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Unveiling Confinement Engineering for Achieving
High-Performance Rechargeable Batteries
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1. Introduction

The confinement effect, restricting materials within nano/sub-nano spaces,

has emerged as an innovative approach for fundamental research in diverse
application fields, including chemical engineering, membrane separation, and
catalysis. This confinement principle recently presents fresh perspectives on
addressing critical challenges in rechargeable batteries. Within spatial
confinement, novel microstructures and physiochemical properties have been
raised to promote the battery performance. Nevertheless, few clear definitions
and specific reviews are available to offer a comprehensive understanding and
guide for utilizing the confinement effect in batteries. This review aims to fill
this gap by primarily summarizing the categorization of confinement effects
across various scales and dimensions within battery systems. Subsequently,
the strategic design of confinement environments is proposed to address
existing challenges in rechargeable batteries. These solutions involve the
manipulation of the physicochemical properties of electrolytes, the regulation
of electrochemical activity, and stability of electrodes, and insights into ion
transfer mechanisms. Furthermore, specific perspectives are provided to
deepen the foundational understanding of the confinement effect for
achieving high-performance rechargeable batteries. Overall, this review
emphasizes the transformative potential of confinement effects in tailoring
the microstructure and physiochemical properties of electrode materials,
highlighting their crucial role in designing novel energy storage devices.
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For the evolution of next-generation, high-
performance energy storage devices, the
rational design of lithium secondary bat-
teries assumes paramount significance.!]
The reversible conversion of electrical and
chemical energy is governed by the inter-
calation and transport of lithium-ion (Li-
ion) between the electrode and electrolyte.[?!
However, the design of high-performance
batteries continues to face numerous chal-
lenges, particularly concerning the individ-
ual components of the battery. The po-
tential safety hazards stemming from sol-
vent decomposition underscore the criti-
cal need to optimize the solvation struc-
ture and de-solvation process of lithium
salt. This optimization is essential for es-
tablishing a stable electrolyte system.}l The
incorporation of solid electrolytes also en-
counters several challenges, including low
ionic conductivity of polymer electrolytes
and high grain boundary resistance.l*] The
precise construction of electrode materials
remains challenging and results in the un-
controlled phase structure and limited uti-
lization of active materials. The volume ex-
pansion of active materials typically leads
to the collapse of the electrode,l’! and the
uncontrolled growth of dendrites presents numerous safety is-
sues, ultimately resulting in irreversible capacity decay and
the overall failure of the battery performance.l®! These afore-
mentioned issues are primarily rooted in the lack of pre-
cise control strategies for the structural design and physio-
chemical properties at the molecular level, as well as the
mechanisms of transmission. Therefore, achieving precise con-
trol over electrodes or electrolytes and gaining a deep under-
standing of transmission behavior at the nano/sub-nano scale
are imperative steps in the development of high-performance
batteries.

The confinement effect, characterized by robust interaction
forces within nano/sub-nano space, is associated with distinc-
tive molecular/ionic dynamics and thermodynamic states.l”) The
unique properties generated by confinement effects have been
widely studied in various fields such as catalysis, electrochem-
ical sensing, and membrane separation, especially for electro-
chemical reaction processes and mass transfer mechanisms

© 2024 Wiley-VCH GmbH
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Abstract

Lithium sulfide (Li,S) is a promising cathode for a practical lithium-sulfur
battery as it can be coupled with various safe lithium-free anodes. However,
the high activation potential (>3.5 V) together with the shuttling of lithium
polysulfides (LiPSs) bottleneck its practical uses. We are trying to present a
catalysis solution to solve both problems simultaneously, specially with twin-
born heterostructure to shoot off the trouble in interfacial contact between two
solids, catalyst and Li,S. As a typical example, a CooSg/Li,S heterostructure is
reported here as a novel self-catalytic cathode through a co-recrystallization
followed by a one-step carbothermic conversion. CogSg as the catalyst effec-
tively lowers the Li,S activation potential (<2.4 V) due to fully integrated and
contacted interfaces and consistently promotes the conversion of LiPSs to sup-
press the shuttling. The obtained freestanding cathode of CogSg/Li,S
heterostructures encapsulated in three-dimensional graphene shows a high
capacity, reaching 92.6% of Li,S theoretical capacity, high rate performance
(739 mAh g ' at 2 C), and a low capacity fading (0.039% per cycle at 1 C over
900 cycles). Even under a high Li,S loading of 12 mg cm ™ and a low E/S ratio
of 5uL mg;; o1, 86% of theoretical capacity can be utilized.

Zejian Li and Chong Luo contributed equally to this study.
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1 | INTRODUCTION

Lithium-sulfur (Li-S) batteries have attracted extensive
attention as a promising energy storage system due to
their high theoretical energy density (2600 Wh kg™ ') and
low cost of the sulfur cathode.'™ The lithium-free sulfur
cathode has to couple with the lithium metal anode
(LMA) to achieve high energy density. However, the den-
drite growth and uncontrollable side reactions on the
LMA surface cause severe safety problems and fast bat-
tery failure.>® Lithium sulfide (Li,S) represents a promis-
ing alternative as the Li-containing cathode with high
capacity (1166 mAh g ') as it can couple with Li-free
anodes (e.g., silicon, graphite, tin, etc).” % It also shows
good thermal stability, allowing for the synthesis of vari-
ous nanostructured Li,S cathodes, which is impossible
for sulfur cathode due to the low thermal stability. Never-
theless, two critical points hinder the practical uses of Li,S
cathode. The high activation potential of Li,S (usually
>3.5 V vs. Li"/Li) in the first charging cycle inevitably
results in an incomplete conversion, low energy efficiency,
and the possible decomposition of ether-based electro-
lytes.">'* Another problem is the shuttle effect of soluble
lithium polysulfide (LiPS) intermediates in the following
cycles that also bottleneck the practical uses of the conven-
tional sulfur cathode.

Several strategies have been proposed to lower the
activation potential of Li,S cathode, such as reducing the
Li,S particle size to shorten ion diffusion distance,'” hav-
ing amorphous Li,S to weaken the strength of Li—S bond,
introducing the electrolyte additives (such as LiPSs,’
Inl;,'® and trace ethanol'”) to destroy the superficial crys-
tal structure and forming Li,S/solid-state-electrolyte com-
posite to increase ionic conductivity.'®*° However, a
complicated synthesis process is usually required to con-
trol the Li,S particle size and crystallization, which is
impractical for industrial uses. Moreover, the above strate-
gies cannot well inhibit the shuttling of LiPSs in the fol-
lowing cycles. Introducing catalysts, such as transition
metal sulfides,”** phosphides,” selenide,”* and single-
atom catalysts®> was shown as an effective way to reduce
the activation potential of Li,S due to their strong interac-
tions with Li atoms lowering the delithiation barrier. More
importantly, these catalysts can also strongly interact with
LiPSs and promote their conversion, effectively
suppressing the shuttling of LiPSs and improving long
cycling stability. However, in the catalyst design for Li,S

cathode, the limited solid (Li,S)-solid (catalyst) contact
becomes a major problem, and thus having a smooth and
fully contact solid-solid interface is key to guarantee a
high catalytic conversion efficiency.***’

Herein, we propose a twinborn CooSg/Li,S hetero-
structure as a self-catalytic Li,S based cathode in which
the CoySg acts as the catalyst and tightly contacts Li,S
through a smooth interface in the integrated hybrid cath-
ode. The integrated twinborn CoeSg/Li,S heterostructures
are characterized by small CoySg nanoparticles (NPs)
embedded in a large Li,S NP, where the fully contacted
interfaces effectively improve the utilization of Li,S and
lower the activation potential (<2.4 V). Thus, a smooth
solid-solid interface between Li,S and sulfide catalyst
can change the Li—S bonding strength and enhance elec-
tron transfer to promote the oxidation of Li,S.*® At the
same time, the CooSg catalyst also effectively suppresses
the shuttle effect by catalyzing the LiPSs conversion to
solid Li,S, ensuring long cycling stability. Such a hetero-
structured cathode was prepared by the carbothermic con-
version of an integrated Li,SO,/CoSO, precursor that was
obtained by a controlled co-recrystallization process follow-
ing the calculated Li,SO,~C0SO,-H,O phase diagram.
The first recrystallized CoSO, can act as the crystal nucleus
during the freezing induced crystallization, and the Li,SO,
precipitated on these nuclei, forming an encapsulation
structure and ensuring the formation of the above twinborn
heterostructure after carbothermic reduction. As a result,
the obtained CoySg/Li,S heterostructure encapsulated in a
three-dimensional (3D) graphene matrix (denote CogSs/
Li,S@G) as cathode shows high Li,S utilization and the
capacity reaches 92.6% of Li,S theoretical capacity. It also
shows excellent rate performance (high capacity of
739 mAh g ' at 2 C) and low capacity decay (0.039% per
cycle at 1 C) for 900 cycles. Even under a high loading of
12 mgcm 2 and a low E/S ratio of 5pL mgy; ¢, a stable
high areal capacity of 10.11 mAh cm 2 is achieved. More-
over, the assembled full battery with graphite and Si/C
anodes shows high sulfur utilization and good cycling
stability.

2 | RESULTS AND DISCUSSION

The co-recrystallization strategy of Li,SO4 and CoSO, is
proposed following the Li,SO4-CoSO,-H,O phase dia-
gram according to Figure 1A. The calculated ternary
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Lithium-Sulfur Batteries at Extreme Temperatures:

Challenges, Strategies and Prospects

Wenjia Qu, Jingyi Xia, Chong Luo* Chen Zhang, Renjie Chen@, Wei Lv* and

Quanhong Yang*

High-energy-density-batteries working at a wide-temperature range are
urgently required in many performance-critical areas. Lithium-sulfur batteries
(LSB) are promising high-energy-density batteries that have the potential to
maintain high performance at extreme temperatures. However, some
problems like severe shuttling and safety issues at high temperatures or
sluggish reaction kinetics and charge-transfer process at low temperatures
decrease the performance and hinder their practical uses in extreme
temperature conditions. Therefore, broadening the working temperature of
LSB with stable electrochemical performance becomes a crucial topic. In this
paper, the key stumbling blocks for high and low-temperature LSB are
comprehensively discussed. The solutions from the aspects of electrolyte and
electrode materials are discussed to solve the aggravating shuttle effect and
thermal safety issues under high temperature and the sluggish reaction
kinetics under low temperature. Moreover, some specific promising solutions
to extend the operating temperature range of LSB are also proposed and
highlighted, which provide potential research directions on the practical LSB

grid storage and oil exploration.l'*! However,
the batteries usually experience different electro-
chemical reactions across a wide temperature
range and easily trigger safety issues.[*] For
example, the widely used rechargeable lithium-
ion batteries (LIBs) suffer obvious performance
degradation and capacity decrease under low
and high temperatures.."] Moreover, the
intrinsic slow lithiation process of graphite
anodes also triggers the plating of lithium metal
on the surface and brings safety issues under
low temperatures.[s’9] Therefore, it will be cru-
cial to consider alternative ion-storage strategies,
which can preserve high energy density under
wide temperature range. Different from the tra-
ditional intercalation mechanism of LIBs,
lithium-sulfur batteries (LSBs) undergo a multi-
step redox reaction that Sg molecules transform
into soluble lithium polysulfides (LiPSs) inter-
mediate and then convert into final discharge

application in future.

1. Introduction

The batteries that have high energy density and can operate safely in a
wide range of temperatures (from —40 °C to 60 °C) are highly
required to accommodate the applications in different climates, such as
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products Li,S,/Li,S. The conversion mecha-

nism, not only avoids the high intercalation

barrier of layered materials but also generates a
much higher capacity at a wide temperature range.[mfw] Some recent
studies demonstrate that faster redox conversion kinetics of LiPSs at
high temperatures increases the sulfur utilization and Coulombic effi-
ciencies of ISB.['*!%] Apart from the advantage of redox conversion,
the mainly used ether electrolytes in LSBs possess lower freezing points
and maintin high ionic conductivity (about 4 mS cm™') even at
—40 °C. Thus, broadening the working temperature of LSBs has
become a crucial topic for their practical applications.

However, realizing the high energy density of LSBs with stable
cycling performance at low temperature or high temperature is still
challenging because of many critical problems. At high temperatures,
the increased solubility of LiPSs induces severe shuttling and corrosion
of the lithium metal anode.l'™ Tn addition, some ingredients like ether
electrolyte reaching the melting point at high temperature raise severe
safety issues. The high sulfur loading coupled with lean electrolyte will
be a necessity for practical applications, and the inevitable cracking and
sluggish electron transfer raises more complicated challenges at extreme
temperatures.!'”'®) Therefore, endowing the ISBs with a wide operat-
ing range is still challenging. Different electrode configurations and
compositions should be designed to adapt to low-temperature and
high-temperature conditions.!'”?*) Mikhaylik et dl. first studied the
low-temperature performance of LSB and showed 80% of the room
temperature capacity at —40 °c.?!1 Since then, some representative
works on designing novel structures of sulfur cathodes or electrolytes

© 2022 Zhengzhou University.
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showed enhanced performance at extreme temperatures. However,
operating LSBs in a wide temperature range is still challenging as the
instable battery structures and the incomprehension of the reaction
mechanism under extreme conditions.

The increased number of articles shows the importance of this topic,
but it is still a new field with insufficient investigation. This review
summarizes the problems and the strategies to improve the electro-
chemical performance of the LSBs under high temperature or low tem-
perature, as shown in Figure 1, highlighting 1) the aggravating shuttle
effect under high temperatures, which can be inhibited by blocking the
migration of LiPSs and accelerating their conversion; 2) the thermal
safety issues that can be addressed by designing thermo-stable and
flame-retardant materials; 3) the sluggish reaction kinetics under low
temperature can be overcome by designing the catalysts and novel elec-
trolytes. Finally, future directions are also proposed, which may inspire
a potential solution to obtain the high-performance LSB under extreme
conditions to promote their practical applications.

2. Lithium-Sulfur Batteries Under High
Temperature: Challenges and Remedies

Operating LSB at a high temperature can enhance the reaction activity
of the sulfur and induce better sulfur redistribution, leading to higher
sulfur utilization. However, the dissolution ability of LiPSs in elec-
trolytes and the diffusion coefficient also increase, leading to severe
shuttling and fast capacity decay.['®****] The internal heat accumula-
tion also raises critical safety issues toward electrolytes due to the low
melting point of the usually used ether-based electrolytes, causing safety
issues. The following section discusses the strategies to solve these chal-
lenges at high temperatures.l**2°]

2.1. Strategies to Alleviate Shuttle Effect

Numerous studies have succeeded in suppressing the shuttle effect at
ambient temperature.?**”] However, some temperature-dependent

Shuttle effect

' )
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Figure 1. Summary of the main problems and solutions for LSBs working at
high and low temperatures.
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physicochemical properties, including electrochemical reaction and dif-
fusion rate, can potentially affect shuttle behaviors of LiPSs at elevated
temperatures. To be specific, high temperature means the increase of
electrochemical reaction activity and the solubility of LiPSs. Pang et dl.
demonstrated that the Li,S4 solubility in the diethylene glycol dimethyl
ether electrolyte: lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)
(1:1) increased from 0.52 mgmL™' (25°C) to 42 mg mL™’
(55 °C).*"] So the LiPSs diffusing ability through the separator
increases, which leads to the alteration of gradient distribution. As a
result, the fast deposition of insulative Li,S on the electrode surface and
parasitic reactions with lithium metal are easy to occur, passivating the
cathode and anode.

The LiPSs can be stabilized on the cathode surface by physical/chem-
ical adsorption at room temperature. However, when the temperature
increases, the thermal motion of LiPSs is accelerated to induce the des-
orption of physically adsorbed LiPSs due to the weak van der Waals
forces. In contrast, the desorption of chemisorbed materials needs large
activation energy, which is not easy to occur. To some extent,
chemisorption capacities will increase slightly with the temperature rise.
It is shown that the adsorbed Li,Sg by metal oxide increases from
77.6% (35 °C) 10 79.1% (60 °C).[****] Thus, combining physical and
chemical confinements to form “dual-confinements” for LiPSs is better
to suppress the shuttling of LiPSs.*'7*3] Nevertheless, the adsorption
capacity increase is low relative to the increased dissolution ability of
LiPSs at high temperatures and the high LiPSs concentration under the
high sulfur loading for practical applications. Thus, introducing catalytic
materials with multiple and high-temperature stable sites that can real-
ize the fast conversion of sulfur species should be more promising to
solve the above problems to enhance the conversion of adsorbed LiPSs
to solid Li,S, which decreases the accumulation of LiPSs and suppress
their shuttling. [+~

2.1.1. “Dual-Confinements” of Lithium Polysulfides

The chemisorption force is stronger than the van der Waals force under
high temperatures. However, it is noteworthy that desorption is an
endothermic reaction. According to Arrhenius equation:

k:Ae%u

where k is the rate constant, A is pre-exponential factors, E, is activa-
tion energies, and R stands for molar gas constant. Thus, the desorp-
tion rate is increased with a higher temperature.l””! Based on the
analyses above, the dual-confinements with various functional adsorp-
tion sites and the specific structures can provide more vital adsorption
ability to LiPSs. For example, the porous carbon/polar compound
hosts lead to better high-temperature performance. A cathode with
the host constructed by Ni nanoparticles/graphitic carbon nanocages
(GCN) implanted N-doped porous carbon nanofiber (Ni/GCNsCN-
PCFs) showed high-temperature stability at 55 °C with a high specific
capacity of 550 mAh g™ after 300 cycles at 0.5 C. The hierarchical
pore structures provided physical confinements and the polar Ni
nanoparticles and doped N heteroatoms contributed to the chemical
adsorption ability (Figure 2a,b).°”1 In contrast, the cathode with N-
PCFs host without Ni particles showed much poor cycling stability.
However, the obvious capacity decay in incipient 50 cycles at 0.1 C
occurred in sulfur cathodes with Ni/GCNsCN-PCFs due to the

© 2022 Zhengzhou University.
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