte optimization [32, 33], were employed
to develop Li-S coin cells reaching lifespans over 1000
cycles [34]. However, to demonstrate practical energy den-
sities above 400 Wh kg~!, Li—S pouch cells with practical
parameters had to be developed. The third phase (2014—now)
focuses on improving the performance of Li—S pouch cells
under practical operating conditions (high sulfur loading,
low E/S ratio, low negative/positive ratio) and developing
high energy density Li—S batteries. In 2014, Hagen and
colleagues published the first study on Li—S pouch cells,
where they examined ideal E/S ratios to realize high energy
density pouch cells [27]. Since then, advanced Li—S pouch
cells have been studied extensively and significant progress
has been made [35, 36]. Cui’s group first proposed the con-
cept of catalysis for Li—S batteries in 2017 [37]. They found
that metal sulfides as activation catalysts could catalyze the
oxidation of Li,S to S. Electrocatalysts have the potential
to address the issues of severe LiPS shuttle effect and slug-
gish sulfur redox kinetics in Li—S batteries. Consequently,
electrocatalyst design has attracted a great deal of attention
[11-13, 38—49]. After 60 years of continuous development,
now, looking ahead to the future, considerable efforts are
still required to bring Li—S batteries to the market, such as
sulfur loading > 8 mg cm ™2, electrolyte to sulfur ratio <3 L
mg_l, negative to positive ratio <4, carbon content <5 wt%,
lifespans > 500 cycles.

Li-S battery system is regarded as one of the most prom-
ising candidates for next-generation rechargeable batter-
ies because of its low cost (~ 0.1 $ kg™! for sulfur), high
theoretical specific capacity (1675 mAh g=!) and high
theoretical energy density (= 2600 Wh kg™!) [52-54]. The
mechanism of Li-S batteries is based on chemical trans-
formations rather than intercalation chemistry in Li-ion
batteries [55, 56]. For Li-S batteries, the widely accepted
reaction mechanism is that during the discharging process,
sulfur exists as polysulfides or sulfide of the general formula,
Li,S,, where x=8, 6,4, 2 or 1 (Fig. 2) [57]. In the very first
discharge process, solid Sg dissolves in the electrolyte to
form a liquid state (Sg(s) — Sg(1),>2.3 V). Then, the bonds
of liquid Sg molecules are broken to combine with Li* to
produce long-chain polysulfides as the reaction proceeds
(Sg()+2Li" +2e~— Li,Sg(1), > 2.3 V). The reaction from
Sg() to Li,Sg(1) is spontaneous reaction. Subsequently, in the
voltage range of 2.3 to 2.1 V, the highest order polysulfide

https://doi.org/10.1007/s40820-023-01137-y
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Fig. 1 A brief timeline and representative events in the development of Li—S batteries. The development process can be divided into four stages,
mainly covering (i) 1962-2008: how to make Li-S battery cycle; (ii) 2009-2013: how to improve the performance of Li—S coin cells; and (iii)
2014-present: how to improve the performance of Li—S pouch cells under practical parameters; (iv) future: how to make Li-S batteries commer-
cially available. Inserted represented works: 1962 [50], 2002 [22]. Copyright 2002, Wiley-VCH. 2008 [23], 2009 [24]. Copyright 2009, Springer
Nature. 2012 [51]. Copyright 2012, American Chemical Society. 2013 [26], 2014 [27]. Copyright 2014, Elsevier. 2017 [37]. Copyright 2017,

National Academy of Sciences. 2022 [48]. Copyright 2022, Wiley-VCH

Li,S4(1) is reduced to a lower-order polysulfide Li,S4(1)
(3Li,Sg(1)+2Li* +2e™ —4Li,S4(1)); then, the polysulfide
Li,S¢(1) is reduced further to soluble products Li,S,(1)
(2Li,S¢() +2Li*
Li,Sg to Li,S¢/Li,S, is nearly thermodynamical equilibrium.

+2e” —3Li,S,(1)). The conversion from

Above is the first discharge voltage plateau corresponding
to the conversion of Sg to soluble long-chain polysulfides,
which provides the theoretical capacity of 419 mAh g~!
(25% of the overall specific capacity).

The electrochemical reactions in this phase are shown in
Egs. (1-4):

Sg(s) = S

>23V (1)

Sg(l) + 2LiT 4+ 2e™ — Li,Sg(1) >23V )

3Li,Sg(l) + 2Li* 4+ 2e™ — 4Li,S¢(1) 2.3Vt021V (3)

2Li,S¢(1) + 2Li* +2¢” — 3Li,S,(1) 23Vt021V (4)

In the voltage range of 1.9 to 2.1 V, the further reduc-
tion of the long-chain soluble polysulfides to short chain
insoluble products, Li,S,(1) + 2Li* +2e™ — 2Li,S,(s),
Li,S,(1) +6Li* +6e~ —4Li,S(s). At voltages more nega-
tive to 1.9 V, insoluble lithium polysulfide Li,S,(s) is con-
verted increasingly to insoluble lithium sulfide Li,S(s),
Li,S,(s) +2Li*T +2e™— 2Li,S(s). The reduction reaction

@ Springer
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of Li,S,(s) to Li,S(s) is the rate-limiting step, and the slow
kinetics of the reaction is attributed to the low conductivity
of Li,S,/Li,S. Above is the second plateau, contributing a
theoretical capacity of 1256 mAh g=! at 2.1-1.7 V (75% of
the overall specific capacity).

The electrochemical reactions in this phase are shown in
Egs. (5-7):

Li,S,(I) + 2Li* +2e~ — 2Li,S,(s) 2.1Vt 19V  (5)
Li,S,(1) + 6Li* + 6e~ — 4Li,S(s) 2.1Vt 1.9V (6)

Li,S,(s) + 2Li* +2e~ — 2Li,S(s) <19V @)

Li-ion batteries are the dominant energy storage tech-
nology to power portable electronics and electric vehicles.
Therefore, it is essential to compare the energy density, cost,
etc., of commercial Li-ion batteries with those of Li—S bat-
teries, which are still under development. The cost of energy
storage in batteries varies depending on various factors such
as the size of the battery, the manufacturing process and the
specific application [58, 59]. Generally speaking, the energy
storage cost of Li—S batteries is higher than that of Li-ion
batteries. One of the reasons Li—S batteries are more expen-
sive than Li-ion batteries is the use of sulfur as the cathode
material. Although sulfur is abundant and cheap, it has low
electrical conductivity and is not very stable. To overcome
these challenges, Li—S batteries require more complex cell
designs and electrolyte compositions, which can increase
the manufacturing cost. According to a report by the Inter-
national Renewable Energy Agency (IRENA) in 2020, the
current estimated cost of energy storage for Li—S batteries
is around $250-$400 per kilowatt-hour (kWh). In compari-
son, the cost of energy storage for Li-ion batteries ranges

from $80 to $250 per kWh (Left of Fig. 3). However, it is
important to note that the cost of Li—S batteries is expected
to decline over time as technology continues to improve and
production processes become more efficient.

Self-discharge is the loss of battery capacity over time
when the battery is not in use. This is due to the internal
chemistry of the battery, which slowly discharges even when
no load is connected. Li-ion batteries have a relatively low
self-discharge rate, typically losing only 1%—-5% of their
capacity per month when stored at room temperature [5].
This makes Li-ion batteries a good choice for applications
that require long-term storage, such as backup power sys-
tems and portable electronic devices. In contrast, Li—S bat-
teries have a higher self-discharge rate because of the loss of
capacity and self-discharge when sulfur dissolves and LiPS
shuttles between cathode, which is mainly concentration-
driven. As a result, Li—S batteries can lose up to 20% of their
capacity per day when stored at room temperature (right of
Fig. 3). This makes Li—S batteries less suitable for applica-
tions that require long-term storage, but they can still be used
in applications that require frequent charging and discharg-
ing cycles, such as electric vehicles and grid-scale energy
storage. The self-discharge rate is highly dependent on the
depth of discharge and E/S ratio. As the E/S ratio decreases,
making LiPS concentration gradient higher, which inevita-
bly results in more severe shuttle and greater self-discharge
[60]. Many researchers have proposed employing catalytic
host materials to suppress the shuttle effect and thus reduce
the self-discharge rate of Li—S batteries [39, 61-63]. How-
ever, the investigation of self-discharge behavior at various
E/S ratios in Li-S batteries has received less attention com-
pared to the extensive research conducted on the dynamic
cycling efficiency and stability of these batteries.

1
2.4 oy
: S5(s)— Sy() >23V (1)
—~ 1
2 2.2 ! Se(l) +2Li* +2e — Li,Sq(1) >23V 2)
)
Eﬂz . : 3Li,Sg() +2Li* +2e > 4Li,S(() 23Vt 2.1V  (3)
— 2.04 1
S ! 2Li,Sy() +2Li* +2e-—> 3Li,S,(I) 23Vt02.1V (4
Lo I Li,S,()42Li* 12¢ - 2LiySy(s) 21Vt 19V (5)
Solid to Liquid : Liquid to Solid .
; | Li,S,(1) +6Li* +6e — 4Li,S(s) 21Vto1.9 ©6)
1.6 Rapid reaction Slow reaction

Speciﬁé capacity (mAh g™)

Overall: Sg+16Li* +16e- «— 8Li,S (1.7 V-2.8 V)

Li,S,(s) +2Li* +2e"— 2Li,S(s)

<19V )

Fig. 2 Schematic of the electrochemistry for Li-S batteries

© The authors
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Comparison of the energy densities of Li-ion and Li-S
batteries is represented by the Lagoon diagram (Fig. 4). Cur-
rent commercial Li-ion batteries provide a driving range of
300 to 600 km with cell-level gravimetric energy densities
of 150-265 Wh kg_l for electric vehicles (e.g., Li-ion bat-
teries used in Tesla electric cars have an energy density of
about 265 Wh kg_l), which is insufficient to realize a drive
distance of 500-mile per charge at a reasonable battery pack
size to alleviate mileage anxiety [64]. Recent literature has
reported that Li-ion batteries with nickel-rich layered oxide
cathodes and graphite anodes have energy densities over 300
Wh kg~! [4]. High nickel lithium-ion batteries offer advan-
tages in power output and energy density, but their high
cost and limited availability of raw materials may hinder
their widespread use in electric vehicles. Due to the multi-
electron sulfur redox reaction, Li—S cells can provide a high
theoretical energy density of 2600 Wh kg™! and a full cell-
level energy density of >600 Wh kg™!. The primary advan-
tage of Li—S batteries over Li-ion is their gravimetric energy
density values of 720 Wh kg_1 (in the more ideal case) and
~ 400 Wh kg~! (in most reported) [65, 66]. While cycle
stability still struggles at 100 cycles, the gravimetric energy
density of Li—S pouch cells has greatly improved to support
applications where weight is more crucial than lifespan. For
example, the Li—S cell manufacturers such as Sion Power
and Oxis Energy announced a new target of 500 Wh kg™!
soon after achieving 400 Wh kg~ 'for electric bus, truck and
boat applications [64, 67]. Thanks to these fantastic benefits,

100

system)

_LieS batteries |

400
80

300+

2004
100+

Fig. 3 Left: energy storage cost of Li-ion and Li-S batteries [5].
Copyright 2018, Springer Nature. Energy storage cost refers to the
cost of the battery pack or system. Right: the upper and lower self-
discharge ranges observed in commercial Li-ion and prototype Li—S
batteries. Energy storage costs are calculated based on the calculation
method listed in Ref. [58]. Copyright 2022, Elsevier
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Li—S battery has the potential to compete with commercial
Li-ion batteries in certain applications where high gravimet-
ric energy density is a primary consideration.

Volumetric energy density is another key for practical
applications. Higher volumetric energy density means that
more energy can be stored in a smaller space, which is par-
ticularly important in applications where space is limited
[53]. Therefore, it is quite urgent and worthwhile to assess
the latest research on Li-ion and Li—S batteries to gain a
greater understanding of the volumetric energy density of
Li-S batteries [69]. As we can see from Fig. 4, despite their
attractive high gravimetric energy density, Li—S batteries
are dwarfed by the volumetric energy density of Li-ion bat-
teries. Commercial Li-ion batteries can provide volumetric
energy density of 250-750 Wh L~! with graphite anodes,
and the values can even surpass 1000 Wh L~! when paired
with Li anodes. For Li—S batteries, it is possible to achieve
volumetric energy density values up to 1017 Wh L~! under
relatively ideal conditions [65]. However, the volumetric
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Fig. 4 Comparison of gravimetric energy density and volumetric
energy density of Li-S batteries, Li-ion batteries and advanced Li-
ion batteries. Advanced lithium-ion batteries are those that pair high-
capacity lithium transition metal oxide cathodes with silicon and
lithium metal, rather than just with graphite anode materials. The data
(circles) of LiFePO, (LFP), LiCoO, (LCO), LiNij4Co 5Al, 50,
(NCA) and LiNi,Co Mn,_,_,O, (NCM) are from commercial Li-ion
batteries of CATL, Panasonic, LG and BYD companies, respectively
[53]. [4, 68][58] Copyright 2021, Wiley-VCH. The data (triangles) of
advanced Li-ion batteries are obtained from Sion Power, with nickel-
rich metal oxide as cathode material [67]. For Li-S battery, the data
(squares) are collected from Sion Power [67], Oxis Energy, Kaskel’s
report [4, 68]. Copyright 2022, Springer Nature. Driving distance was
calculated based on the energy density of each battery type, using the
calculation method listed in Ref. [58]. Copyright 2022, Elsevier
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Table 1 Comparison of key parameters in different batteries

Battery type Gravimetric energy density Volumetric energy density (Wh  Driving distance (km) Cost range ($ kW
(Whkg™h L™h h™h

Li-ion 190-300 250-860 300-600 70-250

Advanced Li-ion 290450 750-1300 450-940 ~ 130

Li-S 340-609 250-480 653-1136 36-400

energy density of most reported Li—S cells remains within
the range of 200400 Wh L~!, which is lower than that of
many commercially available Li-ion batteries. The volumet-
ric energy density of Li—S batteries is far below than ideal
due to the utilization of cathodes composed of abundant car-
bon materials. These carbon materials possess high specific
surface areas and large pore volumes, leading to a decrease
in the tap density of sulfur-based composites. Consequently,
the reduced tap density limits the overall volumetric energy
density in Li-S batteries. The higher tap density of metal-
based compounds compared to lightweight carbon materials
makes them advantageous for achieving a higher volumetric
energy density in sulfur cathodes [70]. However, despite this
potential, the current state of lithium-sulfur batteries still
suffers from a poor volumetric energy density. As a result,
their volumetric energy density was often excluded in early
studies to highlight their superior gravimetric energy den-
sity. Therefore, future research works need to trade-offs
to balance the gravimetric energy density and volumetric
energy density of Li—S batteries. Table 1 summarizes the
gravimetric energy density, volumetric energy density, cor-
responding driving distance and cost for Li-ion, advanced
Li-ion and Li-S rechargeable battery systems.

The practical utilization of sulfur cathodes in Li—S bat-
teries faces several significant challenges that impact the
energy density and cycling stability of the batteries. These
challenges include: (1) the electrically insulating character
of sulfur and its solid discharge products (Li,S,/Li,S): the
low electrical conductivity of sulfur and its discharge prod-
ucts hinders the efficient utilization of sulfur and induces a
high redox overpotential; (2) the severe volume change (~
79%) during cycling associated with the different densities
of S and Li,S, leading to mechanical stress and strain on the
cathode materials, which can adversely affect their structural
integrity and cycling stability; (3) the “shuttle effect” of the
soluble lithium polysulfides intermediates, leading to active
material loss, decreased Coulombic efficiency and reduced
cycling stability of the battery (Fig. 5). In addition to the

© The authors

challenges associated with the sulfur cathode, the use of
Li metal anodes introduces safety concerns related to the
growth of lithium dendrites. These dendrites can penetrate
the separator and induce short circuits, posing safety risks
and compromising the long-term performance and cycle life
of the Li-S battery.

While various approaches have been used to tackle these
issues, demonstrating reversibility with high sulfur loadings
(> 15 mg cm™2) [71, 72], high sulfur utilization (>90%)
[73-75] and long cycle lifespan (>2000 cycles) [76, 77],
most of these results have been obtained with an excess elec-
trolyte, i.e., E/S ratios exceeding 10 uL mg~'. With an E/S
ratio of > 10 uL mg~!, the energy density of Li-S batteries
is compromised, causing them to lose their competitive edge
compared to Li-ion batteries [78]. In these conditions, the
electrolyte constitutes the largest weight fraction of a Li—-S
cell (Fig. 6a); electrolyte makes up more than 70 wt% of the
overall cell. Such an excess of electrolyte inevitably results
in a very low practical gravimetric energy density and a large
cost increase, dispatching the two main advantages of Li—S
batteries [10, 78-86]. Since high gravimetric energy den-
sity can only be achieved at a low E/S ratio, it is essential
to minimize the volume of electrolyte for high gravimet-
ric energy density Li—S batteries. As shown in Fig. 6b, the
actual energy density of a Li-S cell with an E/S ratio of
10 uL mg~! is below 150 Wh kg~!, regardless of the areal
sulfur loading. This value is far below what is needed for
practical implementations. In conclusion, achieving high
energy density in practical Li-S batteries requires a com-
bination of a cathode with a relatively high sulfur loading
and a low-volume electrolyte. According to our calculation,
a sulfur loading above 5.0 mg cm~2 and an E/S ratio below
3.0 uL mg~! are key indicators for Li-S systems to deliver
an energy density higher than 300 Wh kg™,

The use of lean electrolyte conditions causes several
major problems in Li—S batteries: (1) sluggish kinetics of
the sulfur reduction reactions. As demonstrated in Fig. 7a,
excessive electrolyte is necessary to ensure the utilization

https://doi.org/10.1007/s40820-023-01137-y
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Fig. 5 Schematic of the working principles of Li-S batteries and
“shuttle effect” of LiPS

of sulfur by sufficiently dissolving LiPS. Lean electrolyte
conditions result in an inadequate dissolution of LiPS,
which reduces kinetics of sulfur reduction reactions and
hinders the utilization of sulfur. In addition, due to the
insulating nature of sulfur and its discharge products, the
sulfur reaction occurs only on the surface of the conduc-
tive materials. Therefore, the deposition of undissolved
LiPS on the surface of conductive materials can signifi-
cantly impede the subsequent sulfur reaction. (2) Incom-
plete wetting of the cathode surface. The electrochemistry
of the Li—S cell relies on the redox of soluble LiPS, which
in turn depends on rapid ion transport. Ion diffusion is
favored when the liquid electrolyte wets the host materials.
If the cathode surface is not completely wetted by the elec-
trolyte, the transport of Li ions at the liquid—solid interface
is hindered, which severely limits the sulfur redox reac-
tion. As a result, the overall efficiency and performance

(a)

of the battery are compromised. (Fig. 7b). (3) High LiPS
concentration and electrolyte degradation. Lean electrolyte
results in an increase in the concentration of LiPS, thereby
deteriorating the physical and chemical properties of the
electrolyte (Fig. 7c). As the E/S ratio decreases, the ionic
conductivity of the electrolyte decreases, and its viscosity
increases due to the high LiPS concentration. In addition,
the dissolved LiPS interacts with free solvent by solvation
and forms clusters with the lithium salt further reducing
the ionic conductivity of the electrolyte. The decrease in
ionic conductivity leads to increased polarization and poor
rate performance.

In response to the above issues, the rational design of lean
electrolyte Li—S batteries focuses on: (1) building composite-
based cathodes incorporating a conductive, high surface area
and highly porous carbon framework. The carbon framework
provides efficient pathways for electron transfer, while the
high surface area and porosity promote the diffusion of Li
ions and mitigate volume expansion, thus improving the slug-
gish kinetics of the sulfur redox reactions; (2) bringing in
LiPS electrocatalysts. The addition of LiPS electrocatalysts
aims to reduce the activation energy required for the sulfur
redox reactions to promote the conversion of LiPS and facili-
tate their electrochemical reactions, leading to high sulfur
utilization and accelerated redox reactions. (3) Developing
host materials with hydrophilic surfaces. Hydrophilic sur-
faces have a strong affinity for electrolytes, improving sur-
face wettability and electrolyte penetration into the cathode
structure. This enhanced electrolyte penetration enhances
the contact between sulfur species and Li ions, promoting
the conversion of LiPS and improving the overall reaction
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Fig. 7 Shortcomings of lean electrolyte: a sluggish kinetics of LiPS
conversion. b Partially wetted surface. ¢ Electrolyte degradation and
high concentration of LiPS

efficiency. The extensive use of conductive carbon matrixes
effectively reduces the electrode internal resistance, but the
physical entrapment based on weak van der Waals forces of
carbon-based materials is insufficient to suppress the shuttle
effect of LiPS. Therefore, the search for materials that cata-
lyze the conversion reaction of LiPS and have greater adsorp-
tion capacity has become a hot research topic in recent years.
Polar transition metal-based compounds can form chemical
bonds with LiPS, which are based on Lewis acid—base inter-
actions and are stronger than the physical bonds that occur
on carbon-based materials. Many transitions metal-based
compounds have been shown to accelerate the electrochemi-
cal reactions of LiPS [15, 51, 87-92], such as metal nano-
particles (TMs), metal oxides (TMOs), metal chalcogenides
(TMCls), metal phosphides (TMPs), metal nitrides (TMNs),
metal carbides (TMCs) and metal-organic frameworks

© The authors

(MOFs), single atoms (SAs). Considering the price, abun-
dance, tunable properties, etc., of the elements in the peri-
odic table, transition metal compounds as catalysts for sulfur
redox reactions in Li—S batteries exhibit large advantages
(Fig. 8), such as (a) Abundance: most of the transition metal
compounds used in Li—S batteries are relatively abundant
in the earth’s crust, making them more accessible and cost-
effective compared to other precious metals such as gold or
platinum. This makes them an attractive option for industrial
scale applications; (b) Tunable properties: the properties of
transition metal compounds can be fine-tuned by varying fac-
tors such as the metal used, the ligands attached to the metal
and the reaction conditions. This allows for greater control
over the reaction and improves efficiency. In Li-S batteries,
transition metal-based catalytic host materials have shown
promising results in improving the sulfur redox reaction
and facilitating LiPS conversion by reducing the activation
energy. In general, a lower E/S ratio can be employed when
using catalytic host materials with high catalytic activity and
efficient LiPS conversion. A lower E/S ratio implies a higher
concentration of LiPS in the electrolyte, and efficient cata-
lysts can accelerate the conversion of LiPS, enabling a more
rapid and efficient utilization of sulfur species.

Here, the strengths and limitations of transition metal-
based compounds are systematically discussed and presented
from a fundamental perspective (Fig. 9). This review is
focused on recent advances in the use of transition metal-
based carbon materials as sulfur hosts for Li—S batteries
under lean electrolyte conditions. Firstly, the principles,
structure and challenges of Li-S electrochemical conver-
sion under lean electrolyte conditions are discussed in
more detail. In addition, the influence of the E/S ratio on
the energy density is systematically analyzed. Then, current
strategies for cathode hosts and structure design based on
transition metal-carbon compounds are addressed. Finally,
perspectives on lean electrolyte Li—S cells are presented to
guide future research on Li—S batteries.

2 Li-S batteries Based on Transition Metal
Carbon Materials

Under lean electrolyte conditions, the concentration of dis-
solved LiPS becomes high, increasing the viscosity of the
electrolyte, resulting in incomplete wetting of the cathode,
slow ion transport and sluggish redox kinetics of LiPS

https://doi.org/10.1007/s40820-023-01137-y
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Fig. 8 Illustration of the abundance in the Earth’s crust and the price fluctuations of the elements associated with catalysts in Li—S batteries

(data from Wikipedia)

[93, 94]. At the same time, the high concentration of LiPS
increases the LiPS shuttle effect and anode corrosion. To
solve these issues, the electrochemical kinetics of LiPS need
to be accelerated [78]. Several studies have shown that het-
erogeneous redox mediators or electrocatalysts can speed up
LiPS conversion by decreasing the activation energy [82].
Such a faster adsorption-diffusion-conversion process at the
electrode/electrolyte interphase can buffer the severe LiPS

Advantages

shuttle effect while at the same time preventing LiPS aggre-
gation to achieve longer cycle life.

2.1 Metallic Nanoparticles
2.1.1 Elemental Metallic Nanoparticles

Transition metals catalysts are widely applied in chemi-
cal reactions, environmental restoration and energy
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Fig. 9 Schematic representation of the advantages and disadvantages of transition metal-based compounds in Li-S batteries
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transformation [95—-102]. The beneficial effects of transi-
tion metal nanoparticles on the performance of Li-S cells
depend mainly on the adsorption and electrocatalytic
effect of LiPS [29, 103—-106]. Beyond noble metal elec-
trocatalysts, some abundant transition metals have been
demonstrated to be extremely effective electrocatalysts
for LiPS conversion [107-109]. Such nanoparticles are
generally anchored to carbon frameworks to maximize
particle dispersion and facilitate charge and ionic trans-
port [110-123]. Table 2 summarizes the application of
transition metal nanoparticles in lean electrolyte Li—S
batteries. Cobalt (Co) nanoparticles embedded into car-
bon materials as sulfur hosts are the most widely studied
for lean electrolyte Li—S batteries [93, 124-131]. Chen’s
team designed a stringed “cube on tube” nanohybrid with
abundant nitrogen (N) and Co sites as cathode matrices for
Li-S batteries under lean electrolyte conditions [132]. The
fabrication process of the sulfur host is shown in Fig. 10a.
ZIF67 cubes are combined with polyacrylonitrile (PAN)
into electrospun nanofibers that are calcined. Then, CNTs
are grown using a chemical vapor deposition (CVD) to
further construct a hierarchical structure of interconnected
and freestanding fibers containing Co particles (denoted
as CPZC). The relative contents of N and Co in the as-
developed CPZC fabric are estimated to be 7.8 and 13.1
wt%. The batteries based on S@CPZC electrodes deliv-
ered an excellent areal capacity of 14.2 mAh cm™2 with
high sulfur loading (13.5 mg cm™2) and lean electrolyte
conditions (4.5 mL g_l) at 0.05C, which is associated with
the high conductivity, and strong physical and chemical
adsorption of the hierarchical matrix. Co/N has also been
investigated as dual lithiophilic-sulfiphilic sites in Li—S
batteries. In this direction, Li’s group designed an inter-
laced 2D structure including Co/N co-doping (Fig. 10c)
[133]. Specifically, metal Co nanoparticles were used as
sulfiphilic sites to bind the anions of LiPS (S,%~, x=1-8),
and N heteroatoms were utilized as lithiophilic sites to
anchor LiPS by interaction with Li*. The N and Co atomic
ratio was around 6.95 and 0.22%, respectively. This dual
adsorption sites allow the host materials to achieve uni-
form distribution of Li,S, associated with a strong trapping
ability and a fast conversion kinetics of LiPS. Further-
more, Co electrocatalyst has been shown to have a signifi-
cant catalytic effect on the LiPS conversion reaction. Ye
et al. employed Fe—N and Co-N co-doped carbons as step-
wise electrocatalysts to selectively catalyze the conversion

© The authors

of LiPS (Fig. 10d, e) [93]. The relative contents of Fe and
Co were estimated to be 4.13 and 3.73 wt%. The authors
applied a mixture of sulfur and Fe—-N@C as an inner layer
and Co-N@C as an outer layer. During the discharging
process, long-chain polysulfides formed in the Fe-N@C
layer migrated outward and were catalytically reduced to
short-chain Li,S in the Co-N@C layer. During the charg-
ing process, Li,S in the Co-N@C layer was catalytically
oxidized to long-chain polysulfides and migrated inward
into the Fe-N@C layer for further conversion to sulfur.
As a result, the batteries based on the dual-catalyst layer
as sulfur hosts had high areal capacity with a low E/S
ratio of 5. The specific capacity of low E/S (5 uL mg™!)
is lower than that of high E/S (15 uL mg~') due to lean
electrolyte resulting in an insufficient dissolution of LiP§S,
which hinders the utilization of sulfur and thus leads to a
low areal capacity (Fig. 10f). Gu’s group also employed
Co nanoparticles and Co-N, co-doped carbon nanotubes
embedded in a carbon foam to form a 3D freestanding
framework (Co-NCNT@CF) (Fig. 10g) [134]. The high-
resolution Co 2p,, spectrum exhibited two peaks of metal-
lic and divalent Co, indicating a strong interaction between
Co and N-doped carbon. Additionally, the C K-edge X-ray
absorption near-edge structure (XANES) spectrum dis-
played multiple peaks for a z* transition (284.5 eV) and
o* transition (292.1 eV), with a weak peak (289.7 eV)
presented between the z* and ¢* transitions, indicating
that Co-N—C bonds may have formed in the Co-NCNT@
CF composite. These results suggested a high dispersion
Co-N, species that provided strong LiPS trapping and
promoted the catalytic reaction of LiPS by modifying the
electron distribution.

Combining a semiconductor and a metal to form a Mott-
Schottky effect may induce interfacial electronic interac-
tions that enhance the catalytic activity [112]. However,
the use of Mott-Schottky effect for LiPS catalytic conver-
sion chemistry is rarely reported. Sun’s group employed
an N-doped carbon (NC) semiconductor matrix to obtain
Co@NC heterostructure as Mott-Schottky catalysts and
explored its performance on the LiPS redox reaction
(Fig. 11a, b) [112]. As shown in Fig. 11b, in the Mott-
Schottky heterojunction, electron transmission can lead
to charge separation and produce an internal electric field
at the interface, accelerating charge transfer and ion dif-
fusion and lowering the activation energy barrier for cat-
alytic conversion reactions. The authors calculated that

https://doi.org/10.1007/s40820-023-01137-y
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Table 2 Representative summary of TMs for the performance of lean electrolyte Li—S batteries

Cathode S loading S content Capacity E/S ratio Cycle Life References

materials (mg cm™2) (%) (mAh g~ '/em™?) (uL mg™h (cycle)

Ni-CF/S 5 64 ~900 mAh g~!at 0.1C 5 150 [103]

nanoparticles

Co-NCNT@CF/S 7 - 434 mA cm™2 at 0.1C 5 After 100 [134]

nanoparticles

Co/CNTCNEF/PS 5.1 75.2 3.9 mAh cm~2 at 0.2C 6 After 300 [132]

nanoparticles

Co/CNTCNEF/PS 9.2 75.2 6.5 mAh cm=2 at 0.2C 6 50 [132]

nanoparticles

Mo/CNT/PS 7.64 - 475 mAh cm™2 at 0.2C 8 After 100 [95]

nanoparticles

S/Co-NC@TpBDMe, 5.71 69.5 4.53 mAh cm™2 at 0.2C 6.1 After 50 [135]

nanoparticles

WIT-Co/S 5.6 80 4.8 mAh cm™2 at 0.2C 5 After 100 [102]

nanoparticles

Co@NC/S 10.73 - 6.74 mAh cm=2 at 0.2C 59 120 [112]

nanoparticles

S/Co@N-HCMSs 5.1 90.52 5mAhcm2at 0.1C 10 50 [136]

Cu-Mo@NPCN/6.5S 10.3 85 906 mAh g~'at 0.2C 10 150 [137]

nanoparticles

Fe-N/Co-N@C 6.8 - 1316 mAh g™ 4 600 [122]

nanoparticles at 0.5 mA cm™>

Co-Bi/rGO-S 42 72 700.8 mAh g~! at 0.2C 6 10 [111]

nanoparticles

Fe—-Ni/S alloy 4.1 - 1160 mAh g~! at 0.1C 8 200 [138]

Fe—-Ni/S alloy 6.4 86 6.1 mAhcm=2 at 0.1C 8 100 [138]

S/HEA-NC alloy 27 - 868.2 mAh g ! 3 10 [139]
at 0.45 mA cm™>

S/CNC Ni-Pt/G alloy 8.8 75.6 664.9 mAh g~! at 0.03C 5 40 [140]

the difference in activation energy for the rate-limiting
step (the reduction of Li,S, into Li,S) of the Co@NC/S
and NC/S cathode was 23.9 kJ mol~! during the dis-
charge process (Fig. 11¢). They also calculated an activa-
tion energy difference between the Co@NC/S and NC/S
cathodes of 28.6 kJ mol~! in the charging process. The
decrease in activation energy values revealed enhanced
conversion kinetic of the sulfur species with the Co@NC
Mott-Schottky catalysts during both charging and dis-
charging. Recently, our group reported a 3D conductive
nitrogen-doped honeycomb porous carbon (Co@N-HPC)
with isolated Co nanoparticles as cathode material under
lean electrolyte conditions to study the electrochemical
performance in Li—S cells (Fig. 11d, e) [141]. The relative
contents of N and Co in Co@N-HPC were estimated to be
6 and 6.1 wt%. Just like natural honeycombs, the 3D hon-
eycomb structure contains multiple channels and cobalt

SHANGHAI JIAO TONG UNIVERSITY PRESS

nanoparticle-embedded porous walls (carbon nanosheets),
which are beneficial for fast Li* ion diffusion and electron
transfer. Active sites for bonding with sulfur species are
provided by the widely dispersed Co nanoparticles embed-
ded in the N-doped carbon framework and the formation
of Co—N-C coordination centers.

Apart from Co nanoparticles, carbon materials deco-
rated with nickel (Ni) nanoparticles have also been
explored as electrocatalysts for lean-electrolyte Li—S bat-
teries [142]. Bao et al. designed a carbon flower struc-
ture decorated with Ni nanoparticles as a reliable sulfur
host to inhibit the LiPS shuttle and promote the reaction
kinetics under a low E/S ratio of 5 pL mg~! [103]. As
shown in Fig. 11f, g, Ni nanoparticles are encapsulated in
porous carbon with a flower shape, resulting in a short ion
transfer distance. The authors have verified that 3.76 wt%
of Ni was incorporated onto the CF. This flower-shaped
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structure has a small pore size (below 10 nm) and a high
specific surface area (above 3300 m? g=!). This particu-
lar morphology facilitates the penetration of the electro-
lyte and shortens the ion diffusion distance. As a result,
the cycle performance shown in Fig. 11h indicates that
the Ni-CF/S sulfur cathode with a high sulfur loading of
5 mg cm~2 and low E/S of 5 uL mg~! maintains 87% of its
initial capacity value after 50 cycles at 0.1C.

© The authors

2.1.2 Alloy Nanoparticles

Metal alloys can enhance the catalytic ability of elemental
metals through several different mechanisms [143, 144].
Within lean electrolyte Li—S batteries, transition metal alloys
show a particular potential associated with their strong cata-
lytic activity for the conversion of sulfur species [145-148].
In this regard, Manthiram’s group engineered Fe—Ni alloys

https://doi.org/10.1007/s40820-023-01137-y
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with the hexagonal close-packed (hcp) structure as catalysts
through solid-state reactions to enhance the conversion reac-
tion kinetics of LiPS (Fig. 12a, b) [138]. They demonstrated
that the efficient catalytic activity of Fe—Ni alloys came from
two components: (1) the pristine nanoscale Fe—Ni structure
offers active sites and guarantees high catalytic ability; (2)
the thin layer plated on the Fe—Ni alloy consists of various
sulfurized phases of Fe/Ni sulfides formed in situ during
melt-diffusion and with a long duration in the polysulfide-
rich environment, which are catalytically active. In situ XRD
was used to explore the evolution of the catalysts during the
polysulfide conversion process (Fig. 12c, d). The prominent
peak in the XRD signal at 27° in the case of Fe—Ni/S cells is
caused by the Li